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ABSTRACT 

\ A 
/program was established In order to develop a standard and 

expedient method for estimating the performance and weights 0f 
deceleration devices used to decrease the landing ground roll of 
an aircraft. The method of approach to the problem was to obltaln 
all data available both from flight test and theory; and to Qtinpllc 
a step-by-step procedure for determining the weight penalties'«njS 
the force increments affecting aircraft landing performance. 
Specifically, procedures are provided for determining airplane lift 
and drag, and deceleratlve force increments and weight penalties dile 
to high,lift devices, spoilers, wheel brakes; speed brakes, Jrag 
chutes and thrust reversers. In addition, a cursory study wife made 
to evaluate the effectiveness of various factors affecting landing 
distance of three current military aircraft. The Study sho^-rid that 
the ground roll distance was strongly Influenced by teuclufcwij ppped; 
also that, of all the decelerating devices studied, the thrukt rfeverser 
was the one most effective in reducing stopping distance. It Is 
therefore recommended that further studies be conducted to optlmlza 
thrust reversers and devices such as deflected thrust, which 'reduce 
touchdown velocity, f ) ^  
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latlo of Leading Edge Device Chord to Undeflccted Airfoil 
Chord. 

C./CM   tatio of Leading Edge Device Chord to Deflected Airfoil 
*  ■„ Chord. 

V 

Inere'jent of Drag Due to BLC Flap Deployment. 

Wing Chord at Wing-Fuselage Intersection 

Flap Chord Length 

Trailing Edge Flap Inboard Edge Flap Chord Length 

".w«^w- ,:- 
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cp/c 

Cy/C 

\ IS 

\ 

^0 

HOMENCUTUSE 

DEFIKITIOW 

Trailing Edge Flap Outboard Edge Flap Chord Length. 

Double-Slotted Flap - Flap 1 Giord Length, Measured 
fro« Flap 1 Leading Edge to Afrfoll Trailing Edge. 

Double-Slotted Flap - Flap 2 Chord Length 

Ratio of Flap Chord to Ondeflected Airfoil Chord. 

Ratio of -Flap Chord to Deflected Airfoil Chord. 

Skin-Friction Coefficient 

Wing Lift Coefficient 

Design Wing Lift Coefficient 

Lift Coefficient Used in Deteraintng Drag Oue-To-Llft. 

ft. 

ft. 

ft. 

Si /4eg. Variation of Lift Coefficient with 

Wing Maximum Lift Coefficient 

Lift Coefficient where C-   Occurs 
o 

Wing Lift Coefficient at Touchdown 

Variation of Wing Lift Coefficient with tagle-of-Attack  /deg. 

Variation of Exposed Wing Lift Coefficient with       /deg. 
Angle-of-Attack. 

Variation of Aircraft Lift Coefficient Vith Angle-of-   /deg. 
Attack. 

Variation of Wing Lift Coefficient vith Angle-of-      /deg. 
Attack. 

xviii 

;' ■ .^.-.•^ v,> ,. a .   :.■;:,»■ . -::..■'%&. .,   __ • ■/' I 



*» 

■ 11 ■ ^.i___. 

>. 

NOMENCLATURE 

SYMBOL DE^INITICW ITOITS 

C, Variation of Wing-Body Lift Coefficient with /deg. 
o^       Angle-of-Attack. 

« 

(C^ )       Life Curve Slope of the Wing at Flap Deflection 6 /deg. 
0  0 

C. Variation of Lift Coefficient with 6 /deg. n.t e 

Variation of Lift Coefficient with 6 /deg. 

• 

C,     Wing Circulation Lift Coefficient Corresponding 

AC^    Xaexaas« la Vint Lift Coefficient in the Linear C, 

lanflt One to Deflected Flap. 

ICL  •  IncraMntal MaxlMn Lift Coefficient. 

(ACL )  laetMMnt la Wing Circulation Lift Coefficient Due to 
T IgKleviag Flap Deflection. 

(AC. )  IttCNMBt in Viag CircuUtion Lift Coefficient Due 
T Ig » Suption Flap Deflection. 

Cg Airfoil Section Lift Coefficient 

Cft'    lafarence Airfoil Section Lift Coefficient 

Ct     Airfoil Section Design Lift Coefficient 
»1 

C, '  ' Airfoil Section Maxiaun Lift Coefficient 

C.     lloviag Jet Inaction Section Lift Coefficient 

"t. •action Lift Curve Slope; »Ct^0 /deg. 

(Ca )       Uft Curve Slope of  the Flapped Airfoil Section at /deg. 
*• I     n* DeflMtloa I. 

■ 
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SYMBOL 

NOMEMCLATUIB 

DEFINITIOM 

Sectloa Circulation Lift CoefflcUnC 

(Ct )   Potential Flow Section ClrcuUtloo Lift CoefflclMt 

PP 

AC. 

«c; 

AC. 

AC. 

AC. 

Increase In Section Lift Coefficient in the Ustser «L 
Range Due to Deflected Plap. « 

Increase In Section Lift Coefficient One to Deflected 
Plap. 

Increnent of Xaximm Airfoil Sectloa Lift Coefficient 

Increment of Section Lift Coefficient One te SnetlMi. 

Increnental Ojanfe in Section Lift Carve Step«* 

• 

(AC, I  Incretsental Change in Section Circulation lift 
f <B Coefficient Due To Bloving Plap Deflactic«. 

(AC. )  Increnental Change in Section Clrcnlatlen 
T . Lift Coefficient Due to Suction Plap Oefloetlaa. 

8 
Ca    Pitching Hooent Coefficient « ^ • 0 
o 

C     Variation of Pitching Honcnt Coefficient «ith C. 

\ • 

Cm Variation of Pitching Moment Coefficient with ig 

Variation of Pitching Moaent Coefficient with « 

Variation of Pitching Moaent Coefficient with I. 
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s 
Pluae Shape Pector. 

Base Pressure Coefficient. 
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DEFINITIOM 
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Suction Air Flow Coefficient 

•' s Wing Root Chord Length 

DNIT8 

ft. 
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Ving Tip Chord Length 

llowlAg Jet Honentua Coefficient 

Critical Bloving Jet Mooentun Coe ficient 

Drag- c^flt 

Drag Chute Cenopy pieaeter 

Thrust leverter Door Overall Diameter at Engine Flange 

Urn Flange Dlaaetet- 

Tlre Outeide OiaMter 

Xaereaeatal Drag of Drag Chute 

fuselage NaxlM» Diaaeter 

lira tadial Deflection (Difference Between Loaded and 
Oileaded Section Heights). 

ft. 

Fuselage Dlaaster to Wing Span Ratio 

flap Chord to Section Chord Ratio 

Flain Flap Aspect Ratio Correction Factor 

Oraaa Thrust 

Fras Hsight (Unloaded Section Height above the Top 
•f tha Rla tlange) 

fertical Reaction Force on the Main Landing Gear 

Hat Thrust at Aooro- h Sneed 
fertical Reaction Force en the Hose Gear 

^ snieal Force On Tin 

ifui«Bla«t faraslte Area 

2 
Cravicatienal force - 32.2 ft/sec 

nl 

lbs 

ft. 

in. 

in. 

In. 

lbs. 

ft. 

in. 

lbs. 

In. 

lbs. 

lbs. 
lbs. 

lbs. 

ft2 
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NOMENCLATURE 

SYMBOL DEnNITIOil '. Wtttt 

GW Gross Weight ttv 

hs Deflected Spoiler Height . JEt. 
■    . •*■■.'     •.■■":J 

I- Interference Factor of Trailing Edge Flap« - .   r3 

i-, Thrust Line Incidence Angle' deg» 

K Empirical Constant for Wing Section Angle-of-Zero-Lift. 

K' .   Flap Span Correction Factor 

K Ratio of the Body Lift in the Presence of the V&f &      v 
(W)        the Wing Alone Lift, *: /i 

K. /flap Span Correction Factor. 

K- Sweep Angle Correction Factor 

K.E. Kinetic Energy Design Factor ./'        "     '.:':'r-.y^ 

KIAS Knots Indicated Air Speed Knots 

Ky Ratio of the Fuselage Nose Lift to the Vlng-Alone lift 

K- Suction Flow Constant '?     .; 

K. Ratio of  the Wing Lift  in the Presence of the Body   to the 
(B)        Wing Alone Lift 

k Equivalent Sand Roughness Height In. 
* • ■ 

k. Portion of the (GW-L) Term   Supported by   the Main 
Landing Gear (Static) 

k.ik«        Plain Flap Correction Factor for   Section Maximum Lift 

k.,k2,k- Flap Maximum Lift Correction Factors 

L Thrust Reverser Door Overall Length in. 

L Aircraft Lift - CLqS lbs. 

i Length ft, . 
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NOMENCLATURE 

DEFINITION 

t.     Fuselage Length 

tfu.el«geFU8•la«• Ull«th 

e.g. 

e.g. 

•T.L. 

aero 

Q 

% 

I ■ 

E, SR 

S 

81 

chute 

Horizontal Distance from Nose Gear to Aircraft 
Center-of-Gravity 

Horizontal Distance from Nose Gear to Aircraft 
Main Landing Gear 

Vertical Distance from Ground to Aircraft 
Center-of-Gravlty 

Vertical Distance from Ground to Aircraft Thrust 
Line. 

Nach Number 

Aerodynamic Pitching Moment 

Number of Wheels with   Brakes 

Nozzle Pressure Ratio 

Net Bearing Pressure 

BLC Flow Quantity 

1  2 
Dynamic Pressure • -j OV 

Pitch Control Reaction Force 

Reynold's Number 

Runway Condition Reading 

Rate of Sink at Runway Contact 

Area 

Wing Area Affected by Trailing Edge Blowing Flap 

Canopy Area of Deployed Drag Chute 

Wing Ana Affected by Leading Edge Device 

Exposed Wing Arc« 

xxlli 

UNITS 

ft. 

ft- 

-•'ft. 

ft. 

ft. 

ft. 

ft-lbs. 

lb/in 

ft /sec. 

lbs/ft2 

lbs. 

ft/sec. 

ft2 

ft2 

ft2 

ft' 

ft* 
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SP 
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n. 

t 

e/c 

f 

^00 

TO 

V 

W 

V 

WI 

X 

s 

NOMENCLATUM   • 

:,. DEFimXlOII      • 

Wing Area Afftctad bv Trailing Uga Plap 
Aircraft Rafaranea Araa 

Wing Araa Affactad by Trailing Edga Suction Flap 

Wing Aria Affactad by Spollar 

Total Wing Flaafon Araa 
• „'■■        • '     '^ ' ^      ■', .■ 

Baaa Araa of Daployod Thruat latraraar Ooora 

Blowing or Suction Slot Width ^ 

Engina Thruat ^ 

Bavaraad Thruat 

Wing Flaafon Tapar latlo 

Tapar Utio of Bspoaad Wing Fanal 

AlrfÜll Thicknaaa 

* Wing Section Maxinua Thicknaaa to Wlng'Chotd latla 

Velocity 

Approach Velocity 

Thruat Raverter Cutoff Velocity 

Blowing Jet Velocity 

Velocity  «tRunway Contact (touchdown) 

TIM Sate of Change in Aircraft Velocity 

Aircraft flight 

Thruat Plume Leading Edge Shape Peraaater 

Aircraft Bapty Wtight 

Blowing Jet Haas Flow Rate 

Thruat Pinna Leading Edge Shape Peraaater 

Airfoil Section Chord Location 

fit 
ft* 

ft- 

%wm 
■ % 

■ ■■■% 

..   • 

■■.'■ 

ft/aac. 

ft/aat9 

lb« 

ft 

Iba. 

tt/i 

ft 

ft 
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SYMBOL 

»1 

T 
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\* 

^IM« 

DEFISITIOH 

Chordvls« Spoiler Location 

Position of Maximum Section Thickness to Wing Chord 
Ratio. 

Olstanca 1 is Located from C.G. Measured Along £ 

Ols^anc« T Is Located from CG. Measured Along \ 

Thrust Plum« Leading Edge Shape Parameter 

Airfoil Section Thickness Corresponding to x 

Airfoil Section Leading Edge Sharpness Parameter 

Distance C.C* Is Locsted from Centerllne Measured 
Vertical 

Angle of Attack 

Angle of Attack for Maximum Wing Lift 

Angle of Attack «t Touchdown 

Design Airfoil Section Angle-of-Attaek 

Angle of Attack at Zero-Lift 

Angle of Attack «liere C. Becomes Hon-Lineer 

late of Change of Wing Zero-Lift Angle-of-Attack 
with Plep Deflection. 

late of Change of Airfoil Section Zero-Lift Angle-of- 
Attaek with Plap Deflection 

Change in Angle-of-Attack 

Incremental Angle-of-Attack for Maximum Wing Lift 

UNITS 

ft 

ft. 

ft. 

ft 

ft 

ft 

deg. 

dag. 

deg. 

deg. 

deg. 

deg. 

Am Incremental Angle-of-Attack for Zero-Lift 

deg. 

deg. 

deg. 
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SYMBOC 

NOMENCLATURE 

DEFINITION 

Ao SP Change in Zero-Life Angle-of-Attaek Due to Spoiler 
Deflection 

0 

r 
Y 

OMITS 

det. 

«s. 

Characteristic Angle 

Circulation 

Flight Path Angle ' 

AJIÄ-*^« Induced Drag Coefficient Correction Factors 

4 Deflection Angle 

6. Leading Edge Device Deflection Angle 

6 Elevator Deflection Angle 

6- Trailing*Edge Flap Deflection Angle 

6.     Double-Slotted Flap Deflection Angle (Flap 1) 
rl- 

<_     Double-Slotted Flap Deflection Angle - Flap 2 Meaauni 
2    from Flap 1 Chord Line to Flap 2 Chord Una 4eg. 

6,     Blowing Jet Deflection Angle deg. 

Speed Brake Deflection Angle 

Spoiler Deflection Angle 

Thrust Deflection Angle 

Thrust Beverser Effectiveness 

Spanvise Location of Outboard Flap Edge (2 of Seal-Span) 

Spanwise Location of Inboard Flap Edge (X of Seni-Spa^ 

Sweep Angle of the Quarter Chord Line deg. 

Leading Edge Sweep Angle 4ag. 

Wing Taper Ratio 

-     Blowing Flap Lift Factor 

s     Critical Bloving Flap Lift Factor 
Crit. 
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(X.XJ 
1 * Flap 1 

(*lÄ22j 1 zaPUp 2 

'•Vf 

V 

p 

0 

> 

DEFINITION UNITS 

Plain Flapped Wing Correction Factor 

Double-Slotted Flap Lift Correction Factor, Flap 1 

Double-Slotted Flap Lift Correction Factor, Flap 2 

Flap Span Correction Factor 

Average'Braking Friction Coefficient 

Braking Friction Coefficient 

Maximum Braking Friction Coefficient 

Boiling Friction Coefficient 

Baquired Braking Friction Coefficient 

Pi- 3.14159 

Air Danaity lb/ft3 

Standard Deviation 

Ving Section Trailing Edge Included Angle deg. 

BLC Trailing Edge Flap Factor 
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SECTION I 

INTRODUCTION 

The objective of this report is to providc.a method of analysis 
that will facilitate the evaluation of·thc effectiveness of deceleration 
devices upon the landing ground roll of aircraft. 

In liMited-warfare situations, aircraft must operate out f small 
advance4 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 require~ents 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 ar"' 'llany methods currently in use to determine the tou.chdown 

speed anu 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 r 'esults of these methods 
do not agree nor, in ~any cases, do they lend themselves to rapid, 
ordered methods of solution. 

· Since accurate evaluation of the landing characteristics of 
cotnpeting aircraft designs is currently of s;reat ir:portance the Deputy. 
for Developnent Planning ~enerated a Proposal ReQuest (PR number SES-7-3537) 
to provide a methodolo&!' 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 theocetical approaches, sim?lified 

. yet rigorous methods were established for computing touchdown velocity 
and the forces affectin~ deceleration during landing ground roll. In 
addition, 1nethods were formulated for prediction of ~eight penalties 
associated with the pertinent devices; These m~thods for· determlning the 
deceleration forces and weights are presented in the for1n · 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 

• 
j 
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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 regard,  the air- 
craft is assumed to consist of wing-body combinations with a high lift 
device(s) and an appropriate deceleration devlce(s). 

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

» 
The high lift 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. 

\ 

V«/ 

i 
: ,   -...', 

, -w 



I 
o 

Q. 
2. 

Lü& 

SECTION II 

AIRCRAFT FORCCS AND USE OF HANDBOOK 

1.  GENERAL 

It is Che purpose of this handbook to provide en enelytlcel 

for determining the forces exerted on en elrereft during the 

landing ground roll.   As will be shown letter, the forces «ad ttbeir 

order of signlflcence eret    _ 

*     1.    Touchdown Speed (e function of C.    ) 

2. Reverse Thrust («hen eppllceble) 

3. Wheel Broking 

4* Dreg 

5. Lift 

In eddlttlon, for eveluation purposes» a «eons In 

deternlne the weight of Che coaponente of the elrploM Chit 

produce the forces. 

FORCE ANALYSIS. 

Before proceeding with the force end weights handbook» a pflimUmtf 

study wee node Co detemine the signlflcence of Che trerlotts 

eretting devlcee.    This wss eccoapllshad by aeene of a 

lending stopping dlstence equetloo.    The sensitivity «f each davlca 

(or force) wee eveluated. 

Calculations were nede for the F-4, F-5, and B-52K aircraft. 
The five fectors Mntioned above were pereaetricelly varied. 
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A ncmlnal, or bat«, condition (i) WM established for each 

aircraft.   Thl» vat selected on the basis of each manufacturer's 

data and reco—nded landing procedure.   Where It vaa not specified» 

an engineering estlaate vas aade.    Variations of the values of the 

paraaeters from this base condition were then conpleted with the 

reaulta ahown in Figures 2-1 through 2-3. „   c 

Thaoa curves are all siailar for the aircraft analyzed.    As rhown, 

«haa tha'alope of the curve la snail, the effect on the landing 

•topping dlataace la largo.    The results also indicated the sign!- 

fleanco of each device with the order of importance indicated in 

the firat paragraphs 

i» m further aaplaaatlon of Che seneitivity cherts, the following 

^ln In glvM. 

If it ware required tp reduce the-landing stopping diatance of an 

F-5 hf 40f fron the aoninal caae, it could be acconpllahad aa 

follnAni 

•'   1.    Bp increaaing the drag by a factor of S.B (epproxinetely 

# tha value of the drag chute), or 

2.    Increaaing the braking efficiency by a factor of 1.8. 

Tbla could probably bo obtainable with an anti-skid device, 

a      • l.t a .3 - .54, or 

9.   Ilalag a threat revereer having 50Z efficiency (n - -.3) 

and a eat-off velocity of 40 knots, or 

4.    By a redoctiea la touchdown velocity by about 20Z. 

(In all of tha calculations it waa aaauned thet the deceleration 

daviea «aa off active at tha tine of touchdown, t ■ 0). 

i 
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5.6 

5.2 
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4.0 
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3.2 
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2.0 

1.6 

1.2 

.8 

.4 
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FIGURE 2-1 

.8 1.2 

J~SD/LSD1 

_I 

Sea level static 
military thrust 

1.6 2.0 

Sensitivity of F-5 Landing Distance to Effectiveness 
of the Various Factors Affecting Landing Distance. 
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OT AIRCRAFT F-4 

;^OT - 34,000 lbs. 

: 

Q LSD/LSDi 

2-2 t toiwitlvlty of F-4 Landing Distance to Effectiveness 
of Various Factors Affecting Landing Distance. 
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4.0 .• 

3.6 

3.2 

2.8 

2.4 

2.0 

1.6 

1.2 

.8 

.4 

0 
0 

FIGURE 2-J 

·. 

.4 

2. 

.8 

AIRCRA.Fr B-52H 

Gl-1.= 400,000 lbs. 
B-52H Design Point ~i 
vi • 150 !;ts. 

lli - .2 
cD1 • .1033 

CLi • 1.25 
L3Dt a 7,396 ft. 

All decelerating devices are assumed 
to ac from the touchdown point - t 0 

Thrust reverser assumed to cut-off 
at· 40 \ta. 

n•-Ta/Fc where Ta • everser thrust 

FG • sea level static 
military thrust. 

1.2 1.6 2.0 

LSD/LSDi 

Sensitivity of B-52 . Landing .Distance to Effectiveness 
of the Various Factors Affecting Landing Distance. 
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Th« above results were obtained by solving the standard one- 

dlmenslonal equation of motion: 

- . 

(II-l) 

• 

v-: 
•- • 

% Ä v - T - D - (Braking Force) 

«here 
e 

T la the aircraft thrust (forward or reverse) 

0 la the aircraft drag 

(Braking Force) - JI, \  (CW-L) + Mg (1 - k1) (CW-W 

«hen w^ la the braking coefficient (a constant) 

Wg la the rolling coefficient (a constant) 

GW. Is the weight of the aircraft 

L la the life of the aircraft 

kj la the portion of (GW-L) supported by the 

Mln landing gear (atatlc) 

Bnrlng this study. It beeaae evident that a «ore accurate aethod 

•honld be applied. (Since thla study waa only concerned with the 

foreaa theBselvea and net the solution of the landing stopping 

Mataoce, the reconwoded equatlona with' no results arc presented). 

Ifca ceaplete equatlona of notion which describe the forces and 

aoMttta acting on the aircraft are as follows» 
,- '- .'.■■■■ •   ■ 

tforcea Vertical -Q-CH-F  - F  -L 
nw 

IForcea Borlxontal -0-~V + T- 

(II-2) 

D-MBFM-WRr«w (II-3> 

^■- -■'< "■ 

tMonenta about the noae wheel • 0 - t (C»-L) + M 
e.g. aero 

*  ■ - 

■ 

♦ •». - Ti 
e.g. ■T.L. 

- fl 
I»,, i 

-® V i 
e.g. (II-4) 

m. ■- 
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Figure 2-4 shows th« forces dlagrenucicslly. 

where Gtf 

L 

t 

¥ 

I 

M 

- Aircraft Gross Ksighe 

■ Vereirel reaction force » the aala landlm gear 

■ Vertical reaetioa force on the nose gear 

• Aircraft lift • C^g 

• Gravitational force - 32.2 Ft/lee 
% ■ 

■ late of change of aircraft velocity 
■,".'.'   . . i 

■ Thrust (+ Porvard, - leverae) 
■ .: I';; 

■ Aircraft drag • C-qg 

- Braking coefficient »j " f (1^. XXxm ^^ 

description, romnqf description, anti-ek^i deviee) 

• lolling Coefficient 

■ Aerodinaaic pitching 

■ Vertical diatanee fron 

< 

• 
'■<■■■ 

igt: 

...  . 

'h'y 

%i,: 

'e.t. 

e.g. 

"l.l. 

■ Borisootal diatanee Ixsm 

geer to aircraft e.g. 

■'- ■• ■"■ .'\ 

gear te aircraft e.g. 

- Vertical distance fron nose gear te aircraft 

thrust line. 
•A     ■  ,  - -  ..^ 

■ Berltontel diatanee fron none gear to aircraft 

■ein lending gear. 

lewriting the aomsat equation (II-4 ) as follows t 

F_. - (H -ft aero       a (GW-L) -I- 01. 
e.g. e.g. 

-Tl     - Si V t 
■r.i.«      • 

) 
c.g. (11-5) 

It can easily be seen that the braking force (w.. f ) la not eolely 
.   ■  "g 

a function of the Gtf and L. Using the above equation aceounta for 

the unloading of the nein lending gear due to deceleretion. 

■>"!■!;*•   '" ',- ■.■'■ ^^ÄfaJ 
m 

. •• •'; ^■'&m.*h 
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·. 

3. USE OF HAJ.'WBOOK. 

The use of this handbook is predicated on the fact that a goo4 

·• physical descrip t ion of the a'ircraft 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 ar~ (in .general terms): 

n Thrust Factor (negative for reversed thrust) 

IJR P.olling Coefficient 

.. · Pa Braking Coefficient 

CL Lift Coefficient 

c0 Drag Coefficient 

Also, the weights section permits an evaluation of each aircraft 
I 
component contributing to the coefficients. Each section is 

self-c~ntained, i.e., reference to other sections is ~ot required 

to obtain an ·answer. 

The general procedure for each item considered is 

1. Obtain a good physical description . 

2. Determine the i nitial conditions 

3. Enter the appropriate section 

A detailed sample problem follows. 

4. SA.~LE CALCULATION 

The sa~ple calculation will use the Northrop F-SA ai.rcraft as 'the 

example. The lift and drag characteristics a·t the touchdown velocity 

are calculated using the methods of Section III. The braking and 

rolling coefficients are calculated in SeQtion IV. Due to lack ·of 

data, representative, generalized values of the Section V data are 

given. Weight increments of the various devices conside·red are 

~alculated by Section VI methods. 

11 
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Some of the physical characteristics of the F-5 have been modified 

in this ealculetlon in order to facilitate the purpose of eh* 

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 with- 

in the calculations. ^ ' . 

A. COMFOTATIOII OF THE LIFT. DRAG, AXD TOUCIIDOl.'X VELOCITY F0W. AH 

AIRCRAFT IH THE LANDING COKFICURATION. 

1. tteo 1 - Aircraft Data 

The list of the required data is given by forms provided In 

Section III-5A. These have been filled out with the chosen 

data and are listed below. 

2.. Step 2 - Airfoil Section Characteriatlcs 

a. Fro« Table III-l, for KACA Section 65-006 (assume section 
characteristics of 6SA-004.8 are equivalent to Section 65-006) 
1. fla  . • 0.0 degrees 

2. C^  - .103 per degree (6.02 per radian) 

J. ct||tir • .n 

b. Vor XACA-Type sections calculate: 

1. o^   • tin - ».12)Ctl 

«4iere Cift ■ 0.00 (airfoil section designation) 

ax  • 0.0 degreea (Table III-2, HACA 6~Ser1es, 

ctl - 0.0) 

K  - 0.74 for RACA 6-dlglt aeries 

a9   - 0.0 degrees 

2. C^ - 2» + 4.7 (|) U ♦ .00375*TEJ 

where ^ « .048 (airfoil section data-Input) 

♦w - 5.6S degrees (Figure 3-4h) 

. C« - 6.76 per radian (• .114 per degree) 

"•>..-- 

• 

\ 
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o 

1 

DATA ACQUISITION LIST 

I. Basic Wing Data 

I. Airfoil Data 

o. Type Section 

b. t/c 

2. Planform Data 

o. STOT 

c. ALC(Ac/4 

d. AR • • • 

f. TR 

h. c 

4 

3C. Fuselage Dora 

o. AB 

b. S 
WIT 

e. d 

d. b 

-   r 

65A-<KM.8 ModlfUi 

.CM \'(: 
• 

6.0 
■: 

.40 
•• 



L .üfc&ßV?^.. JA %M 
Li*J 

' 

V'5 

5
A' 

%  - 

i e. d/b 

* AB 
• •     •   • 

3tt. High Lift Device 

I. Troiiing Edge Flap • 

r o. Type 

b. cf/c 

c. Ci/c1 

d. c'/c 

i bf/b 

.230 

45.0 ft. 

Single Slotted 

.260 

.260 

1.000 

45.0 

.270 

: 

i bu/b 
h. bf9/b 

L22L 

.50 

54.0 

-   - 

2. Leading Edge Device 

a. Type JQse. 

■■- ,-; 

b. C4M or c^^lL. 

c. cVc JLflL 

d. B4 •   M 

e. btf/b .58 

84.0 

I 
14 

»sMfeaffi 

« 

dc^s. 

ft1 

degt. 

**? 

A 
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1 
■' ■'■,« 

% 
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TZ, Miscellaneous Data 

h. W 

c. W. 7900 

dtgt. 

Ito. 

Um. 
*       ■ t 

NOTE« FOR DOUBLE-SLOTTCO FLAM THE fOLLOtVINf    . 
DATA It RCQUIMO 

c,/c,,,c^«^./c, 

'" 

IS 

^  v.*./'* 

- 
1      _ nft^i 

• 4i 

■ 



o 
'• C«a« • (CtM,>u.. + „ j j «M CU.. 

O 

wher« (C^),,,,, - .80 (Figur« 3-7, for Ay - .93 from 

Figur« 3-6) [ 

Al C«MX ' 0-00 <Ft«ur« 3-8'>. Ay - .93, X camber  »0.5, 

CMAX .40) 

A2 CfBax " 
0-19 <pl8ure 3-9, Ay - .93, tMAX - .40) 

4J C«MK " "0'125 (Fl8«r« 3-10. Ay - .93, RNW - 

1.2 K 106 (V « 250 ft/^c.) - 

extrapolated from available curves 

la Figure 3-10) 

A4 C.       ■ 0 (Figure 3-11, assume DO NACA standard 

rougtiocss) 

h*nt; Ctmax - .86 (Sinalng (C|Mj,JbM€ ««»d ACtmax value,) 

9.    Sto 3 - Wlat Alon« Character la tic« 

«.    tt0 ■ 0.0 d«gr««s (use value from Step 2, part a.) 

2»AR 

2 * (^[-Fu-^p))2]«' 172 

i^«r« C^ ■ 6.02 p«r radian (use value from Step 2, part a.) 

At - 3.75 

n > .2 

A     «32.0 degree« 

1, Gig •• 3.63 per radian (■ .063 per degree) 

16 
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o 

o 

o 

c.    Determination of High or Low Aspect Ratio: 

(q + DCosAj^ 3.18 

where Cj - .48 (Figure 3-12, Tt - 

CosAj^     - .850 

Use High-Aspect Ratio Methods: 

.2) 

t-MAX " "imex 

where C^^ • .92 (use value frosi Step 2, pare «.) 

^MAX 

'*max 
1.04 (Figure 3-13. Ay - 31*, Ay - .fS) 

Hence, C^^ - .96 

t-MAX 

MAX where Ci,Mtv       ■ .96 

Ci^ - .063 par degree 

o0 «0.0 degrees 

'StAX 
AoCl - 5.45*(Figure 3-14, A^ - 32», Ay • .fS> 

Hence, ac ■■ 20.7 degrees 
T(AX 

4.    Step 4 - Fuselage Effects on Lift 

a.    aa    * 0.0 degrees 

b.  c^ -[^-V)^»)] <^m   I m 
REP 

17 
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«her«   IL ■ 2.0 per radian (based on body frontal area) 

(12\ 
TTdi " '^^ ^ase^ on reference area) 

I^j - 1.19 (Figure 3-20, |   - .230) 

S(w) ' 0,3A5 (F1«ure 3"20' F  " •230) 

•^BCP 
- Use exposed area aspect ratlc and taper 

ratio and calculate C^   as in Step 3b. 

At - OQP - 3.12 

Beoee, C^   ■ 3.31 per radian (■ .058 per degree) 

120.9 ft* 

'UP «TOT" 170 ft
2 

Ct   «3.94 per radian (■ .069 per degree) 

The final value for ehe aircraft is then: 

CL.  - (CL.   ♦ CT  ) / 2. 

■ 3.79 per radian (> .066 per degree) 

«here Ci^- ■ .96 (fro« Step 3c.) 

- .93 (Figure 3-21, £ - .230, 

18 
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I 
»UMBMMlteBI« 

(C2 + DAR TanAjj - 3.72, 

C2 - .90, Figur« 3-16, TK-.246) . 

Hence, CtMAY  ■ .89 
MAXWB 

"V» 
where CIQ. X - 20.7 degree« 

oc X 

o 

Bx, 
«c H 

.«7    (Figure 3-22, ^ - .230, 

(C2 ♦ DAt TinA,^ • 3.71) 

Hence, or.     "18.0 degree« 

5. Step 3 - High Lift Device« - Trellln« Ed«« Fl««« 

Single Slotted Flap 

Flep chord to wing chord r«tlo,Cr. •.260 

Deflection angle, % • AS* 

Flap Span, bp«. ■ .270 

Inboard flap edge location »bp^ - .231 

Outboard flap edge location »bp0 <b - . 501 

Wing area affected by flep deflection, 8p - 54 ft2. 

For « «ingle «lotted part-apan flap, Section 3 of Step 3 appllMi 

19 
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i '   „,.?„, 

.  a.  4Ct •= .96 (Figure 3-3A, «F = «S», CF.c - .260) 

«here ACj ■ .96 (part 5a above) 

I CT-j " -63 (Cj^ - 3.79 (part 4b), C^'* 6.02  (part 2a)) 

f(««)cLl 
(Figure 3-32, AR - 3.12, 

J^'  .385 (Figure 3-33, ^ - .27, TRE EXP .2'. 6) 

Hence, ACj, ■ .317 

c Ci ■ 3.79 per radian (- Ci  ) 
WB 

where ACL - .317 (Step S-3b.) 

Cr ■ 3.79 per radian 

C} - 1.2 for AR < 4 

Hence^ to, • -3.75* 

.. AC^-ti^kj (C^)^ 

***• (ACl>f,)1rttt - 1.003 (Figure 3-27, ^ - .048, Curve C) 

k1 - 1.015 (Figure 3-28. CF/C - .260) 

20 
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4 

k2 - 1.000 (Figure 3-29, <r - 45#) 

kj • 1.000.(Fitur« 3-30, «, » 43*) 

Hanc«, AC^^ • l.Qt 

f.    AC ^' *>•» ^(l",oi ** *m******* 
wfa«r« AC i 'l^j K " 1*02 as abov« 

8, - 34 ft2 (tlvM data) 

•iBF" 170 e«2 

Hanca, i%^« - .2t3 

for At < 4. 

vhara ACj^^ • .283 (Stap Sf.) 

21 

Ci^ - 3.79 par radian (Stap 4k.) 

Ranea, Äac,   - -2.1* 

•nd   aclMAX • U.9# 

6.    Stap 6 - High Lift Davicea - Laadint gtoa 

Leading Edge Plain Flap 

Leading Edge flap chord to wing chord, Cj,- ■ .13 

Deflection angle, (Jj - 30* 

Loading Edge flap apaa ratio, bj,.    - .31 

Wing area influenced by deflected leading edge flap, l^-tA.O ft1. 

4 v 
si   -        '-ÄAB   ...     -■- .   - 
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'.JF 

it 

Aa ••    ACt - cla  j-   « 

where C^    »6.02 per radian (Step 2.a) 

I1   - .27 (Figure 3.A0, Cd/C .15) 

G 

O 

m * 

^i"    'A 

'J       ' :ar'" ."f-v 

•• ^s 
• 

30 degrees 

*   Hence, AC. • .85 

b.    A^- AC. 

«her« AC, - .85 

(CLT/ " •63 ^^ st,p 5c) 

[ <tt«)ct 
- 1.27 (Figure 3-32, AR - 3.12,  (OJ)C    - -.284, 

K^ - .73 (Figure 3-33, bd/b - .58, X - .246) 

Hence, AC, - .30 

«•   ^.-^ ■   3.79 per radian 

4.   Ao,-^   (.2) 

«km« A^ - .50 

*   <V     • 3.79 par radian 

22 
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Hence,- Äo   - 1.5 decree« 

a.    AC *Tnax 

where f-y^J   - .0253 (Figure 3-41^ Cd/C .15) 

«d - 15*   . 

Hence, AC|aax   - .38 

f.    ACL^V - AC. _   -±~ (1 - .08 Cos2Ar.A) Coe3/4A( "LMAX 'taex   S REP C/A' »C/A 

c o 

o^ 

where AC 
^max 

- .38 

84 - 8A.0 ft2 (given deu) 

»„p - "0 ft*. 

Ac*. > 2A.0 degrees 

Hence, ACi^, ■ .164 

g.    Aac, W 
^MAX 

where AC^^ ■ .164 

Cr • 3.79 per rediu 

Hence, Aac - 2.5 degreee 
SttX 

23 
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7. Step 7 - Landing Lift Characteristics 

For a wing with a single slotted trailing edge flap (^-45*) 

and a plain leading edge flap (6d «• 30*), the following lift 

characteristics were calculated: 

■ 

*• 0o l" »odean + AaOF + AaOd 

where a0 - wing with deflected flaps/devices ang
1« of 

aero lift 

o0 .   ■ 0.0* - angle-of-zero-llft for wing without 
deflected flaps or devices - 0* 

AOQ- • -5.75* - increment of serollft- «mgle-of-attack 

for wing with deflected T.E. flap 

Aa0. ■ + 1,5* - Increment of zero-lift angle-of- 

attack for wing with deflected leading edge flap 

H«iie«t a0 • -4.25* 
> 

«htra Ct    • 3.79 per radian (Step Sc.) 

«tor« Cg^^jj    ■ .89 (C^^j,  - Sttp 4c) - maxlmm lift 

coefficient for ving>body coabloatlon 

with undaflccttd flaps/devices. 

tOUyj,   * •2>3 (Step 5f - T.E. Flaps) - Incrtment of 

Mudaua lift coafflciant for trail- 

ing «dge single slotted flap. 

O 

\ 

J 
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of naxlmun lift coefficient for 

leading edge plain flap. 

Hence, C LMAX 1.34 

d.    ac - qc 
+ ÄaCT + Aaci      '   V. 

^lAX "^lAX^ HlAXp H»AXd 

where ac » 18,0*  (Step 4c.) 

Aac     - -2'.1* (Step Sg - T.E Flaps) 
rlAXp 

Aac     - 2.5* (Step 5g -I.E. Flaps) 
TIAXj 

; :i 

O, Hence, a^.    • 18.4* 
SlAX 

•• CL - % (a -o0) 

Therefore for a • 9*, C], • .878, using previously cal- 

culated values of Ci and a0, and assuming a linear lift 

cur e fro« a0 to a ■ 9*, 

end for a ■ 0*, C^ ■ .281 

8. Step 8 - TouchJoim Speed 

The touchdown velocity is: 

O 

vn>- 
W - FM Sin (a^ - y) 

•«»"»^»REr 

where   W          - 1 12,000 lb. 

I lb. 

1/2 

25 
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REF 

.?:   ■ 

- 9* 
■ 

- -2* 

- .878   (step ?e) 

- 170 ft2. 

Therefor« V^ - 260 ft/sec. - 154.6 knots 

: 

•• Step 9 - Aircraft Minimum Drag (Ho Hlph Lift Devices) 

m»    Landing gear drag - The assumed wing reference area Is 170 ft2. 

The empirical method b. therefore applies; 

*"" ■ [■27i (fc) -' I (4) 
where W| -7,900 lb. 

•iBP " 170 £t2 

therefore AC»LG .0377 

ht    The Reynold'« number of the vlng and fuselage (standard 
tea level condition«) «ret 

Mmm   ■ «00636 V,,, MAC x 105 

irtwre   Vjp   • 260 ft/eec. 

MAC   • 7.73 ft. 

fe-Uge ■•006M VTD »fueelege « ^ 

«Mr« Vj, * *M ft/ 

♦5.0 ft. 

\ 

. VI 



■ 

mm 
• 4 . 

o 
Therefore RN„,      - 1.28 x 10* Wing 

W.     .       -' 7.43 x 10* fuselage 

c. The minimum wing and tall drag Is: 

ACDnl     - 1.4 (2 Cf (1 + 2 t/C + 100 (t/Cni   j 

«her? 1.4 - factor accounts for the tall surfaces 

Cf - .0044 (Figure 3-43 for W^.  - 1.28 x 106, 

(t/k - 3.7 x 105, t - 93.0 Inches (MAC), k - i2S x 10~V 

smooth paint surface)) 

O 
j 

O 

t   -.048 

Hsnes. AC^^ 

wing 

•- .0135 

d.   Minimum fuselage drag is: 

^Dbi - l-02Cf 
fuselage 

[i J    Li _i  
HlF 

%hcre C£ - .0032 (Figure 3-43, M£UMUI- ■ 7.43 x 10*, 

thji 21.S x 10s, tg - S40 inches, 

k • .23 x 10**'smooth paint surfaes) 

tyt " 7-77    ^b • *5'0 ft-, d - S.8 ft.) 

Hir "170 ft2 

Therefor«, AC^^ • .0156 

fusslsg« 

27 
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i 

e.    The total minimum drag coefficient ia therefore 

i    • 

"min "min Dmln + /cD LG 

where tC Dmln 
wing 

wing 

.0135 

fuselage 

^in •  - •0156 

fuselage 

and     Ci Dmln - .0668 

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

2 

'1 
ir (AR) 

CLr 
ACr (1 + Al A2)    + KD ^3 

»*•»•   CLDl    " 
CLTD - CLDES   ■ .778 (CLTD - .878, CLDES - .10) 

At - 3.7S 

Ai ■ .014  (Figure 3-44, TR - .20, AR - 3.75) 

A2 - 1.19 (Figure 3-45, A^ - 24', AR - 3.75) 

Ko - 1.00 (Figur« 3-47, ALE - 32») 

Tans 
A3 - 0.010 (Figure 3-46a,   -^^  - .49 (V9*,e,Cr     ■18•0,)• 

SlAX 

J - .3^ ♦ 1)AR CoaALE 

\ 

j m ♦ «(Cj +1) 

(C2 + DAR TanA 

28 
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where Ci .48, C2 - .52, AI - J.75, 

ALR - 32** raMlti>t 1« J - 2.U) 

Hence, ACQ. - .062 

C) 

11.  Step 11 - Drag Of High Lift Devices 

a. Trailing Edge Flaps 

1. Minimum drag coefficient of a single slotted flap ist 

ÄCDmin  -^flap \ lf 
Clap 

where äC<|£UJ) - .DM, (Figure 3-48b^r/G - .260, «r - 4S
#) 

1^ - .385 (Figure J-3J, bp^ - .27, & - .246) 

IF • (1. 4 .00667 ir)  - 1.) («, - 45*) for 41 4 4.0 

Hence, ACQ^  - .041 

flap 

2. The drag due to lift of a flap ist 

(AC.)2 
- It*   ll ACD, 

'flap w At 

where ..' - 1.32 (Figure 3-49a- 1-A9c At - '.75, 

Ho - ^Fo/b/a"*50» nl " •23l! •xtrÄPc'atÄ 

from the three point curve obtained to 

At - 3.75) 

ACL - .317 (Step 6b.) 

'  AR - 3.75 

Hence, ACD.    - .0113 
^lap 

29 
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o 
b.    T.o.-J'ng edge c^evlres 

For a leading etlg ; flap 

i 

device R^F 

C 

where fij - 30* 

bd/b - .5d 

Cd/C " '^ 

Sd - 84 ft
2 

SB„ - 170 ft2 
R£F 

and ACn . - .00577 

Assume ACp.      ■ 0. 
device 

12. Step 12 - Drag Of Additional Drag Devices 

For this sample calculation 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 calculated below: 

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

ACojp - 0.0 

b. Speed Brake - The Speed Brake has a panel area of 6.42 ft2, 

and a maximum deflection of 43*. By equation (111-50): 

AjjB 

'REF 
ACDSB - 1.13 Sln5SB 

o 
Where Sind.. - .707 

ASB - 6.42 ft
2 

SREF - 170 ft
2 

30 
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i ) 
Th-icfoie   'C0        =  .0J02 

Drr.g Chuto - Th-^ aircraft ulillzes a 15-foot diameter 

rin^-slot  type parachute as a deceleration device during 

the landins ground roll.    The calculation method for 

drag chute minimum drag coefficient is: 

ACDDC    -ACn 
chute 

where Schute - 176.5 ft
2 (- j Dc

2
t where Dc - 15 feet) 

and assuming a value of 

ACp  ■ 0.55 (Reference II - design) 

(based on the parachute canopy area), the drag chute 

drag coefficient can be calculated based on airplane 

reference-area, Sups es: 

ACDDC - 0.572 

d. Thrust Reverser floor Deployment: For the aircraft equipped 

with thrust rcverscrs, the base drag coefficient of the 

thrust rcverser doors when fully deployed is: 

A^TR " 0-5 S™- 1K      bREF 

where the average base pressure coefficient is -0.5 

S__ •> 6 ft^ total base area of the fully deployed 
TR 

thrust reverser doors 

. - ■:.: 

SREF.170ft' 
■'A« 

Therefore, ACD     ■ 0.0175 

O 
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o 
13.  Step 11 - Total ^raj; Coefficient 

Sumnlng the drag tcras calculated In Steps 9 through 12, 

the total aircraft drag coefficient at touchdown Is calculated; 

CDTD ■ CD«in + &CDl + 

Step   Step 
9    10 

'Dl 
+ aCI>mln ^^l 

flap flap 

Step 11 

n 
device DO 

Step 
12 

«here Cn . - .0668 

ÄCD^ - .06*) 

ÄCD|    - .0113 
1flap 

\ 

r flap 

ACDmln ' •0058      . 
device 

(ACn.  )    - 0.00 (at touchdown) 

DD 

Therefore, Cjy,^ ■ .1869 at a, - 9 

i 
8 

-DTD g 

Similarly, CD • .1378 at a, - 0* 

•^ 

-> 

No spoilers, speed brakes, 
** drag chutes or thrust 

reversers. 

c 

B. WHEEL BRAKIHG 

1. Civan data 

Same aircraft as in Section II, Subsection A. 

Gtf • 13,500 lb. 

Mo anti-skid systen 

V - 100 knots 

lira: Type VIZI 22 x 8.5-11 

Aasuaa .8 CW on main gear 

Dry» Vat and ley runways 

32 
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o 
2.  Solution 

a. Dry Runway ' 

I. To find the tire footprint area (Subsection 6) the valuea 

of D , W, and D- are found In Table IV-4: 
o       t 

Type VIII, 22 x 8.5-11 

Do ■ 22.00 

V ■ 8.50 

Df 
m 12.75 

2. Using equation (VI-19) for type VIII tires, the net foot- 

print area, A , Is calculated: 
n 

o 

o 

An - .404(Do 1 Df) /(DoW) - .16(D0 - Df)[(Do+W) -.16(0^)) 

- 44.1 in2/tlr« 

3.    For a non-anti-skid system, the u       Is calculated uslna 
avg ^ 

equation (tV-12) in Subsection 3: 

".„.- f(V)(.837 - 0.00099 T^ ) 

where. F  - .8(0(0 - 10,800 lb. 
Dig 

A. - 88.2 In2 (Two tires) 
n 

f(V) - Cx + C2V + C3V2 + C4V3 + C5V4 

where, C^ * 1.0 

C2 - -.24492 x 10-1 

C3 - .3368 x 10"3 

C4 - -.20098 x 10'5 

C5 - .42539 x lO"8 

For V - 100 knots, f(V) - .334 

Hence, w   ■ .238 for dry runways 

Assume u« ■ .025 for dry runways 

.'m 
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o 
b. . Wet_Runvay 

For the WCL runway, the procedure outlined In Subsection 4, 

paragraph B an^ Equation (VI-15) Is used; 

UR „ ■ u    f(tread,V) Dvet   avg 

where u        ■ .238 (from dry runway calculation - no antl- avg 
ökld system) 

f (tread ,V) - Cj + CjV + C^2 + C4V
3 + C.V* 

c 

o 

where, C. ■ l.( 

C2 - -.11943 x 10 
-1 

C3 - .756S7 x 10 

C4 - .14953 x 10 
-6 

Tread design - ribs 

-10 
C5 - -.590157 x 10 

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

Hence, u«   ■ .097 

c. Ice and Snow-Covered Runways 

The procedure for analyzing the braking coefficient for ice 

and snow-covered runways is out.linjd in Subsection 4, 

paragraph A. 

1. An appropriate value of y   is obtained from Table IV-2: 

2. For a non-anti-skid brake system: 

"•kid 
".vg"0'9   u ^Hnax^anti-skid 

«here   7==^       - f(V) from Eq.IV- 11 - .334 (V-100 kts) 

(',..x).ntl-.kld - •18 fron above Part 1- 

Hcoee, 11       - .054 
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o 
C.       THRUST 

For the Sample Calculation,  It is assumed that the air- 

craft Is equipped with a barrel mounted target-type 

thrust rcverser.    From this section, the folloving 

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 
mounted engine« 
with Inlet« far forward) 

Cutoff Velocity:    V     - 20 Knots 

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

D.     WEICHT PENALTY-EVALUATIOH 

. 1.    Trailing Edge Flaos  (Sinsle-Sletted^ 

O W- 5.17 (S)*94 Cft-l) 

where      S * Flap planform area - 19.0 ft 

V - 85 lb. 

2.    Leading Edge Flans 

W - 4.65 (S)1,05 (VI-3) 

9 
where  S ■ Device planform srea ■ 12.30 ft 

W - 65 lb. 

. 3.  ffpundsrv Layer Control: No BLC Incorporated; V ■ 0.0 lb 

. 4. Spoilers: No Spoilers Incorporated; U ■ 0.0 lb. 

5. Drat Chute (Rin« Slot) 

WIING ' ^"«V1**3 (VI"6) 

f\ C where    D. - 15 feet (canopy diameter) 

WRINC - 55 lb. 
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o $#    Vhccl  F.r     •<>  rau  Syitor? 

3/4 Vuc *-. tl   {7.2   r.00'J380  (RK/J^1 
DO 

+[.000300  (KE)3/4) 

1/2 

(VI-7) 

0 

where      N      •» Number of Tire?  ..'ith Brakes  ( ■ 2 tires) 

KE    * Kinetic Energy Dcsica Factor 

(Assume - 10    ft/lb> 

WBS - 161 lbs. 

o 

7. Thrust Rcvcrsers   (D?fIcctln^ En^inc_PrjmnryJ^a■■■r,j 

where      L      » Overall Turust Reversor Door Length, 

(Assume « 24 inches) 

D_._ ■ Overall Diameter At Engine Flange, 

(Assume Dp    «  18  inches) 

'rhererore,W ■ 47.5 lb per door, 95 lb.  per rcverser and 

, 190 lb, per aircraft. 

8. Speed Brakes 

W      -  .0185S  (KIAS) (VI-10) 

where     S     - 6.24 ft2 

KIAS    »Knots Indicated Airspeed, 

(Assume KIAS =  200 Knots Maximum Limit 

For Deployment of Speed Brakes) 

Therefore, W « 23 lbs. 

u 
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o DEC*I KRATION FOKCFS DURING LANDING GROUND ROLL 

j. General 

Using equations (II-l) through (II-4), the following 

expression for total deceleration force aay be derived: 

GV Deceleration Force -   -— ^ 
I 

T - D - |iR (GW - L) -l J—   '- 
x r + l      (GV - L) aero       x 

eg 

-Tt ... + %) j/f1 ^" "•, ^ | 
For this sample problem, the fallowing calculations of 

total deceleration force were made: 

O 
Case 1. At touchdown (V • V-p, a - 9*), no thrust 

reversal; speed brakes, drag chute ;<ot deployed. 

Case 2. During landing ground roll (V - 100 ktt, 

a • 0*), with speed brakes, drag chute 

deployed; no thrust reverser Installation. 

Case 3. During landing ground roll (V •• 100 kts, 

a ■ 0°), with thrust reverser installation 
E 

fully deployed; no speed brake or drag chute 

installation; 

O 

The following aircraft geometric constants are used in 

each case: 
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o 

o 

Rase Gross V.'cijlit, CM  = 12000 lb. (includes leading edge 

flaps, vh.ci 
20.0 feet 

= 17.7 feet 

- 4.2 feet 

» 4.5 feet 

ail traiHiif, r'fp r],-ips, wheel brakes and systems) 
i 
x 

eg 

eg 

TL 

2.     Case 1  (V - 154.6 knots, a    -  9°) 
j    ———.^———— ^     " 

For Case 1,  the following values arc used: 

CW - 12000 lb.   (Base Weight) 

T    - 0  (Net Thrust) 

C      »   .187  (Section III) 

CL    -  .878 (Section III) 

VTD   - 154.6 Kts.   (Section III) 

Maero * 0 ^No (,ata avallable) 

q - j P    V2 - 80.5 lb/ft2 

SREF   " 170 ft2 

D - 2560 lb.   (Drag - C^ SREF)    ' 

L =  12000 lb  (L - CLq SREF) 

MR -  .025  (Section IV) 

W_ -  .238 (Section IV - Dry Runway) 
o 

Inserting these values in the equation above results in: 

GW • 
— V « 2560 lb. 
8 
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M. .. "0 ("o data available) aero 

For Case 2, the following values are used: 

T - 0 (Net Thrust) 

C0 - .740 (Sectloo III - Basic slccraft ♦ 
speed brake + drag chute) 

C. - .281 (Section III, a • 0*) L f 
V ■ 100 Knots 

i 

q - 33.6 lb/ft2 

D - 4230 lb (D - CDq S^J 

L - 1605 lb (L - Cjq Sj^) 

liR - .025 (Section IV) 

li. *  .238 (Section IV - Dry Kunway) 
CV - 12078 lb. Case weight + drac chute and speed 

brsk«) 
< Inserting these values in the total deceleration fore« 

J equation results in: 

5H V - 632;' lb. 
t 

4. Case 3. (V.« 100 knots. og » 0*) 

For Case 3, the following values are used: 

1 • uF. - Ban Drag 

where      Fc • 4770 lb (at V • 100 knots) 

Baa Drag - 410 lb  (at V - 100 knots, &A - 78 lb/see) 

n - -.60 (Sectloo V) . 

T - -3270 lb 

C0 - .1553 (Sectloo III, a -0* Basic 

airplane -f thrust revarsar door) 

C. - .281 (Section III, a - 0*) 
** t 

CV ■ 12167 lb. (Base weight 4- thrust reverser 
less speed brakes) 

O 
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o 
M. 
aero 

V - 100 kts. 

- 0 (No data available) 

q - 33.6 lb/ft2 

S0„w - 170 ft
2 

REF 

p - 885 lb. . 

L - 1605 lb. 

yR » .025 (Section IV) 

V0 -  .238 (Section IV - Dry Runway) o 

o 

Inserting these values in the total deceleration force 

equation results in: 

— V - 6368 lb. 

I 
5.  Sunnnary 

From the calculations in cases 2 and 3 above, it is evident 

that the subject aircraft equipped with thrust reversers 

(n ■ -.60) has a deceleration force slightly greater than 

the deceleration force of the subject aircraft equipped with 

a 15 foot diameter ring-slot drag chute, at a ground speed 

of 100 knots. Solving for V, the aircraft deceleration can 

be determined; the deceleration integrated with respect to 

time results in the aircraft velocity, which in turn can be 

integrated with respect to time to determine the landing 

ground roll distance from touchdown to runway exit. This 

evaluation is outside the scope of this huudbouk, but digital 

computer programs can be written to facilitate a landing 

ground roll calculation of the nature described above. 

o 
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o 
SECTION III 

COMPUTATION OF THE LIFT, DRAG, AND TOUCHDOWN VELOCITY 

FOR AN AIRCRAFT IN THE LANDING CONFIGURATION. 

1.   GENERAL 

Based on Che sensitivity study discussed in Section II, the most 

important factor that determines the landing stopping distance (LSD) 

is the touchdown velocity OL-), see Figure 3-1. The touchdown 

velocity is the speed at which the airplane first comes into contact 

with the runway during a landing maneuver. For example, in the 

extreme case of vertical landing (V— "0), LSD is sero. 

From classical aerodynamics the equation for lift is: 

L " ^  * ^ * SREF ID 

and at the instant before touchdown. 

(in-i) 

W - L Cos Y +• T Sin (o + Ij - y) + D Siny (III-2) 

for Y < 4* this can be approximated by 

W - L + T Sin (a + iT - Y) 

and solving for the touchdown speed in knots for'a sea level standard 

day. 

TD 

f/W - T Sin (a + !_- Y)\ 1   W*.       . 

[[ ä^T-H M-0<m CW     an-« 

o 
If a description of the airplane Is given then the weight (W), wing 

area (S), and thrust level (T) are easily determined. The angle-of- 

attack (a) and (Y) flight path angle arc normally given. However 

41 
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;Mmv AIRCRAFT F-5 i1* 
fH4 IK 

.:_,:-;;::,:.;.;.::. 

i:;::!:.;:; 

j>; rir.rT. ..'.■-• 

■rit »■i-J-r-f^X.-wf^T:. 
.».44. 

iiillHHJGW « 11,500 lbs. 
i:;;iKäH F-5 Design Point "i ±H| 

.jlSHIrtHi V    »150 Knots (Touchdown) £g 
; ; 1.','.. ii*.*.,'j X 4^1+ 
-■h-rrrrrr! \i± " .3 .TOS 

^HHfftHcn   - .098 " m mmm ^ m 

HttltlH! LSD, 

NOTES: •     ' 
1.    All decelerating devices e.ce ass'imed 

to act from the touchdova point'-t 
■- r     o 

Indicates the velocity (kts) at 
which the thrust reverser Is cut-off. 

n" _^ where T^ ■ reversed thrust 

Sea leve) static 
military thrust 

1.6 

FXemUE  3-1 : S«n«ltlvlty of F-5 Landing Distance to Effectiveness 
of th« Various Factors Affecting Landing Distance. 
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- ■■■■■'-* w**vmm: 

o 
Cf       Is not easily obtained If only geometrical Information Is known. 'TD 

A method of determining C^-. from geometrical information Is pre- 

sented by Subsection 5-G. 

Once Ct-rn *8 k™"™»  (an^ therefore V-- is known) one must be able 

to compute the aerodynamic drag of the airplane in order to: 

1. Be able to determine the effect of drag on the LSD. 

2. Determine the rate of sink at runway contact.    Many current 

aircraft use neither a flare technique nor a power off 

approach. 

R/S, TD (FPS) 
- 1.689 V APP (KNOTS) 

•  Sin Y 

where Sin Y " 
D-T (Cos (a + iT)l 

W-T (Sin (a + i^ )1 

Again thrust  (T) and weight (W) are known for a given airplane.    The 

drag is given by: 

D - C    •  q •  S 
D      M RFF (III-4) 

O 

and for a sea level standard day 

D -  .0034  (VApp)2  •  SRFF • CD 

The procedure for obtaining CD will be given in Subsections 5-1 

through 5-M. 

It is the intent of this report to show how CL-- and C. can be 

obtained for any conventional aircraft in the landing configuration. 

This handbook and the conputer program (Reference 1) were developed 

for this purpose.    This handbook provides the necessary date and 
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procedures with which to perform hand calculations.    Comparisons 

with actual aircraft data are Included. 

2.     SCOPE 

Studies of aircraft landing performance have shcm that there are 

7 parameters to be considered when computing the landing stopping 

distance.    These are: 

1. Weight 

2. Thrust (Idle or Reverse) 

3. Wheel Braking 

4. Aerodynamic Pitching Moment 

5. Aerodynamic Lift 

.6. Aerodynamic Drag 

7. Touchdown Velocity 

\ 

O 
It is the purpose of this section to provide an engineer with a tool 

with which he can readily determine: 

1. Aerodynamic Life 

2. Aerodynamic Drag 

3. Touchdown Velocity 

V-y 

The only required knowledge of the airplane is: 

1. Detailed Geometry 

2. Weight 

3. Thruet 

3.    METHODS VALIDATIOM 

A.    PKEFACB 

To determine if the methodology and procedures used were valid, 
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o 
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comparisons were made with several manufacturer's low speed 

aerodynamic data. The amount of data available was limited. 

Comparisons were completed for the following aircraft in the 

landing configuration (gear down, flaps extended): 

1. Boeing B-52H 

2. Douglas A-AC 

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*» 

data. The following information was compared: 

angle-of-attack at zero lift 

lift curve slope 

maximum lift coefficient 

angle-of-attack for maximum lift 

minimum drag coefficient 

total drag coefficient corresponding to the 
lift coefficient at touchdown 

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. ao 
2. CLa 
3. C

LMAX 

A. ^MAX 

5. CD 

6. 
^TD 

B. DISCUSSION 

1, General Reasons 

One particular problem for evaluation was that the aircraft 

manufacturer's data usually show id both the L.E. and T.E. 

devices deflected simultaneously. This prevented determining 

their independent and interdependent effects. 

«•  Uft Characteristics (a0, CLMAX, QC    , CL ) 
rlAX    Q 

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

obtain the maximum lift coefficient are only of academic 

i « 

A5 
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intcrrs:t. These high angles (> 20°) are normally larger 

than 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 an. and Ctv.AV- were not always available. 
HlAX     lIAX 

b. Drag Characteristics (Cp  CDTD) * \ 

there were several unknown factors that contra Led to some 

differences in the drag comparisons. They wo .e 

1, Landing Gear Drag - Since no accurate methods 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-A2 and Step 9 of the 

Computation Methods Subsection 5, Some manufacturer's 

data show ACD,- to be" a function of C^, some do not. 

24 Airfoil Information - Most aircraft use some type of NACA 

section-modified. Accurate descriptions of these mod- 

ifications were unavailable. - A principal unknown was the 

design lift coefficient which could effect the drag-due- 

to-llft 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. 

c. Touchdown Characteristics (C^  V ) 

There are two significant factors (and one minor factor) 

influencing the touchdown characteristics: 

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

pilot's visibility, aircraft geometry, and glidcslope. 

Only «n estimate of the aircraft ground clearance angle 

vat available and therefore was used as the only criteria. 
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2. Fm - Power Used During a Landing - Ho pover Infonutlon 

was available and so zero power was used. 

3. v - The Flight Path Angle at Touchdcwm - The Plight Path 

Angle at touchdown Is of some significance. Currently, 

military fighter-type aircraft do not us« a flare tech- 

nlque for touchdown and so there is some effect of power 

and available ground clearance angle. 

) 
i '• 

2. Discussion of the Particular Airplaee 

a.   B-52H - Comparison of the B-52H estimated data with manufact- 

urer's data is presented by Figures 3-2a, b and c.    The B-S2H 

lift characteristics arc significantly affected by the air- 

craft fuel load and wing flexibility characteristics.    The 

methods described in this hendbook do not attempt to 
account for wing flexibility. 

The flaps on the B-S2H are divided into four sections oa the 
wing. These effects cannot be calculated since the hendbook 

determines flap effects for two-sectleft flepe. 

The lending gear drag, as obtained from Boeing, shows a 
decrease In äCQ     with increasing C. . 

The design lift coefficient for the wing was unknown and 
so a ei«-- ■ .1 was assumed. 

b.   A-4 - Comparison of the A-4 estimated data with manufacturer's 

data is presented by Figures 3-2d, e end f.    Lending gear drag 

dete for the A-4 was unavailable.    Trim drag data wee also 

unknown.    Detailed slat geometry was unavailable end so approx- 

imations to the smount of extension of the chord were mede. 

The term "slats autOMatlc** means that as the engle-of-ettaek 

ie increased the slat   extension Increases: CL«-- assumed • 0. 

■i 
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o 
c. F-A - Comparison of the F-4 estimated data with manufacturer's 

■       ■ ■  ■ 

data is presented by Figures 3-2g, h and 1. The F-4 manr 

ufacturcr's data was arbitralily cut-off at a ■ 20°. 

The data- presented for 6p = f0* also included BLC effects. 

The remaining data had no BLC effects. The nomenclature 

for the L.E. flap (30o/60e/6ntt) indicntes the flap was 

constructed in 3 sections with Lho inbaavd sect? ui deflected 

only 30*. . CLnF<, assumed ■ 0. 

o 

The F-4 6CpLr decreased with increasing Cj. 

d. P-5 - Comparison of the F-5 estimated data with rannufacturer's 

/ data is presented In Figures 3-2J r.hrough 3-2r. Accurate 

landing gear drag data was unavailable. The term (23<,/J80) 

for the leading edge flap indicates«the flap is constructed 

and deflected in two parts. T.E. flap translation was 

unknown (if it exists). CLnrs assumet' "' 0« 

e. 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 available.  Trim and separate 

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

The ACu r showed an increase with Increasing C.. 
lA» Li 

lift data was arbitrarily cut-off at a •= 20*. 

The luaximu'D 

o 

13»  .:.'':.  ■ , 

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 decsilcd geometry is available. 

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

rate-of-slnk (flight path angle) limitations must be known. 

48 

• %" ■ y 



'•'•-. il»%W 

o 

o o 

'   ■ 

o o 

49 

■ .- 
f .< 

. ■ ■    ~ 



o 

c 

-»■  

r4- 

irr 

4. 

•i- 
r 

.1. 

rm:t.,. 
ffff 

± 
i    i    i    l 

■••t"r•♦■•t, 

m i -f • 

i-H' 44 
:tlj 

t- 

I ; 

.i.4..i..; 
•iirf 

±tn 
rrt 

■T-t 

•ttrtt 
4-+-!-?-f. 

...... 

■■•rf"r ft''"T •ft 
■4-4 
J...i 

m a 
■f-f4-T 
X 

.. ...J_j..^_.J_ 

..4—I—+-^."4.. 

' .i.j_i..4.. 

..i...l_i.4, ttü .i. 

- -r -rt- 

■hrrr-h r;- 
|4rrH-rr 
■    I    !    i   f    f    c 

.i„.i...i...i. 

...i...l,.i.. 

:    !   i 

TTji-tft 
i .!   '   i   !   !   ' .♦-......♦...:.„v-.J...*. 

..t-i...i...;„.:...i..i. 

r-f-,' 

f-r 

.       ...   .... 
i    . :    :    I t ..j.,.,..^...,...,..., .4...»._j. 

-f-t"t-4-i-t-H-4" 
J.4...i,..4,-j-.|-+..i-4m 

■rfrfttii'T rt"''"i '■■'■■■t'': 
-.4...^_4...^...i..4^i..4„4„    ..4—»...i...»..^-^.^" -» 

•hrt-rirt- 

"*1**'T***'"      *■}■'■ ♦■»■!'■•♦■•■f'*' 

TTT 

......  ,.,...;      --}-*-H 

-■H-tfrri-fi H-fr- 
.;...»...r^.„:...i...J...i.^...       „J...»..4—i..X--T-      j 

•    :    '    :    :    :    ;    i    • :   i   [   [        i   ' 

.;.4...i...i...i...i...i..l...i. rTTTTO.! 
I ;-4-„i„4-.i...J...i..4— ..4—f-4"f—••■ i—-f-4"^' 
1   :   i   J   i   :   i   -   1        ::•:?;   i   !   • 

..4—*..4...*..4~'*--4"-*"-*■ 

.f 

..4...j-.f 

i 
■■;■-♦■•   ■■- 

.*-.! i 

tf-l-t4 
■f-TT-r 
tT-h-4 

- rnri! 

10 O o 

i. jJ^L. „Li--4- 
•■.i—4...f.•^•■.<-..■?■.4-1 .1.. 
-  i*i4i : -;—;— 

44. 

■ 4 1 1 

e 
o •3 

U 
CO > 

a 

m 

I 
0° 

u 

•« .    O • • 
M M 

3 

g 
Ü 
<9 

5 
•H 
> 
(0 
ß o 

•a 
u 

'S 

^   2 
a 
o 

l 
1 

50 

..<•   .-.Al 4 " ; •^ 



o 

} 

i 

ü 
i M i I 1. i' ' 11 i 1 i! 1 i 11 ! J. i t i i rnrinj" OTE h+U T8 
Mi                      Ml' M [ i > i i 1111 1 IT J   1 f f  1  1 

Ff rrfFI It 1 MM • M11'H \h ] LU-tt i ? lilt 1 l" L i! ri ht+-H- ■ p't   [r I111 •  1 1 J  1  1 • 1 j rl 
H    I          M         t  M11 ittr r i Ti J i- 

ill''! ' i [ 1 

M        M    M   M i'    '  ■ It 1 1 1 [XLI ! 1 i i tti ti rr 1.1 It .ill ||{^]||I|i||t|]|it|T|t!;! ; . ' t i ! 1 1 1 1 H r N > * Jj 1 1 1 «J !;• •   j  ' ■ .]• 
i! i 111,111111 111 H j! i i i i > . i I l i i ; 1 ti i< i M t t I i Is 
1 1 M i t i ! i   \A.\ f 11 i i I 1 1 i ! i j r 11 !M i j tJ i        n      IG   it! 1   .k. i! i Xlll-t 

t     i i  Si   ' t   ! i i 1 I 1 Mi T t"it     1 \ 1     I     :      ' —■ -».    —». 

,    i     !     .,   i,. 
111 

|t J      'J ^  '     i 1 1         ^  '  S  !             t : \ ' i f 1 
\ti '   1— ■■"   1- 1   '   i   i   1        i   i III 1 1 

i         i i       ^   *    A t Li   1! :\. i—. i ' X. 1   '        i 1      i i f !         1     T 1 i £ 1 1 i i * • -iJ "1 i_ L ' ] T M 1        1            !     1   ■ : \ iJ* 
1  I   i  1  !  1  1  1  1  ' 1 i  1  i  1 1 1  i  j   !  1             \      :   1  i i   i t M r r rn Is 1,1   i,,,   in ri ^-fj-j-i in 11111 ri *• 
1 i 1 1 i 1 i M 1 1 1 1 1 LJ 1 i. 1 \ I i i i i S    'i   1   it II 

M ! 
W-fl 11 

•     M M M    !'! M  M ■ v rt" h                 ;    ! 
n 1 1 i MM , 1 i i. i *.- * ! t M ■! I^Vt"; t tt+r: 4++ il 

1 1 i i i 1 1 i I    l 1 !,! i 1 i 1 i    l i i i i T tr t] i  I  t  ;   {  |  1 j 
Ml M           Ml!     "I'i" "■! 

.i i • § i 4;^e-:h-rr 
i j | !     i i j 

1    (    l    I    (    1    1    (   t    t   1    1    1   j    1    1    t    1    •    1    1    •    t    •    i ■+- i i I 1.1; Ho 
s 

8 

I 
M 

s s M 
O 

* 

31 

w ^ -■ i 

■ ■- 

> «". 



.li- 

8% 

o 
1  L ! 

t±i 

it 
i .Li... 

...,.4.- 

I i.. ■. »G 

itzUztiitt 

i 14- 

li 
t 
tit 

i-ft 
H- 

4—♦■'■ v-'t "''-■■^, ■  f'-r 
■♦■••r-*—r ■■•-:—♦"■:••*♦■ 
i    1    :    i    i    i   ■   i   ' 

..4...*.—»—i._+...|...i...l.4. 
1   j    : t   t   1   :   1 

.^,,,^,^.^,..j.,.U.*w. 

1    :   t   >   !   '   1 

mttutt tlxittttt 
r-fi-f 

,..i..4...i..i- 
.4...i.., 

c 

.1...4..4-. 

.(...j... 

4...:...,. 
.I..4.4. r 

••t-f-f-i- .....4.......;.. 

..11 if- 
t r-fr 

TT 

4J...I. 

^r 
—••■•♦ — •    '•" 

♦     it' 

rt ■?-i-' 
»•■■4—i--t" 

1-ft 
rr-r 

■ttr 

;   I' !  < ■ 

ti-H- 

..».—: _*.... 

-H.. 
--♦• ■•—♦■ 

••r-r i-ri- 
TTT 

-4.4.4. 
.4. ;. 

o 
SO 

o 

o 
o 

'S 
•H 
U 

> 

n a 
«9 

O 

rt*'f't ■} f ■ 
 ♦•■-}—^ 'f'" ■- ■i"*»- 

Ätmt 
..4_.j....;...i..4..j...l. 

444-|-f-rH" 
-.f...*.-.t«.i.„i..j,..,...*... 

••»■-«■•■f—♦—*—■•—j«-*' 

Mr]! ill' 

,f ..;...♦-..:.„;.. f...i...4... 

■ •*—i—*—*■••♦■•• •• 

.♦-.^. .♦-}...i...^...4...4...j...^. 
.j...^...-...i...j.-i..4..., 
i...i...*.. j.-i...;...fc... 

...^...♦...,...»..4-.,.... ^ 

O 
vO 

W 

I 

K 
►4 

O 

jo ■i N 

«J 
1=1 

M 
«I 
M 

0 
«9 

i 
•s 

c 
0 

•H 
U 
O 

Ü 

o 

g 
u 
4 a 

s 

o 
H 
to 

52 

^"■■MMM 

-i;, 

Msk :.*-hfJSMiliiS£Sa' 



o 

o c 

« 
H 

I 

o 

I 
I 
I 

| 

S 

53 

■•% 

■ i\- v; lü - ■ 
■^ ^ 

:: ■if- '*■■.- .. 



:• t 

.m-:-: >',"■« 

.' 

A. 

rn 11 r j" i i.ui:LrLUt,pLm4.. 
;.. *-.j.. ;.  *..;.. l-.-r.- *-. -t- I- I., j- (.-«... j...l.- y. +,. i~.-t ' f i" ;" 

„J., J 
.\.\.\.j.. 

,LL|4-| 

fltH rrt trf i T [fl Ij fl r y! i. j ft! 
Wmmmmwi] 

(   :   i 

!   i   [   i 

!   ■   i   ! 

* * * -Li 4 j—LL. uL'ilLi[ti\i]ii 
T T T*X [ 1T ■ i. I 1 I L i  ' i l ' ■ ' 

_ trtl'itii-. Li. i i~i... ui.. I LLLI. i..i 
1   i   j   ', ]   1 

■TfHliH \ 
r,    ; ■    ,1.1 

LXi-t 1-1 J. i LX-11 i 1! 1 i I Ai 1' i ' LL|.|I^Ul|ipl.j^                         jX 
1        i     Itiiiiliii' rVi i i rrrr triTrrfi 11 s't1 r i i ! .., l.iJ 

! 1 » 1 I 1 L ' lli. Ill    ill! 1 \ i l i I ! M I I ! | i I ] ' | * j | ' | ' i 

- •■♦ f-j" j -1 

..I.LL.L. LIJ ii 
[jfli^ j  1  |   !   1   j   1  j   i   1 T  i   i   i   •   [  j   i   i   ; 

.. LLI_L .i..lQ ! j 111. i I [ 11 i i 1            ' i I i! 1 i 111 *%. t    t        rTi     f        *     ' 1        ' ' 
1   1   i   1   1   I   i   i   !   i   1   i  1   f   •   1   '   '   1   1   1   1   1   i^ !   •   ■   ■ :    | 
L..LLL|.|.i,LuL U-i LL LLL k H44-' {   •    :    •   ■    1 

■ '- f — 1 

tH-H 
dftrWfrWüi^ ^{ftilTf^Tfihl+ft 1 i' P KJ Ji'lli'l^!!l 1 i     •■ 1 | 

it i 1 1 1 ! 1 1 M | !        | I ! i     1 1 i | 1 1 1 i ^vi i 1   1 i J i 1 1 1 ' i ' TXuXt ..U-U*.   1... 

•ri-f -1 <       * til 4~i iXs -i-X-t- ill lit 

1  i  1   i   i   1  i  1   i   .       .  «  i       Iv/,   i   i 1   " 1   1   1   1   1   1   I   i   1   :   i   ■    1   1   i   1   i    i   1   1   >   1 

._,f...L.! 

1   t   i   i M 
t    :    ■    ■ 

■     i     ''          I 

o 

o 

o 

•3 

> 

«J 

01 
M 

4J 
u 
I« 

IM 

I 
X 

« 

• s H 0 
Ji. "H 

«J 
M U 

^ 'S 



o 
■■•■■: ■••-r-f- 

■trt 

-+■••■ i- ♦ ■ 
'   ■    : 

-r-f ■•-:■■■ 
...i..f4..f., 

••i-fr 

....... u 
..i.44. 

.f|:.[...i. 

•■»•■■I- 

TTt 
-....,..  ,..T_?. 
.*...(..4... 

•Hi- ■ft ...t...4-... 

■•♦■■'- J..J   ... 
J. 

HP 

4..I4.. 
■i ■■ i "•- 

it 

4. 

Tf 
■<- 

i.. 

14.4 
f-i : 

it 

•tf' 
it 
."HT t...i...i._i...)... 
..4.4..4.. 

4.4- 

u 
.:.. 

0 

Li r 

:.i..: 

 4~f~f-f-|- 

•t- 

4-1 
"I r—t* 
•T I—f 
"f-'t 

. ... .. 

.44.. 
■•HTJ 

.4.4.1., 

•• — —4*— 

•+- 
J...4.«.l.,.i..4...   . 

jir 

4 
r 

......1.4: 

jfl 

4.44... 
rti±t 
tXi.. 41 

£^14 

o 

±: 

o 

s o s o 

T O 
o ' 

3 I 
■ 

£ 

S 
n 

•t-r-vr 
4.4,4 » 
..I..4.4..+ 

i.4..4.4-- 

ItlXLttt, 
,444 

iJ , t4 
14-j"-*"j 

-»■■ • 

.i-.j... 

4.4. 
•ft s 

4—•"■ 

^..i-f..,. 
444.-. 
tii: 

-4.4. 
L.-j. 

1 j 

o 
I 

.i-44.fi. 
..: .« .*...♦.. t... 

44.1.I4- 
rffH- 
44.144.. 
}   i   1    :   > 
•—•■■♦■■•}-♦ ■ 

tt: 

,1.4.. 

J i! 1 
t   I    i ■■!■ 

t-r 

:i ■••rfT ...4.4.4 
HtT 

■i- 

•--!••-•■ ...... -f; ■*'■ .;... 
♦— u.....i_i4 
..... 
I... nh 

J 
■ 
tt 

3 

..4.4.4. 

±tt 
-t-H-t 
•■H-H" •tfrr 

I 

■„>■■ 

I 

8 

55 

■1 ■ i^ 

..    K --,'. ?' .   :y«   üf 



■.,; P 
.• 

o 

56 

^/a;..,   r** ^'Ä^.W^ v^i-/ifey •- *«H6yr 



*■-■     - ■   • i -- '     i' , 

o 

o 

57 

I 
t 

i 

s 

3 

fl 
^ 

41 

1 
/ 

2 

i 

! 

M 

.rv- .j,,.-v- ■i-.'-'^l 



".. . ■ 

fr 

. -,    .<ä 

>■■ : 

■ 

o 

HTT IT 

ffiffl 

:.|..i..i.. li.. 4..i.4...i 
4±th|±m •l-f-h' 

1  IT 

Li. i ..;.4.;.. L i..|..i i ..L4„ ^..4.. 1.1 

i 1 i 7 i 1  1   1   5  1 iiii 

...L.;.l 
-ffr 
ifr 

1 i  [  {  i   i  |  {  '   i  i  l ,.i. |-„.I..i. 1 

fr i-f! ■ ? H-1 ••t-f n"f H1 rt..v.|...T..:...|.|...j..|..r|.4..|...i..r..l 

HiT' t- 1" i . 4—'!•■ f.J 
.4.. i..].. 

i..j...i4..i.i..Lj..i4.i..L.i..j..i. i...j 
ni^trij 44t] i"tTj4i ■■Rii •■■fl" iT1 ■  t f 1 f M 1 r 1  l  f     1 
L.L. L j..!..!.»] ' CTnijxd •ff !•• t 1 prrppitt+HÜ: 

t"]'Tt"'i' fT't" jiTi n T i rl frrnii t ffifltH . ;.. *..  j.,.] 
iiv 

[±t±bd .[.. .fj?j...j.:L;..j.4 4.p|... .444- 
ttt 

;...:...♦.- i- ».-;.. l..i" M"4" ■-1-4- !■- »-1 
•   ?   ;   ;   ;   f   1   ;   '   ;   1   •   i   !    !       1 

\\T\^\\ „ i,.. „ IX L l nLlXT 44-r. 

liil-lÖ 
1 .|tatm 
.pittrt-rrH- 

"f~t"H ! Li. i m i..ft.HHL|..j_m|lJ 
■   .   i   i   i    :   4 i>**;   i  i  i   i  i 1 .- 1 1 1 ■■ 1 1 i •.» i M « i l 

s § s CM 
O 

o 

•H 
U 

e. 

\ 

o cS1 

o 

5 

•o 

I 
<M 
I 

58 

HMHÜi 

CM 

A 

£ 

'X'^^^fi'^^k- 



o 

ft ■.* 

Q> 

s 
& 

i 

o 

:];i.iij..tt4..i 
••••-•■-♦—(~t-f-r-pf-t' 

TiXXt 
itttt 
-f-fH-t- 

•rtt t 

"Tf t~*—t,-f"j,"t"^ 
■f t'H't'ft-ri 

■ 1   '■ •»■ -♦—:•■♦■ ■ ■■♦- 

4+4-Hi-+H- 

xnxxfc:::!; 

ffitt 
t--» t--t- 

TTtiiii-ft 
4.+..i-f.|.t..i..i_j.. 

A 
A 

59 

i 
■:,;"^i; -, 

mmmmmmm 

- * ■ >-. 



__ 

■■^SM 
%: 

o 

'   ~ 

O- 

<d o 

u o 

§ 
o 
CO 

«w 
3 

.  5 

a 'S 
.H    04 

i 
|    .    1    :    .    :    .    1    .    1 

r't .'           i       lllllillliiliiij        i 1 1 1 } i rn ulti.t jr     rt    P     "Xi-I 
T   5  as    Tn 

lii ITIM'"''     I'M''     T'1 !    1    :    I    :    ;    1    ;    ' T  p,   3    MI 
•   1  i  '   ;   '   L '   i rt g |  ffl 1 1 .L Lw j., „I 111 111 1     1    1 11   1111 * 1 j-l-rpt-fti" ri~p T| E I'i T 11   f i it   i   11   11 11   ■}■■■ ■■J-I   v-1 i ■■ 

111 ■ 1   i i11« 111   i 11 r '! I      t     M M ■'' ? rr! 

i i   «b      roj 
iIt 11  " 111111 THi    ! 111Tt IT'' I '• 111"f'! ' T.        G    i-H M11M I . iiT'iTl t i rl^o 11! 111 li'i 11'' s-fr'rT" 

1                     Tl  ! '     M i M i'' I 1i i 1 ? 11 1 j i i_i 1 1 i t 111 
tt      ' Hi                  nSu!   t i  !  1 ixtiii- r 1   l   [   f !   T   j   | 

11         T                       iriJ 1  i 44- fi Tf ft 
j t | i t 

Li^i-' ' s ! c   ' i'   11   '   '   ^      '      !  -ijsl-i III j       1   1   j       !   I   >   j   i   1 
1 tj MM   i   ■'     'ill       1   11 ' ' 111 rs. i j I t j ,   t  1 1 11 1 il 11 f i T11   - !i 11 iiii iiiriii iti MIII i^ J    ;   1   1   ! irfltf-fftl 1 M 1 M M M 1 M 1 1 M M 1 1 M 1 M M M 1 MV U M 
fi                  Ml -ix-l-i-U ' M i '         1     ' 1 1 r M  '                             t       1 SJSXp ill!     i     ill    j 
* X.' '-i                               'liilil'lli tKn Tt-UTlTU- ■HH-!4-I n-ff-f] M i 1 1 II 1 1 1 1 ! M 1 M 1 1 1 1 i 1 1 1 1 1 i ! 1 1 i rim l|Trrut1.1 
hrhH4-HH-fi:iiil!:im!!:iiO:ii:;.;i:y 1   1   i   i   1   i   l"!"l   1 1  1  M  i  i  1  i   Mil 

o o 
I 

u 

I 
o 

o sr 

o.  | 
«J tu 

1-1 

M   0 

•J   0 
K>        O 

at 
•H 

o 
?3 
i n 

o 
M 

•i S 
/ 

O o c 

60' 

■-?',■- 

A:. - ■ 



O 

'^ 

J 

o- 
61 

JO 

I     J 
I 

J»    , 

I 

v    nil  iiiiiiiir-ini 

4i 
••i-. 

\ 

■'_, ../ Sin.   v^"    ■  -Vir    • ■. Wf: 

".r« 

A    * 



■  if 

O 

p 

o 

-r 
••■ 

♦ ••«-■♦■ 

i-ti-t 
■4-f- i-f-j--*- 

i    i   •    •   >        :    : 

■tVr ttt- 
•t 

itttrtltt 
44..i.-u.xn..i 
V   ■'i--f-f-H 4-ff-H"frrt 

iiij, ij .1 ■. tu ■~\*i~ir--~. -■}—{—[■■■»"[■■I"!"»—(■ 

i-r-r-fr 

i   i   i   1   i 

IXuX ii.. 

■    i    •    i    • 
l..;...;..a. ■».-<-. 

]_T_ -|;j] , ; 

... '.„.l—i—#•■■*"■ «...«..4- -i- ■ 

»Mif...l...i|—»—4"-4—■t'"^"''4'- 

•i ■•• J. .f .+..1.4. 
:    ;    :    !    t    I     .     ? 

\-\~\  

-+••♦- 

•r-fr 
.i...4...i... 

..;...|...:_.j..J...i..+. 

..j...J..-l...{..4...r.l...l...4 

..*... *...j.-4.. j.„4..4.„i...t 

4..Lj4..|...i.4-.I...i 
..;..4..;-4".;-.i. .*-.:.-j 
.. : ..*-.:.-.*..4...i...: -4- 

x...t... 
\   I 

M ! n rr -4~:...#..;._»..«.-»...f...... 
i   !   :   1   :   ;        :    ! 

. = = ,< = = = .HrH; H-' .»...|...j....;.. j...+..j-..i_|.-|...|..|_4 4...|_.*._<...4_.j... 
...i..l.. 

e 
O 

o 
O 

«a 
PH 

co 
•H 
U 
cd 
> 

p. 
CQ 

W 
H 

8 m •n 

I 
o 

at 

M 

<o 

u 
01 
u 
u 
u 

I 
J3 

0) 
a o 

•a 
(U 

-J 

in 

i 
O 

c o 

1« a 
B 

C 

I n 

M 

I 

62 

■:l 

• 
- 

. 
S»i' i . ., .•■, 1 



o 

o,. 
><. 

oc 

3 I 
i 

g 

■ 

c 
s 

3 
& 
m 

i 
.8 

i 

/ 
3 
1 

e 

i 

63 

'^S' SU "flBAaw" ^-r ':   •'■ mh 

-. i ■ •" 



o 

c 

« 

im* 

.„-^...i...j„^...j....... .„^..i...|..|..^..|..^...i...... 

i-4...y«4.  »■■.,■»■■4-. .»,——f^. i.-».^,.^   im 

"T'TTT ["t"ri 
■■■^■ff-ff-i ? i f- 
£J--4-4 ■*■■ i -.■■+••♦•■■;- 

•i—♦—••■■♦••■*•"♦■• j ■ • * 
4.4.. 4.4.4.4.4.. 

-j-5--i-4-j- j-f t-^- 
...j...4.»i..4..4-4—f"^--^." 

tix ■ {•••♦■■ 
' 4.4-4-..  (.-4... ...4...*...;...i.v^ ^;...i..4..   .♦-.*.-4-.i...* ■ 

—j—j- - i.f .—4-W /j-.-i-■(■• i-i~4-.i~4.-i... 
.4-»--4—i-4-4—f■■ V ..4-4-r"f "f~t"4" •■ T 

™ "'f' "}■—' ■ 1    V'.f"* "I 
1~ .. j«.«.«...». J..4-+.4-.i.-i.. i-i. 

..-4..1.|..:..44--i-+4-t-i-4- 
444441 H 

it-"ttffi:t 
i—i...i.... -4.-4 ..;..4...t...^ 1  

•4-4- j 4 |™ .4-.* 
•♦-i-4-4-i-4-4--|  

■j-■♦•"■■♦•• -4--i-|- 

'-rf-i ?■ rfit .... .r..?..r_r !.-,...;... 

.1_.4...(.. 

,4.^.1.. 

■■rt-l-h-t-t 
.......... 
rn f«r 

T 1-rii-t-T 

;._♦...i...,...;...*. .;..*....:  
:    !    1    '    1    :    ;    ;    : .♦...}..4...j...?...i...i...i...t. 

rrrt-t-iH't .4„.i._4...f».*...t...*...(. .♦„ 
-f-H-f+- 

Htf 
.i.„4...?..4...«,._j...»...^.... . ..^...;...j...4_.i..4mi..4^.t.. 
.f...«...4...i..4™i..4—i.4 •■ -f-.i.-. U-f-4—i--4"-i-|^ 

■.i...i..4—i—f-l—i ■ 

o 

o 

/ 

< 

4 
0 a 
«» a • 

•0 1 
• 
0 

IM 2 
M 

• 3S 

5 
■ •H 

» 

0 

a 
«s i 

•H 
w 4J 

H 
•0 Ti 

'S 

41 . J» 
•H 0 

1 
• « 
0 > 0 
»0 0 

■ •0 a I 
<M 
O 

M 
>J 0 

•0 s 
0 •H 
<» * 

a 
CM 

1 «n 

64 

\ 

;^ . "^ -1 3^1- J|M|ä J;*^»'" "':; 

v % <r 



o 

o 

U 

I o 

o 

» 8 

I 

—j—#-■*• ;—t- j---"t t- 
-4-4^4* 4«.j—♦-. -4"- -*•■ 

4..I4J Jx t+, 
,..^.-L ♦_|-.i.4..i.. 

-f-rh 
I- 

•■t-rt'+T 

;..i.4...i...l..4.4..i4. 
.4.4-J- 

f 

■•H-H 

■f-f 

...4-..*.. 

•i-J-. 

:44ixr 
Tf T?-f 1  - —*.-}...4...^-..l... 

Ti444i- 

...i™4,..i„4-.*... 

-. ♦...;.»♦. .1—*.. ! :    :    : ,t-;-.»-.^.+...i...y. -j.. 

.i..,4... 

•H-4 

2> 

.4„.f..*...i.„4 .^.„♦.. 

.«...■f...^..4...j.. ........ 
.,...t...*..4...f,..i   «... 

...i-.i—i ■ 

:t::0: 

"fw"f'l"'f"i"4' 
■44 : 

•)~i-+-r-!-f-f-f-4- 4 I.r.4..r..[..f-|_f 

.1. »..+-.i-4-i"4-f-4- 
t-f-f-ftf^TT 

tt^- 
fl 

.4 -i-'-r-^—■#•■{.—«.—••»#»' 

i  f j  ] t 4 i -I- 

j"*fJ,*'fl*"4'"!—♦ 

.4. i...v..i. 4. .i..^ ......4. 

., .^..„ ..,   ..,.^...;.,.4..ä... 

■*■-»■"*•■--*—■*■• 

r-" 
m 
±: 

 rrrf't-- 

4-H-44 

s I 

8 

65 

ii ..*i V 

S-tv 

"'» .i,,i^#?   •'. - '--r:y^: ^^t^'sM^SWmm^m^^^m^M 

mm 

,:■?• 

-■-     .;.-    .   .-. 



-a-^ä*L-3  '•"!**  "*- 

IJ-M-   ' ' f -j-i t't --t-i f 
.j.-i ., 

rtTt" ♦-4—f 

-tiT""" 

o 

^i 
« 

i        i   ' ■ ■'l      
—

M
A

N
U

FA
C

TU
 

O
  
  

C
O

M
PU

TE
R

 
... _..i.a i Li. .444-- " i  "1    ': 

:z]xr 
t  ij_; ■   :   :   • 

. i xiz r , LI X ^. J i l  -i-♦■■■!•••••- ^Siirrxl ..TtlX ...r..i . ^-i.. 
i   1            }        ■   ; 

i     j                            ;     ; : »ii-t-- 
:    i    •    : 

-iXi L. 
T 1  '  j 

r*     a ^ : ' .;.lx~ :    !    : ..J ,(  1 ,1 
i              : ■ 

•"♦-•f-f-i— 
—♦—•■-*-♦■• ...„ in: ,«... .-j«.«..«-.+.-^..1 : ixtr 

. _ 111 , ■ 1, i   „i, i, 1 :    • ;    :    ■    : 

...i— -4-.r.. --i-*...j-.1... 
1 1 i 1 

tixt 
444-i.. 

...;.. i-.i  

„H-X; 

i  i__4_ ; ^ :   r ■ „P-i.4- 
 „           i „, . .J...I.4„.i... ...t-.i.. i .i- 444-i. 

l             : 
...ipx i : : ■ 

> . i ! 
1 ■_rrzT..Tr^ , ,4.4.4.4... •    !    :    : •i--—••■-  -i-i...;... ...Li-i.],, Xl.i..i.. 

-i_i.„i_u. . Jl i   L i._  '- - ~ 3- 
-i. '    !     ' 

.4_   1L. ,!,„, 1 i i ;    *    i    : .-.;_i..i...L ,..l.i...Lt.. 1 1 1    i    !    : .  1  i ! f t—rrr ?   r   f   1 * ; 
1           i 1 

"     -     1     r 
^    :    l   : 

-j-.f-f-l- 
4-ttt 

1         ; 

X4J.I " 
ttit .4.-^. »4— 1"               , ! • 4.UJ.. "   -i™'    : 

FJJI :;■„, ,1,:,  1 f    1 ;   1   :   i üdirt: 
J '   ' f . lÖXI 1    :    M 4IX!- T"1r         ^ i . xr, j 7; 'T "IT i i    :    ■    : .JJ.L.L11  :■: ...aXIl .,.*..'   LX.. "x t   i   T   ; j j f i :    '    1    ■ ..mx -■f—r—*"•!— .xrt #? Xi..-..i.. I   :    ■    : xnx ... j„^. pj 

j 
Tt ,,   mü ~j-t-|-r- 

..1   i   Ll :    •    ■    ; ! .4....-, 
i 1 

t. 
l •           ! 

i      > i  i  ■      i  i  i  i trr: r r::.:,:,::! 1    i    :    (    1 ^   •   i   i T 

• 
0 <« 
•♦ 4J 

« 
«0 u 

9 • ü 
0 U 
«s • IS 

\ri <M 
«r § 
1 3 
a 
<i ä 

lH 4J 
ti. •H 

0 
W 

» 
(H 2 

K3 

Ü 
■H 
"3 

^J J 
rH 
JO ^4 

1« 

ß 
• 5 Ä1 
0 1 a 
VO 

a 
0 

<d ■0 
i-t G 
h 0 

M O 
•J O 

• 
•0 u 

a 
0 0 
•* m 

•H 

•o 8 

o U 
CM 
I 

er 

M 

O 
H 

s § O g 
o 

o 

«? 

66 

I   -...v,;.^^ 



f-, :.* 

O 

o 

o 

> 

a 

P 

I 

i 
i 
'S 

h H 
<    O 

+ o 

OC 

.•4«f- tit 

i .4..;...;.. 
J 4-1.4-.. 

•Hi, ,4.._ .f..;.... 
f-i-. f.f 

.;...»...r.4. 
4 ..Ui...i. 
j-.f .|-f- 

O tt 

:.t: ,.j.., 

'•-;■-♦•-i-f.;.. 
...i...^.. *. -j..+ . 

"H-ff 
r-*" 

p.; 

w 

■■■»■■■• ■■ 

■.4.4. 

itriiit 
4f[+f{4 

44-* 

- ;--i -f-l- 
..i...;...i.4-" 

-4 .. — „(,, 

-i .i.i. 

i....: ..j... . . 

;— t "" t '"■* 1 ._ 
~f-. ...| M-M-f- 
..j.- -J ♦.;.,. p.,-}-- ... 
..».„ ...r.i.H—i-i.. i_j.. .. 

... ......   ^ :.^.U-l„ 
- 
«. 

...     <..,..t.,..*.tr - 
•r----'--r T-'-!- *- 

—♦ ♦-•■••■ ♦".:—i—u—i • ;- 

■- ■'■ - -: r ^-^ .. 
, .fc..,..^...^—j...t-.j.. +„  ... ... 
[..i...i..f-;..f. .44  

•■ 

.  -*..M...»..4  ..J.....»-^.- t..   ... - 
4..i...U_i..;.44...- - 
.#.. ;. > ..;., i..  .   ■    • 

.......^■Li—.* ,- 
l:..:h!   0  .. 

4---H-i •• ,   •■ 
. .;, .. ;..;          0. -. 
. »_.: ...i.   1«.. 

.i..U..i.i..:.      £ 

-r-+.»-f..t-|.      ,-. .. 
-!■ 4-H-t-t   w - ..i..i4_i„i.l.     • . ... 
•-fHrH^- (~ 

s 

o 
I 

« 
I I I 

CM 
I 

O 

fr     s 

o 

8 
i 

« 

O. 

J 
CM 

W 

M 
Pu 

67 
■HKiMi 

»■ 

fe-i  *' 

s-:|.«;,. -'i-'i.-.iy-^'amsuSi 

..' ^ ■■«'..,■•*:, fetÄ ■"-   1.    ■     ■*; ■'■■V'-V#;;J,..v 



'•^ ■M.it: 

■' m 

it 
...j...4_. 

i 

HTT 
i if-r u». 

rn... .Il:.i.X; 

:ri 
_....!...Li..X.. 

mtttt 
I  1  i   i   I   l   ! 

...i_L.j...i_l_i. 

, 4...Ui...i...!... 
H-f-H- 

-i-.:...».. j...i...i...|...4...i.. 

.«...;u.^...t„.«....j..^...f...4-. 

,i...;.. i... 
.-r..r. i...4„^^...^.7...|... 

■♦*•*-•♦■ 

.44. 
.,.  ,.... ... 

I   t   I   - 

w +   .... 

.i .L; 
ifr-t- 

4...J.. ;...;.„*«.i—t...; 
,.j...|...i.4.-.i—-t—i—J 

■r- »■ 4-"f ■*- -t—t •? 
™i...4—+-4—»-—r-i"^ 

■■*■-•  .■♦-..;.-.♦.   ■■.-■ 

i 
\ ...   . 

rH+l-t- 
......j .^......J ... 

n-T-rfT 
•T-r-i-f-i ■ f 

"rrv:r 
.+...1...4...J..4...J...4.. 

■rrt-rrt-r 
i.«.^.......^.-^..*.. ^...r.. 

-•-—♦—r- 

■♦■--;--♦—:--■ 

■-:—*—?—♦" 

.4...i...4-.|.- 

,..:...«...4....... •■^"•*—t- -fff-j-t" 

Tf-tTt 

o 
O 

9 
o 

O m >n 

1 

I u a 

Si « 
u 
> 

a 
<a 

M 
H 

^ 

at 
4J 
«9 

« 
u 

U 
4 

g 

a 
C o 

•s 

J 
a 
-j c 
a 

I 

o 

i 

+ 0 

.._p.. ,1. r.T.i! fill      •              .■■■         '■- 

- -; f- ©   rri-t- 
.   1-   .    ;.   -♦       :...».        _.     ,           ..    ♦ 

...i....;...i....f...i... ;...i.--;-4-* 

[ r^'T "xnu -f-f •♦•    - t-f    TT t 1 ...; ,.a..l..L.;..X..i.. 
.... .,r.uf ..i-^..;. 

:i iifrHx 
i....,r fit 

• ■■ -t-+- •   f ■ f "T t '"" 

-~H +~--i—-. - •  -U-    aj..;.-!-;.. 
' "■ "T ,:,: | Y f" r ' i 

i | i      j.    ; i I ! , ..Xll  ^ III! ...|.|i          .j    (if,. 

i   * ■ i ^ ^tjbte 
...;.. i,.i...i...-i...i..4..4...; 

i , -i.-i_}. .-.1 ».,„ 

■    :    ■    :    1   i    :    1 
 !                    :    i 

1      ■     »  - 

■f-'i-pt 

i      ; 
—♦ .— ■ 
...i.......t..«-.. ;        ) 

■i i-f- 

r—r^t-r^l „±l±j..l.i...:..l..i.. 
1 .4.-4 f-t"rr+--i 

to. J- x       rt t 1 
.. ,..4...|..^...i...i...L..*...;.. i... ■•" •  ■ - '• - +■' .... 0   .....r............ ::::± ±j±t ..±T±.nta .......4..,..i..4...|.44v 

1 4_ ,    , . Li,- „ ,   ,.. , i ...1. t    i.......i..i..i-. 

• r    U. r-.-t-r-j-- 

... j....:. 

Q10     ! 

. ,. .;...i..4...j.mj_4...4...i... 

.. ♦...;   i.. ;...i.-^...j....L4.. 

,.4.... .4...:..4...j...i...i..4.. 

.".,;,.:t.. 
-r-t-|-;-|-r-i-t  

ii txin   t 
  _t.,.. J.„I.....»..i 

.. ,. i.-i...*..^. L..i...i..^...i.. mm, .11    i| jinjij.. 

.. .Ij.». ..i...i ..i.. 1.1..;...  1     „,..^_^.f_-...l.4..+_ 
 i_>..i_IX^4...i...l . ...U.4.4...i..;..i..i..i.. 

. _J.i..+..Lj..i.i..l.*... j     ;     :     i . ..ij..l..i. X.i..i. L.;.. 
^   ■■   I 

o 

o 

a 

e 
O 

o 3 i m 

o 

a 
0 
co 

•H 
M 

I 

C9 

o 

p 
...    ^ 

*'#. ^•ts -■*'■■■ ■ ..'''■   . .■■   V' 

■'#i'i 
KCi?.. »^* i-       .   ; iiw 

68 

f.' '; 

IF, } „^, . . .. •v/. :,,'Mki, 



O 

'! 

,;:: ■ i   :::...i,..u..: 
. ;.. 

i_—. —^ —— ;_._^— 
j... _i...  .. ..».,...;   ..!...;...■.  

Li. 1 Uf. .4.4.4 ;..i... ;..:.. 
(■-;   »  

h,J .•..,.,..  • ,- 

Bti:: ,-,...4_ .   ,    !    ..,   .. 

ifirt .....-.^.—..^.. . „^-*.,-.. 

'   i   i   1   i. :   1    ■    ■    i   .   ,   i 

]:rL.;:i., 

:.-0::: 
 *. ■  _. 

1   ■   . 

■rrth-f 
1   t   i   I   i   , .......   . .^... .. 

,..: . , . 

- r;- 

4-.1. 

:rtt 

..;  I.;...4,.;.,, ..i. 

. i-4..l. 

4- ' ■■»■ ■! ■ -r4-f *- —-r 

■rrt 
U-J.4.. .-U-Lf 

i- 11 

th 

;.»._,, _i_i.14.   ^CT. m 

rrrr 

44 
-rr r 

4-M- 

mt 

1-e- 

-H±: 
•■•4-1+ 

■ • ■ff 

4..:. ! .4.. 1 
THl 

1-4- »-.;- 

FF + 
.Li- 

. .444 
i-t-H- 

rnz 

HrHKi 4.1.1.1.. ,4 
4444- 

4-4- i-i-   ■»■rr f- "TT"! "t 

dfe:i±i±d±S: 

-•i-i 4-f- 
.fJi-l \- 

j_U.;..l 

TT^ i 

o 

—...j-j,..  44*~ 

—r-:-f-| •:     r-i—r—1 

-.1  
'   1   ■   I -r-rn 

—I—■ 4- 4.4-U 

O 

3 
£ 

o 8 o 

V 

3 

4 
■ 

1 
3 

0 

>■..   m 

•r      J^l 

■*   *, 

69 

4, 
- 

'.■ ■ 

I 



turn ' ...  '.  /^-r-^ ,%- j.,f'^ ■ 

s -. jr:.:;^ 

« 

3 

\ 

O 

PICÜRE 3-3«:    B-52H Planfona 

IT^f 

70 

_i^ 

.« 



o 

(. ) o 

o 

FIGURE 3-3b:    F-4 Plaifoni 
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FIGUU 3-3c:   A-4C PUnfora 
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4.    CENT-RAL DESCRIPTION OF COMPUTATION METHODS 

A.    PREFACE 

The following paragraphs describe the aethods and proeedares that 

were used to compute a conventional aircraft's low spaad CL «ad 

CD.   The study wss based priasrily on the USAP DATGON (lefereaea 

-2    ) and supplemented with data from ARC R ( M 2622 (lafaraaca 

3   ).    In addition, some empirical functions have been inclodad. 

These empirical functions srs bssed on data obtained from raal- 

aircraft.    tReferencea   4  through   9 )• 

O o 

o c 

• 

Basically the methods I 

1.   Use existl-y methodology to determine a logic and basts for 
compi'i'ug C. snd C.. 

9    aodity the existing empiricel methods, so Chat good rssmlts 

srs obtained based on several reel~eircraft data. 

The procedures involved ere bssed on certsla obssnrations.   Im 

the low-speed flight regime the wing with It« hlgh-Hf t dsvlcms 

generates most of the C^ snd Cg.   For moderst« anglea-«f-att«di 

body influence 5s minor unless the body width 1« l«rg« compaimd 

to the wing span.    The vertical teil has no effect en CL «ad «mly 

« minor offset on Cp.    The effect   of th« horlsont«! tall 1« 
mentetive, considering thstt 

a. For large aspsct rstio swept wing configuration« (boribors, 

transports, etc.) ths hotisontsl tsil haa only a miner af- 
fect on C. and C_. 

b. For conventional fighter type aircraft with normal tail «im 

and horisontal tai1 area less thsn .3 wing area, the effect 

ia small.   Trim drag i« not high and th« roduction la (L 

doe to trim compensstee the Increaa« In CL do« t« lifting 
surfsc« sres incrcaae. 
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C« For pure delta vinj aircraft the "horlzont'.l tail" la included 
in the wing. 

4. Unique designs whi»re large tall areas and short tail arms have 
appreciable effects are not considered within the scope of this 
study. 

Iccause of the low velocities usually involved during landing 

ground roll calculations, the airplane drag is usually small 

eoapared with the other decelerating forces employed. There" 

fore» except in extreme cases, inaccuracies in computing drag 

«re tolerable. To obtain the firat order answers required for 

the «nalysia included herein, the aircr.'t is considered to 

eonaktC of vlng-body combinationa with high lift devices. Ef- 

fects of dihedral, twist, and spanwise variation in airfoil 

section and Chickneas are neglected. 

•. «uLincmow 

Hier« arm a few re/Jlreaenta for the type of wing geometries that 

can be calenl^td. They aret 

1. TV ••xng aust have conatant eection type end thickneea 

*«tlo. 

d,   ■» dihedral. 

3. Bo twist. 

4. leading and trailing edges auat be straight line , 

Approxiaetiona for wlnga that contain the above geometry can 

«•Mlly be made. 

C. KCa LIFT DEVICgg 

VM types of high lift devicee that were considered for the com- 

pwtor program were those that could be compared with actual 

sparstleg slrcrsft. They were 

Trsillag Idgs Flspet 

Mate 
tpUt 

Slagls-slottsd 

9amlmt 
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'<J Leading Edge Devices 

Flap 

Slat 

For high lift devices not considered la the above list repres 

catlve values for aerodynamic characteristic« arc gives I* thm 

handbook section.    Boundary-Layer-Control (1LC) data on existing 

aircraft was non-existent except for on« l«ol«t«d cas«. 

O 

o 

D. ,COMPUTATION PROCEDURE 

The  computation procedure employed in the determination 

of C. and C_ will: 
L    D 

1. 

2. 

3. 

4. 

7. 

8. 

9. 

10. 

11. 

12. 

Determine the necessary geometric parameter«v «ueh ar «ring 

area, flap deflection, mean aerodynamic chord» «tc.{ 

Determine the wing airfoil section charactaristics by ualng 

elthet Tableltl-lorthe empirical relationships «f p«gM 

IS aiH 91 { 

Compute the ving alone life characteri«tic«| 

Compute *.n« effect of the fuselage on the lift eharaeteri«- 

txes; 

After selection of the type of trailing «dg« fUptCumput« it« 

increment to tie lift characteristics; 

If a leading edge device Is used« compute its increment t« th« 

lift characteristics; 

Determine the angle-of-attaek at touchdown and eumput« thr 

corresponding lift coefficient; 

Determine the touchdown velocity and Reynold's number«; 

Compute wing and wing-body xero-llt't drag; 

Determine the flaps-up drag due to lift; 

Determine the flap-down increment to tero-llft drag and drag 

du«-to-lift; 

Sum «11 th« above contributions for total lift and drag co- 

efficient« . 

'WJltT Vrf-, %> -:!:■ 
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I. 8ESDLTS 

Th« rcbi'.lts of the computation consists of: 

1. Lift Characteristics - No High Lift Device 

a    Angle of"Attack at Zero Lift 

C.   Lift Curve Slope 

%«• 
Maximum Lift Coefficient 

a~    ~   Angle of Atteck for Maximum Lift 

2.    Lift Characteristics - With High Lift Device 

Sam« as above plus: 

Lift increment due to device f a ■• 0 

Lift increment due to device 9 
\AX 

3.    Drag Characteristics 

CQ Zero UH drag coefficient 

C. Induced drag at C. 

C. :.ift coefficient 9 V^ 

V-- Touchdown velocity 

CL Total drag coefficient 9 C, 

5,    PATA COMPUTATIOMS - MANUAL (Equations, Methods, Procedures, Tables 
and Graphs.) 

c 

\ 

A.    ?TEP l.~ AIRCRAFT DATA 

Before beginning any computation (either by computer or by hand) 

the physical data described on pages 81 through 86 are required. 
To facilitat« the gathering of this information, an aircraft "Data 

Aefviaitlen List** has been provided (see pages 83   to 85). 

Graphical descriptions of this geometry Is given in Figures   3-4a 

through   3-4h. 

d 
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FIGURE   3-4b    Stetion   Noin«n«iof«rt 
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AB» 
77777^ rä Wing Intersection 
'ti/m 

FIGURE   3-4c    Win« ft Fusclog«   Nomcneloturt 

G 

FIGURE 3-44 Trollin«  f.iqt Flop   NomineUtvr« 

FieuRE 3-4«     Lto4iR«   Edgt   Otvlet   Nemt«elotart 
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FIGURE    3-4£     Flop Ar»o OtfinitUat 

f 

FIGURE 3-«t      «•»)!•-Slottttf Flop Nemenolofort 
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1. Input Pgta Require—nf 

Whether the coaputer prograa is u«ed or kand ealenlatloM 

are to be M<Je the following geoaetrleal data Mtat ba 

(See Flgurct 3~4a through J-4h for explaoatlooa) s 

VarUbla Description 

AIRFOIL SECnON CHARACTERISTICf 

Airfoil Section Deaigoatioa 

t/c . MaxiauM Thickaass Ritio 

♦n Trailing Edge Included Ai«la 

"tax/c Position of Max Thietnass Alo^ 

Sor Hii« Area - Total Plaafora 

«DP Hi* Area - Expoaad Vaaala 

ALE leading 'Edge Swaap Aagla 

AR Aspect Batio - Total Planfora 

*r* Aspect Ratio - Eaposed Pacala 

Taper Ratio - Total Plaafora 

Taper Ratio - Exposed Paaela 

ft« 

ft« 

d/b 

AR 

FDSEIACE CHARACTERISTICS ' 

Max. Fuselage Diaaeter to Vim 

Spaa Ratio 

Max. Cross Section Area of laaelaga ft« 

6 

C'/C 

Cf/C» 

cvc 

«f 

TRAILIKC EDGE PUP CHARACTERISTICS 

Flap Type Integer 

Ratio of Flap Chord to Undeflectad 
Airfoil Chord 

Ratio of Flap Chord to Deflected 
Airfoil Chord 

Ratio of Deflected to Undeflected 
Airfoil Chord 

Flap Deflection Angle Dega.' 

81 
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VarUblt D««cr<ptloo 

Flap Span to Wing Span Ratio 

Area of Wing Effected by Flap 

Dolt« 

rt^ 

O 

t 

LEADINR EDGE DKVICK CHARACTERISTICS 

Device Typ« Integer 

Ratio of Device Chord to Airfoil 
Chord (Deflected or Undeflected) 

Ratio o/ Deflected to Undeflected 
Airfoil Chord 

Device Deflection Angle        Dege. 

Flap Span to Wing Spaa Ratio 

Area of Hing Effected by Leading 
Edge Device Ft2 

Aa additional input requlreaent la the airfoil section 

aarodyaaaic characteristics. Since nost aircraft us« 

fern of aa HACA airfoil section, the section characteristics 

ar« eaaily obtained fro« TablellKL If the section used ean- 

aut b« approximated fro« this tsbl« then the procedures 

shown .•". pagea 8S and fl can be oaad. 

The preceding data is sufficient if only the Lift character- 

istics ara Co be calculated. 

o 

If Che lift characteristics st tooohdown, the toocbdovn 

velocity, aad the drsg characteristics sre desired, thea 

Che following inforuatlon auat be obtained: 

fariabla      Descriptloa Dalts 

Wing Angls-of-sttack at touchdown    Degs. 

Aircraft Weight Lbs. 

Aircrsft Rnpty Height Lbs. 

V 

d 

fuselage Length 

Fuselage Width st Wing 

Ft. 

FC. 

j 

■ 

'#?i • 
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DATA ACQUISITION LIST 

I. Bo tic VVIng Data 

I. Airfoil Data 

a. Typt Section     

b. t/c 

d. (XtaAX)/C 

3L Futtlagt Data 

%   ■ i 

% 
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e. d/b 

f. A. 

HE. High Lift Devicn 

1. Troiling Edge Flop • 

o. Type 

b. cf/c 

c. et/c* 

d cVc 

•• ^i 

t bf/b 

«• bfl/b 

h. b^/b 

U Sf 

2. Len.-.ng Edge Device 

o. Type 

b. e^A: or c^" 

c.  cVc 

d atf 

•. b4/b 

I s. 

ft. 

degt. \ 

ft1 

  degt. 

_ ft.1 

M 
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IST. Miscolloneous Dato 

b. W 

c. W# 

d F,, 

dtgt. 

Ibt. 

Ibt. 

MM. 

NOTCI POR DOUBLE - SLOTTCO FLAM TNC  fOLLOVINt 
DATA it fieoumco 

Cf/C'-C^/C* 
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VTUbU 

V.. 
v 

S 
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Degcrlptfon 

Fuselage Wetted Arc« 

Mean Aerodyoaalc Chord 

Ratio of Flap Edge Inboard Position 

to Wing Sealspan 

Katlo of Flap Edge Outboard Position 

to Wing Sealspan 

Net Thrust at Approach Speed 

Units 

Ft2 

Ft. 

Lbs. 

I. STEP 2 - AIKFOa SECTION CHARACTERISTICS 

1. Xf «a IACA airfoil section Is used, a good approximation can 

be obtained fro« the following table (TableIII-l). The section 
dau required ta: 

«0 - Aagle-of-atuck at sero lift • Degs. 

C« - Lift corve slop« - per Degs. 

etmn - NaKiaua lift coefficient 

I. If seaM ether type sect loo ia used for which no experiaental 

«UM« are available, Chen an approxiaatlon using dauert'a 

• -  *—   2: 

0 ^ • d-l ) /£ (1-J1 )   C 
dx - Radiana 

c  c  c 
x ia the airfoil aection chord location 

jr ia the thickaeaa corresponding to x 

C la the airfoil aection chord 

•lao for KACA type aectiooa 

«. ■ £ (; " 9,12) C. - Dega. 
* * 1 

«bara C^ ia the dealgn lift coefficient, from Table 111*2. 

«I 1« the design angle-of-attack, fro« Table III-2. 

Mi K • 0.f3 for ma «-digit eeriea 
l.M for UBA 5-digit aeriea 
0.74 for RACA «-digit aeriea 

M 

•^<* mm m i 

i 
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TABLE III - 1 

EXPERIMENTAL AIRFOIL SECTION DATA 

(a* angle of attack where Cto becoaea nonlinear) 

( • D 

O 

Airfoil 

»0 
(deg) 

Ci * »o 
(per deg) 

(deg) 
^K 

V 
(dag) 

0006 
0009 

0 
0 

.108 

.109 
9.0 
13.4 

.92 
1.32 

9.0 
11.4 

140% 
1410 
1412 

0.8 
-1.0 
-1.1 

.109 

.108 

.108 

14.0 
14.3 
15.2 

1.35 
1.50 
1.58 

10.0 
11.0 
12.0 

2412 
2415 
2418 
2421 
2424 

-2.0 
-2.0 
-2.3 
-1.8 
-1.8 

.105 

.106 

.103 
' .103 

.098 

16.« 
16.4 
14.0 
16.0 
16.0 

1.68 
1.63 
1.47 
1.47 
1.21 

9.S 
10.0 
10.0 
8.0 
8.4 

4412 
4415 
4418 
4421 
4424 

-3.8 
-4.3 
-3.8 
-3.8 
-3.8 

.105 

.105 

.105 

.103 

.100 

14.0 
1S.0 
14.0 
16.0 
16.0 

1.67 
1.64 
l.SS 
1.47 
1.38 

7.5 
8.0 
7.2 
6.0 
4.8 

23012 
23015 
23018 
23021 
23024 

-1.4 
-1.0 
-1.2 
-1.2 
-0.8 

.107 

.107 

.104 

.103 

.097 

18.0 
18.0 
16.0 
15.0 
15.0 

1.79 
1.72 
1.60 
1.50 
1.40 

12.0 
10.0 
11.8 
10.) 
9.7 

6?.006 
-009 

0 
0 

.112 

.111 
10.0 
11.0 

.87 
1.15. 

7.7. 
10.7 

63-206 
-209 
-210 

-1.9 
-1.4 
-1.2 

.112 

.110 

.113 

10.5 
12.0 
14.5 

1.06 
1.4 
1.56 

6.0 
10.8 
9.6 

63,-012 
-212 
-412 

0 
-2.0 
-2.8 

.116 

.114 

.117 

14.0 
14.5 
15.0 

1.45 
1.63 
1.77 

12.8 
11.4 
9.6 

635-015 
-215 
-415 
-615 

0 
-1.0 
-2.8 
-3.6 

.117 

.116 

.118 

.117 

14.5 
15.0 
15.0 
15.0 

1.47 
1.60 
1.68 
1.67 

11.0 
8.8 

10.0 

r>«g 
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TABLE HI - 1 (Continued) 

c 

Airfoil 

43,-018 
-218 
-418 
-418 

434-021 
.  -221 

-421 

43,4-«0 
43,4-420 • - 
43(420)-422 
43(420)-517 

44-004 
-009 

44-108 
-110 

44-204 
-208 
-209 
-210 

(deg) 

0 
-1.4 
-2.7 
-3.8 

0 
-1.5 
-2.8 

-2.7 
-2.4- 
-3.2 
•3.0 

0 
0 

0 
-1.0 

-1.0 
-1.2 
-1.5 
-1.4 

441-012 
-112 
-212 
-412 

0 
-0.8 
-1.3 
-2.4 

442-015 
-215 
-415 

0 
-1.4 
-2.8 

44-. ^18 
-218 
-418 
-418 

0 
-1.3 
-2.9 
-3.8 

444-021 
-221 
-421 

0 
-1.2 
-2.8 

(per dej,) 

.118 

.118 

.118 

.118 

.118 

.118 

.120 

.109 

.111 

.112 

.108 

.109 

.110 

.110 

.110 

.110 

.113 

.107 

.110 

.111 

.113 

.113 

.112 

.112 

.112 

.115 

.111 

.115 

.116 

.116 

.110 

.117 

.120 

max 
(dcg) 

15.5 
14.5 
16.0 
16.0 

17.0 
15.0 
16.0 

14.0 
16.0 
14.0 
15.0 

9.0 
11.0 

10.0 
13.0 

12.0 
10.5 
13.0 
14.0 

14.5 
14.0 
15.0 
15.0 

15.0 
15.0 
15.0 

17.0 
16.0 
14.0 
16.0 

14.0 
13.0 
13.0 

max 

1.54 
1.85 . 
1.57 
1.59 

1.38 
1.44 
1.48 

J.42 
1.35 
1.36 
1.60 

.8 
1.17 

1.1 
1.4 

1.03 
1.23 
1.40 
1.45 

1.45 
1.50 
1.55 
1.67 

1.48 
1.57 
1.65 

1.50 
1.53 
1.57 
1.58 

1.3Q 
1.32 
1.42 

a 
(deg) 

11.2 
8.0 
7.0 
4.2 

9.0 
9.2 
6.7 

7.6 
6.0 
6.0 
8.0 

7.2 
10.0 

10.0 
10.0 

8.0 
8.8 
8.9 
10.8 

11.0 
12.2 
11.0 
8.0 

13.0 
10.0 
8.0 

12.0 
10.0 
8.0 
5.6 

10.3 
6.8 
6.4 

_- ^ 

n 
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o TABLE   III - 1    (Continued) 

C 

o 

Airfoil 
Oo 

(deg) (per deg) (deg) 

cl 
■Ml (deg) 

65-006 
-009 

0 
0 

• 
.105 
.107 

12.0 
11.0 

.92 
1.08 

7.6 
9.8 

65-206 
-209 
-210 

-1.6 
-1.2 
-1.6 

.105 

.106 

.108 

12.0 
12.0 
13.0 

1.03 
1.30 
1.40 

6.0 
10.0  . 
9.6 

65-410 -2.5 .112 14.0 1.52 •o 
651-012 

-212 
-212 e - .6 
-412 

0 
-1.0 
-1.4 
-3.0 

.110 

.108 

.108 

.111 

14.0 
14.0 
14.0 
1S.S 

1.36 
1.47 
1.50 
1.66 

w.o 
1.« 
9.6 

10.5 

65,-015 
-215 
-415 
-413 a • .3 

0 
-1.2 
-2.6 
-2.6 

' .Ul 
.112 
i 111 
.111 

13.0 
15.3 
16.0 
20.0 

1.42 
1.53 
1.61 
1.60 

11.2 
10.0 

.  6.7 
7.0   . 

65(215)-ll4 -0.7 .112 13.0 1.44 10.S 

65(216)-415 «-.3 -3.0 .106 18.0 1.60 6.0 

63.3-018 
-418 « - .8 
-618 

0 
-3.0 
-4.0 

.100 

.112 

.110 

17.0 
20.0 
20.0 

1.44 
1.38 
1.60 

10.0 
4.4 
4.9 

631-0!« 
•il8 
-418 
-418 a - .3 
-618 
-618 « • .3 

0 
-1.2 
-2.4 
-2.8 
-4.0 
-4.2 

.100 

.100 

.110 

.115 

.113 

.104 

16.0 
18.0 
18.0 
18.0 
18.0 
20.0 

1.37 
. 1.48 

1.54 
1.50 
1.64 
1.51 

10.0 
8.6 
4.9 
6.0 
S.t 
3.3 

634-021 
-221 
-421 
-421 • - .3 

0 
-1.3 
-2.8 
-2.8 

.112 

.113 

.116 

.116 

18.3 
20.3 
22.0 
20.0 

1.40 
1.46 
1.56 
1.43 

7.4 
6.0 
3.0 
5.6 

65(421)-420 -2.4 .116 20.0 1.32 4.7 

66-006 
-oot 

0 
0 

.100 

.103 
9.0 

10.0 
.80 

1.05 
6.3 

10.0 
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O TABLE III - 1 (Continued) 

Airfoil 

66-206 
-209 
-210 

661-012 
-212 

669-015 
-215 
-415 

66(21S)-016 
-216 
-216 
-416 

63A010 
63A210 
64A010 
64A210 
6U410 
64iA212 
6*24215 

« - .6 

(deg) 

-1.6 
-1.0 
-1.3 

0 
-1.2 

0 
-1.3 
•2.6 

0 
-2.0 
-1.2 
-2.6 

0 
•1.5 
0 

-1.5 
-3.0 
•2.0 
•2.0 

• 

(per deg) 

.108 

.107 

.110 

.106 

.102 

.105 

.106 

.106 

.105 

.114 

.100 

.100 

.105 

.103 

.110 

.105 

.100 

.100 

.095 

max 
(deg) 

10.5 
11.0 
11.0 

14.0 
15.0 

15.5 
16.0 
17.0 

14.0 
16.0 
16.0 
18.0 

18.0 
14.0 
12.0 
8.0 
15.0 
14.0 
15.0 

90 

max 

1.00 
1.17 
1.27 

1.25 
1.46 

1.35 
1.50 
1.60 

1.33 
1.55 
1.46 
1.60 

1.20 
1.43 
1.23 
1.44 
1.61 
1.54 
1.50 

* 
a 

(deg) 

7.0 
9.0 

10.0 

11.2 
11.6 

12.0 
11.4 
10.0 

10.0 
8.8 
7.0 
4.0 

10.0 
10.0 
10.0 
10.0 
10.0 
11.0 
12.0 

\ 
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TABLE III-2 

THEORETICAL LOU SPEED AERODYNAMIC CHARACTERTISTICS 
OF VARIOUS AIRFOIL MEAN LINES** 

0 

MEAN LINE 

Four-Digit Series 
62 
63 
64 
65 
66 
57 

Five-Digit Series 
210 
220 
230 
240 
250 

6-Serles 
s-0 

0.1 
0.2 
0.3 
0.4 
O.S 
0.6 
0.7 
0.1 
0.9 
1.0 

0.9 
0.8 
0.76 
0.75 
0.76 
0.80 

0.30 
0.30 
0.30 
0.30 
0.30 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

C«^ V (deg) "C/4 . *1 

2.81 
1.60 
0.74 
0 

-0.74 
-1.60 

2.09 
1.86 
1.65 
1.45 
1.26 

4.56 
4.43 
4.17 
3.84 
3.46 
3.04 
2.58 
2.09 
1.54 
0.90 
0 

-0.113 
-0.134 
-0.157 
-0.187 
-0.222 
-0.266 

j 

i -0.006 
> -0.010 
-0.014 

. -0.019 
I -0.026 

j -0.088 
. -0.0S6 
' -0.094 
i -0.106 
-0.121 
-0.139 
-0.158 
-0.179 
-0.202 
-0.225 
-0.250 

REMARKS 

For other NACA four-digit mean 
lines, multiply the correspond" 
Ing 6-percent camber *C ,o. and 

C   by the ratio of the cam-I 
■C/4 j 
ber designators, i.e. (2/6),  j 

{ 

(3/6).  (4/6). (5/6). 

i I 

For other NACA five-digit mean 
lines, multiply the correspond-1 

ing   C.  ,o. and C by the 
1i   4 \*k 

ratio of camber designators, 
i.e.. (3/2),  (4/2).  (5/2), 
(6/2). 

For NACA 6-serles airfoils, 
multiply the corresponding 
mean line C.   a. and C li   l t/* 
by the ratio of design life 
coefficients. 

* "Corresponding" cambers are those for which the chordwlse 
position of maximum camber is the same. 

** Lift coefficient is based on airfoil chord. 

■ ^ 
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o 
For C«    the following equation can be used 

Cjt    - 2it + /».7  (t)   [l + .00375      ^g"]        (per r.d.) 

A reduction in C«    due to surface roughness can be obtained from 
*o  • 

Figure 3-5.       . 

I 

To obtain Cg   the next expression nay be used .... 

*inax   'max 

M-4 
f(Ay) +  E A C,   f(Ay) 

(base)      M-l  M  max 

where f(Ay) - an airfoil profile factor, defined at 6%C, which can 

either be computed or obtained from Figure 3-6 . 

«•max (base) 
- A base max lift coefficient, Figure 3-7. 

G 

AjCi   - Effect of airfoil camber £■ location, Figure 3-8a and 

3-8b.- 

A.Cj   - Effect of airfoil thickness, Figure 3-9. 
■ex 

A.C.   - Effect of Reynold's number, Figure 3-10. 
MX ■ 

A.C.   - Effect of surface roughness, Figure 3-11. 

C. STEP 3 - WIKG ALOKE CHARACTERISTICS 

1. o  The wing alone angle-of-attack for zero lift is equal to the 

airfoil section a    for the restrictions placed on the air- 

craft geometries that arc to be considered. 

2. 6. A good cstlnatioii of the wing-aloue lift curve slope can be 

obtained from the following expression. 

V — JLM. 

[ 1 ♦ ( Tan A LE 
-1 111« % 2 1 *A1 ^ 
AR MR )  J ^ J 

(III-5) 

o 
). C,    The aaxiBua lift coefficient is largely dependent on aspect 

HAX 
ratio. For purposes of this method,AR selection is based 

M Che following relationship: 
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:Mm. 
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AC. *o   -.01 

(per deg.) 
- • -T 

6 AIRFOILS SERIES 

i--L.-;].-U.„...; ..■; 

;•:«;•! ■::.T?; •r'l.' :. 

4« AND 5-DICIT 

AIRFOILS 

fT:..-n.'—*i";4t~;:'rrS; ,;•;:• 

.24 .08 .12 .16 .20 

THICKNESS RATIO, t/C 

FIGURE 3-5: Effect of NACA Roughness on Section Lift-Curve Slope. 
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»i   mil»'  im   mm       ■    ii  ■' ■ 

o 

Ay 
(X CHORD) 

\ 

.08 .12 .16 

THICKNESS RATIO,  t/c 

FIGURE 3-6s Variation of Leading-Edge Sharpness Parameter  with 
Airfoil Thickness Ratio. 
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1.6 ::..!.;,r;.,T:"r;;::"rn-^ri-!-!-:^Ti:i:irTrj: 
..♦^-j t.4.i...<.i».rf.«J..^.t-ll-T-«»-J-W4»f   ■»•l-f-* 
.4 i ;4 i.!.,.»l..4,4-l4«<- ■l.-i.j-'-f-H•  ;•<■•••■ 

2 3 

Ay (Z CHORD) / 

FIGURE 3-7: Airfoil Section Maximum Lift Coefficient of 
Uncambered Airfoils. 
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.8 

/ 
/ 

Alct 
max 

into 
r—rr—rrrrrrrrrTrrrrTiTTr  , ...    , i.;.;.», i: ,. ,1,4 ;.!.)4.. -, 
. .   ..>..», 1. ,-».{.. 4 i.  W ;    ) |.;...v , 
:.:::.:1-;-::b.ti.)t.:;.:i:;.rL;-;! 
:■     Mi\X.CAMBER  \T 

IEil:;ink:i;ii:tr|H:!;>|-:v?;   • .... 
**; iv4| ;:

[R ^ 9 x io6 K 

:.4^:.,   .j- tij.jl^ 

2 3 

Ay(X CHORD) 

Ay(X CHORD) 

PICURE3-8«; Effect of Airfoil Camber location and Amount 

on Section Haxinua Lift. 
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O 

Äici 

.8 

max 
.A t 

Ay(Z CHORD) 

KJ 

Aici 

2        3 

Äy(% CHORD) 

FIGURE3-8bi Rfftct of Airfoil Camber Location and Amount 
on Sactlon Maximum Lift. 
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'j^ 

A   C» 
k      For Maxlaum Caaber 9 30Z Chord    2   Tnax ■ 0, 
.4 i;44 ncrrai nmaagtnargaagrrtt! tancagnsa 

MAXIMUM CAMBER AT 50% CHORD 

HHlfl R ^ 9 x 106 ttrfe 

iiii 

•;::[: POSITION OF MAXIMUM 
'.-f.£ THICKNESS (Z CHORD) 
:::.:;t.;IF:[;'rni:;: '"" ""'    " 

•45i 

O 

Sci 

Ay(Z CHORD) 

FIGURE 3-9: Effect of Position of Maximum Thickness on 
Section Maximum Lift. 

AyCt CHORD) 

FIGURIJ-Kh Effect of Reynold« Number on Section Maximum Lift. 

\ 

o o 

98 

. * 

■■\ 
■>  -^ 

rr- S       I 



..   ■ . JÜJL 

o 

0) 

'««» ■ax 
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3E 
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•rfftFTtrf,t 
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Ay(l CHORD) 

•M 

o 

FIGURF3-llt Effect of NACA Standard Roughness on Section Maxlmua Lift. 
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o 
High AR AR > 77- (r1 + l) cos ALE 

u 

Low AR AR < 
<C1 + «  Co8 VE 

where the value of C. " f (TR)   can be obtained fron Figure 3-12. 

Either relationship nay be used when AR lies between the two 

functions. 

HIGH AR 

For the case of the High AR wing CK^ IS determined from the 

expreasion 

%IAX 
max 

o 
- -K MC + o + Ao_ 

• 

e function SlAX 

^a. 
.- f (ALE' Ay) a 

Ct comes from Step 2 
■ax 

a   cones fron Step 2 o 

Aa ;, ■ f (Al_i  Ay) and comes from Figure 3-14. 

SfAX 

LOW AR 

To compute the low AR naximun lift coefficient 

C.        - (C.      ) + AC. 
T1AX SlAX base TIAX O 
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X, TAPER RATIO 

FIGURE3-12: Taper Ratio Correction Factor 
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o 
( 

•■^- 

L 

& 

ALE (deg) 

FIGURE3-14: Angle-of-Attack Increment for Subsonic Maximum Lift 

of Hlgh-Aspecc-Ratlo Wings. 
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o 

ac   - (a    )    + Aa Q 

• SfAX      tlXX. base    TIAX 

Th« value 

(C   )    - f [ (Cj + 1) AR Cos ALE, Ay ] 
base 

and Is obtained from Figure 3-lSa or 3-130, depending on Che 

position of maximum thickness. The value 

AC.   -f [ (C?  + 1) AR tan A^ ] 

i 
i 

where C9 comes from Figure 3-16 and then AC.   from Figure 3-17. 

(«L   )    - f [ (Cj + DAR Cos A^ ] 

TJAX base 

and Is shown in Figure 3-18. 

Ao<V   ' f t (C2 + 1)AR t'n A" ] 

and cooes from Figure 3-19. 
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o 
D.  STEP 4 - FUSELAGE EFFECTS ON LIFT 

1. a   Assume no change in a due to the fuselage. o ' o  . 

2. C.       The effect of the fuselage on the lift is considered to be 

composed of three (3) parts: 

a. Fuselage Nose - K»' 

b. Wing lift in presence of fuselage - IL. 

c. Lift on fuselage due to wing - K_ 

'Such that, 

(» 

•(w) 

\   "CKM + KW(B)+\W)] V   i" «WB (B) (W) «EXP S 
(III-6) 

REP 

( o 

K« ■ ^ per radian based on body frontsl arc's (A.) 

K,.        and K from Figujre 3-20. 
W(B) B(W) 

C. is the exposed lift curve slope computed by the s 

EXP equation as Step 3b using exposed planforn geoaetry. 

SEXP Änd SREF are the exP08e<1 plsnform and aircraft reference 
areas respectively. 

From empirical analysis of data for existing aircraft, the final 

value Is given es 
: 

CL " (CL      + V    )  /2 

TOT «y» Cin-7) 

o 

«here C,    was obtained in Step 3b. 

3.    C.        The wing-fuselage maximum lift coefficient can be obtained 
TUX- 

from the following equation«: 
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wing span b 

FIGURE 3-20    Lift Ratios K^v   and KB(„j - Slender-Body-Thcory- 

Flxed Incidence - All Speeds. 
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■ ■ ■ ' 

C.       -   MAX WB 

TIAX W 
(III-8) 

^MAX'W 

where the ratio (C   )  / (C.  ) 
TIAX WB/   TIAX W 

Figure 3-21 and is i function 

f [ d/b, (C2 + 1) AR Tan Aj^ ] 

(C.  ) comes froa Step 3c. 
. TIAX W 

To compute the angle-of-attack for maxlmua lift 

\      > 
(«c        )      ■        hlAXWB      (o ) 

^ m     (aClHAX)W StAX W 

can be obtained from 

(111-9) 

where the ratio TIAX WB 

\     ) 

TiAX 

is given in Figure 3-22 and (o.       ) 

TlttH 

comes from.Step 3c. 

E.    STEP 5 - HIGH LIFT DEVICES - TRAILING EDGE FLAPS 

this section determines the changes in the lift characteristics due 

to :Ue use of a trailing edge flap.    Five types of flaps are con- 
sidered: 

1. Plain 

i. Split 

3. Single slotted 

4. Double slotted 

5. Fowler 
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o 
The general procedure is to 

1. first determine the changes to section characteristics. 

2. Then account for planform effects. 

O 

o 

The methods presented are those that give the best agreement with real- 

aircraft data. Therefore, some empirical constants and procedure's will 

be used. 

The nomenclature that will be used in all the cases is defined below. 

» 

AC. - Increase in section lift coefficient in the linear C. range 
* »a  • 

due to flap. 

AC, - Increase In wing lift coefficient in the linear C. range due 

to flap. 0 

(C. ) - lift curve slope of the flapped airfoil section at flap 

deflection 6, 

(C. ) - lift curve slope of the wing with the flap deflection 5. 

AC,   - increase in section maximum lift coefficient due to flap 
max  deflection 6. 

Aa - change In eero-lift angle-of-attack due to deflecting the flap. 

Aar.   - change in wing angle of attack for maximum lift coefficient 
LMAX  due to flap deflection 6. 

Th* various types of flaps and their effects will be discussed on the 

following pages. 

O 

1.  Plain Flan 

The procedure for computing the plain flap AC   is unique from 

the others, 

a.    ACj,   wing lift increment is computed directly from 

ACL - X1X2X3 (FA/P6) (III-10) o 
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o 
where FA/F6 - F (AR) Figure 3-23 

X. - X. (C  ) Figure 3-24 

X2 " X2 (6F)  riiUr* 3"25 

X3 ' S (bF/ ) rl«ure S"26 

b. C. for flap deflected li the «ame as the clean vlngC. 
o o 

c. Aa the change in the sero lift angle-of-attack, la obtained 
o 

fror the relation. 

A«. (ili-ll) 

Ö 

where C^ - 1.  for At > 4 

Cj - 1.2 for At < 4 

d.    AC,       - The increase in section naxlnum litt coefficient is 

obtained fro« 

AC,       - k, k, (AC.     ) 
'MX       X   '       *«ax base 

where (AC^^ ) - is the reference increment obtained froa 

Figure 3-27, curve D end a function of the air- 

foil thickneaa t/ c. 

k. - is a function of C-  correcting for the base value of 
1 'C 

Cp  - .25 (Figure 3-28). 

k. - la a deflection correction factor accounting for the 

baae value for a plain flap of 6F ■ 60° (Figure 3-29). 

e. The wing increase in C,   can now be computed from 
TUX 
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v.,.,. 

o 
ACi - AC. 
' ^fcAX 'W SREF 

P 2 3/A 
(1 - .08 Cos* Ac/4) Co8

J^Ac/4    (111-12) o 
where AC,        comes from part d 

max 

S- is the wing area affected by the flap 

SREF ^s the win8 re^erence area 

Ac/4 ,i Tan"1 f Tan ALE " (IVTR?AR) 3 

f.    Aac-        - The change in the angle-of-attack for maximum lift 

can be obtained as follows: 

for /AR < 4, £ac        - - .5 (      SlAX ) 

SlAX CL 

O' AR > 4, Ao - 0 

%iAx 

2..   Split Flap 

The section lift characteristics for the split flap are obtained as 

follows: 

a.    AC. - K (AC, )r 
F/C 

«here (AC^   ■ f (6p  t/O based on CF ' ■ .2 and can be obtained 

7c 
from Figure 3-30. 

/C 

K is obtained from Figure 3-31 and corrects for CF other than .2 
/c 

b. AC1   - k. k. (AC,  ) 
*»ax   * *  *max bass 

this method is the same ss for the plain flap but is briefly repeated 

Figure 3-27 

Figure 3-2« 

(AC.  ) 
TMW bass o 

Figure 3-29 
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FIGURE 3-29 Flap Angle Correction Factor. 
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flGOIB 3-30  Lift-Ce«ffleimt IncrtMnt for 20Z-Chord Split Flaps. 
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c.    The wing Increments can now be computed from 

ACL- ÄC i   lc. 
(-Oc, 

(«A) «'C. 

(111-13) 

O 

vhere>AC.  is obtained from part (a) 

V- It the ratio of the clean wing lift curve slope to the 

't  clean section lift curve slope. 

'*•'• ^«>c 

obtained frnm Figure 3-32 

(ct) 
l4  a 

«i*h 

«„d (C. )  - ACi(fr0a P'^ (a)> 
* 0  <p (flap deflection) 

(Cj ) is the flapped section lift curve slope which for a split 

flap - Cio 

K. Is a span factor correction which is obtained from Figure 3-33. 

4. C. is the same as the clean wing-fuselage lift curve slope. 

e. A«0 The change in angle-of-attack at sero-lift is obtained from 

where Cj - 1. for AX > 4 

C. - 1.2 for AR < 4 

(111-14) 

126 

WWM- T 
«■h* 

o 

y. '\Mt 

i's"-: ■':■'-.::..   ■:.'. >,:■'■'■■ M: V ,i",.-. -•JT;^/.-   ■''..- :■■■■;■■ ;a-':'-- , :*£ i ^>X\::^A'. 



o 

o 

2.0 

Q 

FIGURE 3-32   Flap Chord Factor. 

.-./  , .-,; mi 

127 

'I '    ■ . .f 

■■'♦.     ■■'■■ 



iciiiSii ■ 

■-€■ ' 
-■ ■ ; 

■ ' 

,u          "   ij j'I'    j n T "'i'm'l'! i I'l'i li j 1" TllJi:^'' 
U-t ^.p p t Lpp LjZkp tp pfpt ppppppmxpliLtm     ^^p xptp 

|Miir;ijrrf   1 1      ULLX.^   ' 1   ! 1 ' ! hryP rd-t LI   i'f = • 
[ L r [ c t r    '    ''fiiT'' '^ irjf IJ t r 

r f t   [ f   ■     i   i     ',      i ' i   ! M 1   '   ' ■ jfi sijr'   }   1 ' i 11 i 
 __„..[... u X-l—p._-Xü^-p j^Ä^pXLK-X--|4--; -- 

*         l :  r                                    ~*               l    1 i 1 i   JF Jrjf ■ 
It      :       J/   is'y   XL 1        L ' X'    T i"1 T 

T-fX- -+• „4—.XX|lL~ptI Xu/L ^l.;;...] .|:..| .^ .|..|X}li. r|Xr 
!   .                                          ' i    i       ■JiiJ'  ^i'l1'    J               •111    1 

Li         j\jüt'y   i'     i     i_ *            ''     Li.    ''1 
:                                                [    >     ytfl       '        !                   '    :    f                      1             !    ' 

„_»,L._„. -L--.-...!- i « ftyf s!!jn n--i «.--.- L_L '. ...L.„,Lj._i.l.. „_»,r,_.^ _,__„.,_p.^_j A m yjM^t^~^Y,\j- ■■■* ,"t t     ^ — i-1-~-+■•♦»r1-rrfn 

:::^:::::::::::E:EEZ^:::EEx|:::L:L:x±xxdl: 
1 j^r M^ :      *'      i           : i 
i  j/1 <r 1   J-                                   !         1           T 

■"tbTl'—" L-.^^-^Lpx^_upH-p~.^...f--XU-4--4. 
... X - r.. 41- ~ L. 4. - -j €/0(~ [•• - X F r - r 4T !—\- r -rr ■ T -f ~ r h  fr 

A XxT"~rr ™IL li I. räxr "ill" ""rr-]"*- 7" xi"-;;; x rti-t t| [r 1 
•*    J. j. X-j-f-7 ytyj' **-\  -U-j-Uf if-'-'-h'-'r it   -j—+-l-f--l-1- 

:::xtb:p: p^Jxttp - :t:pp:EE: qxrp^b:: x£:pr.n::j: 
XL .-, L.XL.. J^ULL _LLLi L.....LLt..Lt.. 1. .- ..L LL:~.-L .-LL.~.- -L.UL. 1. rij ;:,*::Tc'J^jj  bpfl iTxrx^h ' rxrb i—11 11 r   1 

i \\l   WFA i, '  \      i                  i1-           '«*     L             M i !     i s • '   i i i 4 I    [ i i h- ' 
-Tji-^^-fi •4-4" -4-|-|- -.•Xr- 4f-F Fxrxxr ^H"' r L' 

1 wf 1          '     !  i ' •     ' i •  ;                   ' ! i !                        "Si     j i     i i X     > 
fjjy            ^1              '      iT"^";^          'I         'i':          "j                            u'a:iL*:l 
"■   i L' t"' ''      h               u ■       ^ L L X. L i L J            L L'     ' Ui- L i~   M-t' 

■ I«   : L '_}        '      j-t' ^   r' r t  i 11! 11 ' f 1 _!   : L „ jiE-:tte±tÄ:Cx|::;ttFtXt-Wtfl±f±iitÜX 

r 

.2 .4 1.0 

i. ■ ... 

FIGURE 3-33   Span Factor for Inboard Flapa. 

128 

,'■:        ' • " •■- • •. •%' '     .■• ' J 

^«li: ^ I . 
", :iüAteiJ '■:,; 



f. * 

o 
f.   t 

\« 
- AC.        IP        (1 _  g08 co,***) co, 3/* A 

kMJt S REF '0/4' C/4 (111-13) 

«her« AC fro« pert It 

8. is eh« vlag «rM «ffcetad ^j ttM fl«f 

•___ 1« ihm wing rtf«rcac* «r«« 

co 

g.    'Ao s« - Th« Chang« la th« angla-of-attiiek far 
can ba ebtalna4 •• follow«t 

far AB < 4   Aa^       • - .5 ( « 

lift 

Al > 4   Aa«        «0 

).    81i«l« ilatfd Flwa 

Vor th« purpo««« of thi« «tudjr a ■lagl«>«loet«d flay is cea«i4«r«d 

to hava a fixad-hiaga pooitioa (ooa-tranalatiag) 

a. AC. tha aactioa lift iaci it fa 

frea Figur« 3-34. 

h. AC^ th« viag lift iacr«a«at ia 

AC. - AC. «L-   l''\ ICL ■ AC,   "j« r   T» i _ 
OIl-l«) 

o 

Tha details of this ara described in th« split flap Section 3, but 

is briefly r«p«at«d hara 
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o 

'b 

7—  ratio of the wing to section lift curve slope. 

[; > fc ] fro« Figure 3-32 

^ from Figure 3-33 

c. & for the flap deflected Is the seme a« the clean wing C. 

d. Ao The chenge In angle-of-attack at sero-llft Is obtained froa 

1  **o   '   P*   <Ci) 

«here C. • 1. for AI > 4 

Cj - 1.2 for At < 4 

(111-17) 

e. AC.   la the Increase In the section Mixlwni lift coefficient and 
■ax as described prevloualy 

A^  - k. k, k. (AC.  ) 
-~  * * 3  *naxbase 

(AC   ) 
■ex base  Figure 3-27 

^ Figure 3-28 

kj Figure 3-29 

k. la an angle correction fector obtained froa Figure 3-35. 

O 

f. Ihe total vlng increaent In lift ceo be eoaputed froa 

'Sa ' AC»-«t ib (1 " '<* *»*  AC/A> to«V4*C/A   (in-M) 
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o 
.1 

where AC. cones froa part c. 
max 

Sp Is the wing area affected by the flap 

S   is the wing reference area, 
REr 

AC/4 " Un' '[ Tan A... - LE   (1 + TR)AKj 

1 
AOQ.   - The change In the angle-of-attack for maxlaua lift 

MAX 
can be obtained as follows: 

for AR < 4 Ä 
%AX 

- - .5 \kX 

Or 

O 

AR > 4 AoCl   - 0 

4. Double Slotted Flap 

The procedure for obtaining the lift character ist lea of • doubl« 

slotted flap la aa followst 
• e 

a. The wing lift increment AC. is computed directly fro« 

AC. [ (X. X )     + (X    \   ) 1 Xj (fk/H)       (ltl-m 
I l   l  Flap 1   * " Flap * J 

where (X. X«)-.  . is the increment based on the total flap 

chord and the deflection of the first flap and is obtainod fro« 

Figures 3-24 and 3-14 

^1*^99)     *s the increment baaed on the second ( and largcat) 
1 ■    Flap 2 

flap chord and its deflection and is obtained from Figuroa 3-24 and 

3-37. 

X. from Figure 3-26 

FA/F6 from Figure 3-23 

b. C. - For any type of flap where a translation of the flap chord 

occurs the lift curve slope can be obtained from 
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S.    ' <CL) 
REP 

+ 1 ]   (^ ) 
S 4-0 

(111-20) 

c.    Aao   The change iri «ngle-of-attack at zero-lift Is obtained from 

«hart C. - 1. for Ak > 4 

.   C. - 1.2 for AR < 4 

C'/C li tha deflected to undcflected wing chord ratio. 

4. AC. 

AC. 

is tha Increase in the section maximum lift coefficient and 

as described previously 

k. k- k, (AC.  ) 
1 ' 3   *aax base 

(AC   ) 
. nut base  Figur« 3-27 

k. Figur« 3-28 

kjj        Figur« 3-29 

k. is an angle correction factor obtained from Figure 3-35. 

«. The total ving increment in lift can be computed from 

•g 
AClMX " "'mi* ^W <1 " ,08 ^ Ac/A> C083/4ACM    <111-21) 

«has« AC,   cones fro« part (d) 

t   Is tha wing area affected by tha flap 

S-gy is tha ving r«f«renc« area 

,::%.■      ■   • : 
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o 
.f.    Aa. - The change in the angle-of-attack for maximum lift 

TMAX     can be obtained aa follow*: 

for Al< 4 Ao. - - .5 <~2^) 

AR > * A«^        - 0 ^ 

5.     Fowler Flap 

For the purpose of this study • Fowler Flap is considered to be a 

single-slotted flap, that «hen extended is in an optimm position. 

O 
G 

a. AC., the section lift increment is computed fro« 

AC- 
AC ■ —T AC' 
^l  AC'j ÖW t 

where AC*    cones from Figure 3-3S 

AC 
and ^r   i» obtained from Figure. 3-39 

and is a function of (C'/C, Ci/ACi ). 

1. C*.   is the ratio of airfoil chord with flap extended to 
c 

airfoil chord with flap retracted. 

2. C. .  ;C. is the airfoil section (no flaps) lift coefficient 

at a ■ 10° end AC*, comes from Figure 3-38 

o 

b.    AC.  the wing lift increment is 

(111-22) 

Mr     ■     "f-    " ^ ' ^-i 

AIL 

L r-'.. .,...-,   .:..-,v r»i .;.      '%&■£ ...  ■':■ 
■ Li <    T.:        ;,   .' -     r   '-.<»:^-«ftagailtl^l 
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AC» 

FLAP DEFLECTION, «p (deg) 

•.fieUKB 3-38  Lift-Co«fflcl«nt Increments for  Fowler Flaps. 
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The details of this are described in the split flap section 
but is briefly repeated here 
AC..1« computed aboye. 

d 

© 

C| j - ratio of the wing to section lift curve slope. 
e 

f(0 
Fro« Figure 3-32. 

33 1^ Fro« Figure 3- 

c.    Ct    ~ *ot "f tFPe ot tl*P «here e translation of the flap chord 
occurs the lift curve slope can be obtained from 

«I   " ft. >    -    lc- ^ /"+ 1   1   <CL > 
%     r% I      [\C      /  8WF Lo    6-0. (111-22) 

A. Ae The change In engle-of-attack at tero-lift is obtained from 

*# - E* f
1 (V (111-23) 

«here Cj - !• for At > 4 

.    ^ • 1.2 for At < 4 

CVC is the deflected to undeflected wing chord ratio. 

O. AC, W is the increese In the section msximum lift coefficient and 
MM deecrlhed previously. 

^-^HSK^ 
(AC.  )      Figure 3-27 

MX h«M 
ij Figure 3-2t 

1^ figure 3-2t 

h| is •• «ogle correction factor obtained from Figure 3-35. 

'   .   . 

d 
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o 
f. The total wing Increment In lift can be computed fro« 

«V ° "w 5^ « " •0(! c<"2 Ac/*> ^ "V   tm"M) 

where ACt   comes from part e. »      *max 

S_ Is the wing area affected by the flap. 

Sgg- Is the wing reference areal 

Ac/4 - Tan -1 Tan ^E ■   JVTSL 

o o 
g.    Aa^ - The change In the angle-of-attack for 

HlAX 

can be obtained as follows: 

for AR < 4    Äoc, 
SfAX -(« 

lift 

.-.   ■:*^ 

o 

AR > 4    Aor. - 0. 
hlAX 
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F. STEP 6.  HIGH LIFT DEVICES - LEADING EDGE 

The effects of two types of leading edge devices on the lift 

characteristics are discussed in this section. The types are: 

1. Flaps 

2. Slats 

0 

The nomenclature is the same as for the trailing edge flaps. 

The procedure used for calculating both types of devices is 

the sam?.    The difference is in the reference geometry. 

y 
y 

/' 

y 

1. leading Edge Flaps 

The section characteristics can be obtained from 

a 

where C  is the dean section lift curve slope from 

Step 2. 0 

(^j)- f (Cd/C) from Figure 3-40. 

i fs the deflection in degrees. 

/ . *  '  ■ 

b. AC. the wing lift increment Is' 

ACL -    AC 

Ing lift incjpement i 

(111-25) 

The details of this are described in the split flap 

section 3, but is briefly repeated here 

AC. is computed above. 

IT-*! ratio of the wing to section lift curve slope. 

v;;, -.• 
. ' ■'   Li -' 

*  ■■■•■'   .  . 

■   '" * , '   > V y   ^ .- , ■ ♦ 

i A 
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B» - >"^,v "ggy^ w, ^ g 

o 

o 

(.«V 
«••»c. 

frou Figure 3-32 

^ f roa rigur« 3-33. 

• • t. 

e« C, for th« flap deflected is the same as for the clean 

* vliig lift curve slope. 

4: **•" *t ('2> (111-26) 

«.   AC,        is th« increase in the section roaximura lift 

coefficient end is obtained fron 
AC 

i 

«iMire l—f^l    is obtained fro« Figure 3-41. 

and « is the deflectloa (See Figure 3-40). 

'f. The total wing increnent in aaxiaua lift can be computed 

f COBS 

O 

AC,        - AC,       ~- (1 - .M Cos2A     )Cos 3/4Ar/Ä     (111-27) 

«iMte AC|      is cceyuted. shove. 

14 is' the wing srea affected by the device 

Vl«/ 

i 

• .-.is the wing reference area 
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Flap Chord to Wing Chord Ratio, C^/C 

FIGURE 3-41    Effect of Uading-Bdgo Flap« on AC^ 
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'c 

■ ■ ■ 

o 
t* ^UiA» ~ T^* change In the angle-of-attack for maximum 

•     lift Is 

Aa- ACL
MAX C, I4IAX S, (111-28) 

c 

® 

/• 

2.     L—dint SJl» Mat» 
For the section characteristics 

I. ^t C C»a if) 
HMra C/C is the ratio of the wing chord with the slat 

extended to tlw clean wing chord (See Figure 3- 4e), 

Cjg is the clean section lift curve slope from Step 2. 

(| /  " ' ^cd/cM^ from F18ure 3-*0 

b. 4CL the Hing lift increment is AC. /~l ! -=—^ increment is AC,  ~ • -;—^ 
1   \ClJ Ha6>Ct 

S   (111-29) 

Ths detai.1« of this sre described in the split flap section 3, 

but is briefly repeated here 

iW;    is fron part s. 

Ig—I ratio of the wing to section lift curve slope. 

h£] from Figure 3-32 

y^   from Figure 3-33 

*V 

■ 
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o e. C. - For any typ« of flap «her« a tramlatlon of th« 
8 flap chord occur« eh« life curv« «lop« can b« 

obtalnsd fro« 

o o 

4.   6n    Th« ch«ng« la «Bfla-of-attack at Mn»lift Is 
obcalnad froa 

*.; • f f (•» Ciix-a) 
i. • 

-■ > <., 

rM 

«.AT,        i« th« laccaaM la A« ««etlo« 

if f lelmit aod 

lift 

• 

• 

W- 
■ 

'■ - 

«mr« \    /rn | |t obcaiiMd fna flfn« »-41, 

Md « 1« th«    ifl«ctlott .(••• rifur« J-40). 

lift CM W 

-   . 

f • Th« total visa incrwant la 
froa 

.   -. 

%»■**«-. fe(l" M e••, VOe-,,*'W«  au-j» 

«ter« AC^       1« coaputoi «hov«. 

8. 1« th« wing ar«a «ff«ct«d by th« flap 

O 

• «--la th« wing r«f«r«ac« araa 

■ 

'■ 

■     ■ : ■ym 
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?t-      ■&•••% 

^ 
S*   Ao« - The change in the «agle-of-attack for •axlmua 

*^AX     lift U 

(1X1-33) 

Q 

.• 

C.     im 7.    LMIDIMG LIFT CHARACTERISTICS 

the landing lift chereeteriatice of nodern aircraft are e 

f—Ctiwi of C.   , the lift curve slope, o , the aero lift 

Mgle-of-etteck( and c . the angle-of-attack at touchdown. 
8 

UM valnea of 4^ '^ a0 
ar* «vellable fro« the prevloua steps. 

m-,  the aatla~«f»attack.at touchdown, say be Halted hy one 
•f the follewlatt 

1. Greuad clearaaee angle 

I. Pilot'• vUlhllltjr 

3. Rate of aiak at touehdoun 

4. flare technique (aoM aircraft use a flere oaaeuver 

and aoaa do not). 

9. Ceatrol effectIveneaa. 

y' 

'       '   • ■ 
■ 

^ 

n» landing lift coefficient C, , then becc 

%, ' \ Ut ' S1 (111-34) 

«kite« <L    la the lift curre elope 
■     • 

o# la the aero lift angle-of-attack with high lift devices 

MUau. 

I   Uoi> %,„*-%.■%« 
d 

* -; 

r "" 
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o o 

H.   STEP   8. - TOUCHDOWN SPEED 

Th« aircraft's touchdown speed can now be computed froat 

1/2 
'TD Ft/Sec       (IIX-3S) 

tlhere V is the aircraft «eight Is pounds. 

I ur 

/ 

is the aircraft reference erea in ft 

is the net thrust of eircreft at touchJown in lbs. 

is the aircraft angle-of-ettack at touchdown in 

degrees. 

is the flight path angle et touchdown in degrees. 

is the lift coefficient at touchdown and was cal- 

culated isbove. 

Tbia step will deecribe the procedure to be used in obtaining 

an aircraft's nlninwi drag.   Ibis ia the drag of the aircraft 

with no lift, lending geer extended. 

1,   Landina Ceer Draa 

Re adequate aethed for eatlaating landing gear drag MM 

found during the literature search.   The following 

aapirical asthod wea found to give reeconable results. 

s.   For aircraft whoae wing area ia »ore than 1,000 ft 

a value of tC^    - .02 ia reaaooable.   These are 

aoraallp bovber or transport type sircrsft. 

b.    For sircrsft whose wing eras Is leee then 1,000 ft 

(fighter type) the following enplricel nethod waa used 

baaed on the deta ahown in Figure 3-A2. 
. 
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o 
For th« purposes of coaputiog cb« «IrcrsfC «Inlaua drsg 
cosfflcisnt ih« velocity of Che alrcrsft Is consldersd to 
be eh« touchdown speed (f^) frea Step 1. 

TD thee the drag ceef f leiept eo^uteeiea can 

o 
c 

2.  PfrwM't 
*     fhs lejmolde lw*er of Che vlag (based oa see level 
.     stsnderd coodltloas) 

'     ••   »^ - .00i36 (?„) OHO « W5 (Ul-m 

«here MAC is the «fc* aeaa mnjfmmd* chord - ft. 
Per the fMelage 

k-   "h-elais * •00i34 ^^ft^e^ « ^ 
«here >fMi>|iI<   le the fuseUfs le^ch • ft 

aw-») 

4«^ - 12 e( a ♦ t t/c ♦ 100 (t/c)4l 1,4  (Xll-Jf)' . 

(the factor 1.4 aeeoimta for the tail aurfaces.) 

Mhere C( U obtained fro« rigure >-43t «here the Bf is 

ceepuud ia (a) and the ratio C/k is a surface flalah 

factor. Per a «int. I - MAC (iachea). 

Per aircraft the followiat k values can be ueedt 

O 

Natural Sheet Metal .IS ! 10*' 

Swoth Paint .23 x 10~s 

Careful Caaouflats Paint .40 a UT* 

Production Caaoufla«« 1.2 s 10"' 

. 

' 
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o 
.1 

4.     Mtnlwum Pustlar.e Dr«y 

%. 
- 1.02 C, 

FttMlat* 

ri + -u^ + ^jr     1 in (m-40) 
L     (b/4)1-5    o/d)5 J nunr 

00 

6 

S. 

C| h«r« is ebtolMd fro« Plgur« 3-43 «ter» Bf li BOfuHi 

la (b) abov« for ttt« futtlag« and i/k dgAln It • mutmcm 

flolsh factor, k la tha aaaa aa abov« aad t » L, la 

Total Mlotiw Drat Ceafflclaat 
Tha. total Blalaua drag joaffleiaat la ckarafora 

Wat 
^'S- (111-41) 

^   ITEPIO.   m^-miB-TP-tjrT - aE4iiwnw 
Tha drat-dua-to-llf t aajr ba abtalaad f tha follovlat 

«S —ISBT^^iV^S^ 
• 

GL   la tha lift coaffIclaat to ba 

1 t1»a drag dua-to-llft. 

wharo C,   la tba lift coaffldaot at 

C^ la eba wlag daalfn lift eoafflelaat 

AX la tha vlng aapact ratla 

Al - f (At, Tl) for Ac^ - 0 goo Plgura 3-44 

Aj - f (Ac/4, At) goo Plgura 3-4$ 

(111-42) 

(or datandalag 
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o A.      «n «Bpirlcnl correction ^(J, a , oc       )    See Figure 3-46ü 

or l-46b. SlAX 
K.      Is «a Mplrlcal correction, f(ALK J)    5cc Figure 3-47 

J - .3 (Cl ♦ I) AE CotAj^     Acj ♦ 1)  (C2 + 1) 

"(C2 ♦ I) At T«o ALE'| 2 ' 

7 (111-43) 

«bor« C. U obtained fro« Figure 3-12 

C. U obtained fro« Figure 3-16 

tmi mm     In the eogU-of-attnck at touchdown. 

O 

o 
K.     BBLIL    ptA<f Of Miff LlfT DEVICES 

1.    TffUlM Sto OMi 
Nnthoda available for conputlng trailing edge flap drag 

ar« vary liaitad. 

for forpMas of this study, flaps were considered to 

W of 2 tjrpast 

jatilttttl        ussisi 
Flala Singl« 

Split Doublo 

Fowfer 

Tka ■inii« dvag o? a flap Is then obtained fro« 

FUp 

uj 
o 
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o 

Tuna. 
TäIIOL, 

nCLMAX 

FIGURE 3-46a Variation with Angle of Attack of Drag 

Increment Due to Wing Shape, A^+J). 
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Tana. 

© 
riCUU 3.46b Variation With Angla of Attack of Drag 

IncraMfit Dua to Winf Shapa, Ä3(-J). 
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■r 
where AC .    ■ f (7-. ö_) Is obtained from either 

Figure 3-48a or 3-A8b depending on the type flap. 

K. is from Figure 3-33 and is a flap span factor 

correction.  (Again direct use is recommended) 

I- is an interference factor and for 
. 

AR > A let IF - 1. 

AR < A let I - (1 + .006676_) where 

6- is the flap deflection in degrees 

c 

b.  Dr«g-Due-To-Lift 

'The drag-due-to-lift of a flap is 

k2 

AC. 

Slap 
- K* 

(ACjT 

w AR 

where K' is a flap span factor available from Figures 3-49a 

to 3-49c. Interpolation may be necessary (as an example 

(overall flap span/wing span) - .7 for an AR » 6 wing and 

if Che flap begins at .2 of the span (cut-out * .2) then 

V.  - .8 from Figure 3-49b. 

AC. is the increment in wing lift due to flap deflection 

and was calculated previously. 

The total flap drag is Chen 

m*1 
Tlln 
Flap 

♦ AC. 

'Flap 
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ACd flap 
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nCURE 3-48« TWo-Dlaen«loo«l Drag Increaent Du« to Flaps; 

(Ibn-Slottad Type Flap«). 
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FIGURE 3-48b Two-Dlaenslonal Drag Increacnt Due to Flaps; 

(Slotted Type Flaps). 
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FIGURE 3-49« Factor K* for Calculating Induced Dr&g of an 
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2t    Leading-Edge Devlcea 

An approximation of Che mlnlmuui drag coefficient ^ue to 

deflection of leading edge devices is as follows: 

••    naP b       C     S 
«^   - « - Co.« /     J.   J- (II1-«, 

C 

«here the geometry is defined In Step 1. 

b.    Slats 

% 
AC«        - 0 

(in 

Since the leading edge devices normally extended the 

useable angle-of-attack range and prevent leading 

edge stall the drag-due-to-11 ft was assumed to be zero. 

L.  STEP 12. DRAG OF DRAG DEVICES 

1.  SPOUT« 

The Methods presented below are for spoilers used to 

destroy wing lift. Spoilers used for lateral control 

• «re not considered. 

The loss In lift isi 

57.SC^"0 68F 8 REF 
(111-48) 

X 

«her« Attg. cones fron Figur« 3-50. 

Cj; is the aircraft lift curve slope. 

Ig- Is the deflection of the spoiler fron the 

«lag surfsc« in degrees (45* <fi*nl 90*) 

•gp is the «ing area affected by the spoiler 

Iggpis the aircraft reference area. 

C 

""Ä^i" IT"' 
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FIGURE 3-50: Spoiler Life Effectiveness - Low Speeds. 
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'The Increase In drag Is: 

valid for 45' £«gpi 90* 

(III-/19) 
C 

Speed Brake 

For low speed flight, or during ground roll, the Incre- 

mental drag due to speed brake reduces, for.all practical 

»purposes, to one equation. This conclusion Is based on 

the data presented by the various aircraft manufacturers. 

AC. - 1.13 Sin 6 
SB S 

SB 

TOT 
(111-50) 

where S   Is the aircraft reference area. 

dgB is the speed brake deflection measured frtm the aircraft 

centerllnc. 

A-, is the speed brake panel area. 

3. . ra« Chutes 

Landing drag chutes have been in operational yse for 

approxinately twenty years. No new method for estimating 

the drag chjfa C. has been found during this study. Oi.iy 

four p^;«inent references were obtained. References 10 and 

11 Mdleatc that two types of aircraft drag chutes are used, 

iheir characteristics for design purposes are described below. 

Reference 10 
ACD design 

0c 

Reference 11 
AC. design 

V 

Reference 11 
AC. range 

0c 

Ribbon .AS .50 .45 to '.55 

Riog-Slot .*S .55 .45 to .65 

AC.  is based on «reference area of a circle of diameter 

equal to twice the distance fron the canopy skirt to the 

cancer of the apex or vent (nominal canopy diameter). 

C 

4 
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References indicate that the above value* are not 

absolute and «ay vary due to porosity and airflow 

behind aircraft. 

Table III-3 shows which drag chutes that current aircraft «re 

uaing and the associated^AC. . 

The drag force of the chute let 

AD 
chute S. '•chut* 

Baaed on the aircraft r*f*renc* area, the increuental 

drag coefficient ist 

%:     % •» c 
(Ill-Si) 

o c 
Full deployasat of 'the drag chut** fro« th* tla* it 1* 

releaaed by the pilot 1* u*ually 1*** than 4 ••eond** 

4.  Thru*t uaaaa Pff9r Bttkaiit 
A* *X).l*in*d in Section V, deployaent of thnwt revereer* 

will sffect the dreg of aaredynnaie suriaca* auch a* flap* 

located la the vicinity of th* reversed thrust pit«*. Thi* 

effect 1* highly aenaitiv* to reverser location and gaoaatry 

of local aarodynaaic aurfacea anJ is not aoMnable to the 

generalised treataant required by the scope of thl* report. 

However, for purpose of geperelised studies, it 1* •uggeeted 

that the aerodynaaic drag increaent due to thrust revereer 

deployaent be epproxiaated byt 

S. 

%.' ••5 tEP 
(111-52) 

which represents   the aerodynaaic drag due to suction 
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o 
acting on the aft face of the thrust reverscr doors. 

In this equation; 

Sn  - Base area of the thrust reverser doors. 

oc 

5.    Total Drag of Drat Device« 

•   The sumation of the drag increuents due to spoiler 

speed brake deflection and drag chute and thrust reverser 

door deployment can be expressed as: 

(AC ) - AC^     +    AC^      + AC        + AC 
%i« SP SB 0DC DIR 
DD 

(III-53) 

M.  STEP 13; TOTAL DRAG COEFFICIEHT 

The total drag coefficient of the aircraft can be expressed 

38t 

c 
C« - C_   + AC- + (ACÄ 
D   Dlin   Di    DMin 

+ AC. 

Flap 

+ ACD    > 
ölOlce 

+ (AC  ) 
uMin 

,  DD 

Step 12 

(111-54) 
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6. BOUNDARY LAYER COKTROLLED FLAP 

The few coapaaies employing boundary layer control In conjunction with 

leading and trailing edge high lift devices consider the pertinent data 

and installation details to be highly proprietary. As a result, «-.apirl- 

eal evaluation of effects of these devices is precluded at this time. 

However, during the past 30 years a number of tests have been conducted, 

mostly with two dimensional models. These arc reported upon in numerous 

documents (see Bibliography). 

n 

o 

The primary advantage of boundary layer control in conjunction with high 

lift devices Is to prevent or to delay flow separation. In the case of 

the suction flap (suction at the nose of the flap) th* low energy (tired) 

boundary layer is removed aid a fresh boundary layer is initiated. This 

new boundary layer is able to withstand the effects of the steep adverse 

pressure gradient immediately aft of the flap nose. In the case of a 

blowing flap, a high energy sheet of air is blown over the nose of the 

flap. This Jet sheet energizes the existing boundary layer to enable it 

to negotiate the turn about the flap radius with its associated adverse 

pressure gradient. 

Prevention of flow separation makes it possible to achieve lift coefficients 

approximating values predicted by potential flow theory even at very large 

flap deflection angles. 

An additional increase In lift coefficients results from what is termed 

"supercirculation". This is due to the sink effect resulting from suction 

at the flap nose or In the case of blowing flaps, results from momentum 

transfer from the Jet sheet to the surrounding flow field. 

Another term which some of the suthors Include in the blown flap lift 

coefficient is Che lift component of the Jet reaction force. 

As is the case with mechanical trailing edge lift devices, full advantage 

cannot be taken of the lift capability unless measures are taken to prevent 

separation of flow at the wing leading edge. This is particularly true 

where the leading edge radius is small. 
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o 
The effectiveness of blown flaps is very sensitive to flap and Jet slot 

geometry. Of particular inportance is the position of t!ie flap upper 

surface relative to the Jet stream as emitted fror the slot. 

Ö 

A. EFFECT OF FLC FLAPS OS LIFT 

Although sufficient airplane data Is lacking to fomulate an empirical 

method for evaluating BLC flap characteristics, the following method 

vas developed for determining the lift characteristics based on the 

information presented in References 14 through 19.. This method 

assumes that proper measures are taken to avoid leading edge separation 

and in the case of a suction flap, entrance geometry is near ideal, 

and in the case of blown flaps, the slot and the flap geometry are 

matched properly. 

1. Blowing Flap 

The lift coefficient for blowing flaps is considered Co consist of 

two Increments, one due to circu'latior lift and the other repre- 

senting the lift component of the Jet reaction force, so that 

C. - C.    + C. (111-55) 

C,    - CM  • Sin (<p ♦ tj) (111-56) 

• Sin (a -o, •' ^U, • Sin 4. 

UB /E> 0  •8l0«j (111-57) 

OÖ 

where C. is the lift curve slope for the clean airfoil section. Sea 
a 

subsection SB. 

•e'^ 8o * 4F " C|i " 0'0 

6_ '»Flap deflection angle 
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2, - angle at which the Jet Is ejected into the stream, if 

a ■ 4_ ■ 0. In the case where the Jet "blows" ovc : 

Che upper surface of the flap, 6 is the angle included 

by the trailing edge of the flap upper surface and the 

reference chord line. See Figure 3-51. 

o 

■ f(C ) it presented in Figure 3-52. 

This Figure duplicates Figure 1 of Reference 14 except that 

C 'has been substituted for Ct. In References IS(page 475) 

and 16,It it indicated that C. is equivalent to C . 

B la this figure represents the ratio of the flap hinge station to 

airfoil reference chord length. E ■ 1.0 is  the limit condition 

«here flap hinge theoretically coincides with the airfoil leading 

edge so that 6_ - a. F. ■ 0.0 is the limit condition where flap 
hing« coincides with Che airfoil trailing edge such as where a pure 

Jet flap (Jet emitted at the trailing edge) is employed. 

C is the blowing momentum coefficient defined by 

cu - VV
J 

/ «•< ,sl (IU-58) 

8. is Chs area of Che wing influenced by Che blowing flap ("affected" 

arts) as illusCra:ed by Figure 3-5 1. 

Figures3-53a(3-S3b and 3-S3e presenc a comparison of lift coeffi- 

daat prsdictad by aquation (111-57)with test data presented in 

Bafaranea 17. These results indicate good correlation above 

C • COS. Below Chis value, C    , Che boundary layer is not 
' "Crit 
sufficiently energized to completely forestall flow separation. 

Thus, belov C 
pCrlt 

, the increase in lift with C is due primarily 

to increased flow attachment. Above this value, the further 

Increase la lift is primarily due to superclrculation. Supercircu- 

lation la the Increased circulation associated with transfer of 

intum of the Jet sheet to Che free stream and may be treated 

0 
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^^^ - "Affected" Wing Are«; SB 

Chord Line 

Jet Sheet 

■* ^KS :^is^ 

FIGURE   3-51:   Bloving Flap Geometry 
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analytically by a system of sinks coinciding with the profile of 

the .Jet sheet. 
O 

These nglons of blowing flap effectiveness are illustrated by 

Figure 3-5A which duplicates Figure 6 of Reference 15. According 

to Reference 15, C for a three dimensional wing may be estl- 
'Crlt 

Mted from the plot presented in Figure 3-55. In r.-gard to this 

plot, Reference 15 (page 469) states: 

The,relationship of C, 
'Crlt 

is dependent upon wing aspect 

ratio, flap deflection"1^ and the "affected" area ratio, 
1 [S./S].  It can be appreciated that this is an over 

simplification of the many parameters involved; however, 

this plot due to Chaplin is considered to represent fairly 

consistent data for sweepback angles from 0" to 45°; flap 

chord ratios from 0.25 to 0.40; and angles of attack from 

0* to 10* (but below the stall angle). Preliminary esti- 

mates of C    can therefore be obtained from Figure 
wCrlt 

3-55 for the conditions within these ranges, assuming a 

reasonably good nozzle flap orientation and flap geometry. 

However, the 2-D data of Reference 17 , presented in Figures 3-5 3a, 

3-5 3b and 3-S3c Indicate that C 
'Crit 

Is not as sensitive to 6    as 

"  0.05 Indicated by Figure 3-55. These data indicate that C 
UCrlt 

Is applicable regardless of 6^. at least within the range 30'<6 <60'. 
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FIGURE 3-54:    Definition of Boundary Layer Control and 

Superclrculatlon Regions. 
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o 
2. Procedure for Estimating Blowing Flap Life 

.  Based on the above discussion, the following procedure Is suggested 

for estimation of wing lift when blowing flaps are employed. 

a. Estimate the section lift curve slope, C, *, (C. for the 
a    0 

clean airfoil (£_ - 0, C »0)) using the procedure given in 
Subsection SB. 

O o 

b. Estimate o '■ (a for clean airfoil) using the procedure given 
'  in Subsection SB. 

c. Compute C ' for d ■ 0, C - 0 where C * ■ C ' (a -a •). 

d. Compute C for given flight condition and blowing power setting 
where: 

* 

% - VV*-VSB 

e. If C > 0.05 

c 
from Figure 3-52. 

2. Compute X_ where 

»B" &ii.o'*in<'-'')+ivrL%_ 
ic: 

•  Sin 6 
F '\H • Sin i, 

E-0 

3. Compute the sectional circulation lift coefficient as: 

\'   IT   ' <V 

O L. 
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■ ■ ,   y$l4   ■:■■' £ Ji.  

f.    If C    < 0.05 

1.    Obtain a for C    - 0.05 from Figure 3-52. 

'0 

2. Compute X.   where: 
BCrit 

X 

>BCrlt- a 6.28 Sin (o - Oj') + {j^-j Sin 6F + 0.5 Sin öj 

'c 

3. Compute C.    where: 
r 
'Crlt 

K 
2»  ^B 

(X.   ) 

'Crit 
Crlt 

4. Compute (AC,), for C - 0.0 for plain flap using the proce- 

dure of Subsection 5E1. 

S. Compute the sectional circulation lift coefficient as: 

05 2* Vci, + <ACi>« + (d 

g.    Compute: 

(AC, )Ä    - C     " C ' 

h.    Compute: 

Grit 
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o The details of this are described in the split flap Subsection 

5E3, but is briefly repeated here 

ai. 
ratio of the wing to section lift curve slope for clean 

V wing (6p - 0, C ■ 0) 

l'K 
L.^J 

From Figure 3-32 

8C. 

6ut where (Oj)c " 
E-CF/C 

and K. is obtained from Figur« 3-33. 

Co 1. Compute C. In the same manner as suggested for a clean wing 
o 

In Subsection 5C. That ist 

2nAR 

«  2+{^(l+(TanALE-lfM|)
i)+^ 

*«  2»   V38/E-l 

1/2 

J- Estimate the shift in a due to the deployment of blowing 

flap by: 

Ao0 - • 

RAC ) ./cL v + 

l Mcf) 
cy smc^ + ij) 
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I 

k. .The Increase In maximum section lift coefficient is: 

O 

AC.   - k • (AC, ).  + C Tin  («_ + 6.) 

«here 0.5< k< 1.0, depending upon the  tendency of the 

airfoil to Incur leading edge separation. If leading 

edge separation occurs without flap deflection, k = 0.5 

is applicable. However, if proper measurements are 

taken to preclude leading edge separation even at very 

high lift coefficient, then k =1.0 is applicable. 

1.    AC. 
HfAX 

- [^ + AC. (1 - .08 Cos2Ac/4) Cos3/4Ac/4 
REF 

{111-59) 

o 

186 



o 
3.    Suction Flaps 

In references 18 and 19, It is shown that the increment of lift 

due to the sink effect of suction is AC^. « CQ.  • f (6_, Cp.-). 

This relationship is presented by Figure 3-56 as: 

"Ö 

c 

».•-• 

% V • s 5 

where Q  ' - air flow quantity, ft'/sec. 

V   - freestrean velocity, ft/sec. 

Sg  - wing area affected by trailing edge suction flap, ft . 

The circulation lift of a thin flat plate with a trailing edge flap 

with fully attached flow is given by potential flow theory to be: 

(clr)pF - 2* • Sin a + 2(x + Sin x) • Sin «p (111-60) 

If sufficient cuetion is employed to preclude flow separation, the 
lift of the thin flapped plate with suction is estimated by 

S, thin 
2» Sin a + 2(x + Sin x)  * Sin 4F + Kg • CQS (111-61) 

X is defined in Reference 20 to be 

.-1 CP X - Cos"1    (1 - 2 ^- ). 
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SINK 

o 

V 

20« 60* 100*      140*      180* 

FLAP DEFLECTION, «F 

FIGURE 3-56: Sink Effect on Plain Flap Airfoils; t/C - 0 O 

188 

■'■.«■ 
M 

• 
^ /, H. ^  ; ^ ,   x^ikMim 



o 
( <-.    Procedure For Estimating Suction Flap Lift 

Based on the above discussion and an assumption that sufficient suction 

Is applied tu assure flow attachment over the flap,'the following pro- 

cedure Is suggested for sstlmation of ving lift when suction flap? are 

employed. 
'     «       - 

a.    Estimate the section lift curve slope.    C. ' , (C      for the clean ; 

a.lrfoll (6_ - 0, C   ■ 0)) using the procedure given in Subsection 

5B. 

1   :■   ■ 

cP 

b. Estimate o* (a for dean airfoil) using the procedure given la 

Subsection 5B. 

c. / Compute C/ for 6 - 0, C - 0 «her« 

0) 
<v-c^ ^-o 

d.    Obtain K- from Figur« 3-56. 

c.    Confute: 

«.   ".• 't 

f.    Coaputct i 

X - Co«'1 (I - 2 A 

g.    Coaput«; 

C 

C tr       2.    [ Sln(o    - «o) •»• 2(x ♦ Sin x) ♦ Kg • C, J 

/.■/ - i :;- V 

.* u 
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o h. Compute: 

(AC-)   -c.  - C' 
lr«s    r 

i. Compute: 

wcir' , ■ -...ft) (^ ■■ - 

The details of this are described In the split flap Subsection 

5E3, but, Is briefly repeated here 

Q 

I -—J"" ratio of the wing sec 

\ V wing (6p - 0, Cv  - 0) 

section lift curve slope for clean 

^\ 

cn. 
«"t 

From Figure 1-32 

b-t -her. CO. - ^,! SlaK) J 
•|'C 2* 

K^ 1« obtained from Figure 3-33. 

J. C.  for the suction flap deflected is approximately the same as 

for Che cleaa wing. 

k. The change ia angle of attack at xcro-llft is obtained from: 

C 
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o 
1.    The increase in maximum section lift coefficient is: 

0) 

Ö 

AC,        - k •   (AC    ) 

where 0.5    <   k    <    1.0 depending on tbe tendency of the airfoil 

to incur leading edge separation.    See discussion on blowing 

flaps. 

i.    AC. AC. 
«or 

(1 - .M Cas2 A^^ Cos,/4 h C/4 (III-42) 
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B. EFFECT OF BLC FLAPS ON DRAG 

Data available, with regard to the effect pf BLC flaps upon wing drag, 

are sparse and somewhat conflicting. Data given In Figure 33 of 

Reference 15 for the Grumman F9F-4  indicates that blowing reduces 

profile drag , whereas Figure 62 of the same Reference Indicates that 

blowing Increased Che profile drag of the British aircraft "Submarine 

Sclnitar". Seemingly, the effect of preventing flow separation over 

the flap surface would appreciably reduce profile drag at those flap 

deflection angles where the flow would be separated but for BLC. 

However, in cases where BLC flaps are employed, the profile drag Is 

normally small compared with Che Induced drag. Thus, It would seem 

adequate for the type of analysis within the present scope of this 

handbook to assume that AC    is the name as that given In Figure 

\  3-4«b for slotted flaps. ^lap 

O 

yrocsdur« for Estimatin« Drag Pus to BLC Flaps 

It Obtain ACL     using Figure 3-46b and Che procedure suggested in 
"■im 

Subsection Mi fox ooa-BLC flaps. 

2. Detsmine ACL      in the same manner as suggested In Subsection 

^ Imp 

5K for non-BLC flaps, that ist 

**. 
'flap 

*   w AR 

vlisr« V is obtained from Figure 3-49a through 3-49c, and 

AC,  is the increment in wing lift due Co BLC flap deflection. 

9.   The drag increment due to BLC flap deploymenC is; 

KL   - AC- 
min 
flap 

AV - C. 
lflap 

V     S 
REF 

Co8(4p + tj        (III_63) 

C 
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SECTION IV 

WHEEL BRAKES 

1. DISCUSSION , 

This section is intended to provide an analytical tool to estimate the 

force generated by an aircraft wheel braking system. An estimate can 

be made if the physical description of the wheel, tires and brakes and 

the condition of the runway surface are known. 

00 

During the evaluation of an aircraft's landing distance, there are two 

itemf that must be considered regarding the braking systemt 

"'I, The braking force, 

b. The brake's limitation.. 
 . . ■ * 

The braking force is defined, as is customary, in terms of the product 

of a coefficient and a force normal to the runway surface. The brake 

limitation is given in terms of an energy absorption limit. 

?. BRAKING FORCE AND EQUATIONS OF MOTION 

The present industry procedure for computing the ground roll distance 

is to solve the equation: 

•    ■ 

££ V - T - D - (Braking force) 
t 

where braking force - yB k. (GV-L) 4 wR (1-kj) (GW-L); 

k. denotes the portion of (GW-L) supported by the main landing 

gear at sero air lift velocity. 

O L 

With this procedure, the braking and rolling coefficients are assumed 

to be invariant during the ground roll.    In addition, no account is 
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taken of variation in main landing gear loading due to deceleration and 

aerodynamically induced moments, Thus the above equation provides 

Inaccurate results, particularly when braking is restricted to the main 

landing gear. 

C 

The following method provides a wheel braking estimate that accounts for 

redistribution of loading between the main gear aud nose gear due to decel- 

eration and aerodynamic moments. Procedures are included for tu king Into 

account the use or non-use of anti-skid devices, runway contamination and 

tire geometry. In addition, Subsection S presents an evaluation of 

brake energy limits. 

The equations of motion which describe the forces and moments acting on 

the aircraft are as follows: 

G 

EPorces Vertical «O-GW-P  -P  -L 
mg   nw (IV-1) 

EPorces Horizontal » 0 « GU 
^ + T - D - »«B  *  ^ - VR  '  F„„ 

(IV-2) 

EMoments about the nose wheel ■ 0 ■ I • (GW-L) + M       + x- aero 
. e.g. 

D • I - T • t 
e.g. 'T.L. 

GU  • 
- P   • t   - ~ • V • I, mg  x   g      *  . mg  •       eg'. 

(IV-3) 

EMoments about the main wheels - 0 ■ -(i«- *    ) * (GW-L) + 
^"8 Xc.g. 

«aero + D * *. - T • *    + P  ' I   - — * V • I 
eg,      *T.L.   "•  Xmg  8       ^c.g. 

(iv-A) 

«her« the pertinent force and moment vectors are depicted in Figure 4-1. 

m 
Here it it assumed for simplicity that during ground roll, drag and lift 

aet through the center of gravity parallel and perpendicular to the ground. 

C 
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Where braking is restricted to the main gear, the braking force is 

(PB • F ) + (Uj • Pn )  Rewriting the «oment equations (IV-3 and 

IV-4) as follows: 

'n " lb"" (M..ro ««e.g. * (CW"L> + *  ^«c.g. * T «n L. " 

(IV-5) 

-1 
nw   x    ^ aaro   "Hg   »e.g. tc>g> 

T* t ■I.l. " g • * - ^.t.) (IV-6) 

provides expressions for the wheel aoraal forces which accounts for 

dacelaration thrust and aerodynasiic «onent and drag in addition to 

considsration traditionally given to weight and lift. 

A perusal of References 1 and 2 indicates that an empirical expression 

for Pg ist 

Pj • £ (var.) (v.» (IV-7) 

where f (var.) describes the runway condition, uoe of an anti-skid 

device, ate. 

C. la the eapirieal-nondiaanaional naxlmm braking coefficient 

C- aeeounta for tha tira geometry and has the unite corresponding 

to(forea)  < 

F  it th« vertical force axartad on tha tires of the main gear. 

A is the tire print araa discussed in Subsection 7. 

C 
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o Methods for computing y. for anti-skid and non-anti-skid brakes with 

consideration given to runway contamination and tire geometry are 

presented by Subsections 3 and 4. 

Rolling friction, denoted by the coefficient u varies with aircraft 

velocity. The data of Reference 2 indicates that u. increases fron 

approximately 0.02 at 40 knots to 0.05 at 120 knots. However, B-58 

data presented i.i Reference 3 indicates much less of an increase, 

li. - 0.0116 at 0.0 knots to 0.0158 at 150 knots. The B-58 data tends 

to Justify the standard practice of using a constant value of iiR for 

the ground roll deceleration calculations. The T-3Ö computations of 

Reference 4 uses |i- * 0.01. Reference 5 computations for the C-135 

uses 0.015. 

a a 

Equations IV-1 through IV-7 provide the force data required to evaluate 

ground roll deceleration of aircraft «quipped with brakes applied through 

only the main landing gear. If, in addition, nose wheel braking is 

employed, equation IV-2 must be modified by replacing P- with a brake 

coefficient (y.) appropriate to the nose gear. 

3. BRAKING COEFFICIENT FOR DRY CONCRETE RUNWAYS 

This section provides a method for determining the brake coefficient, 

v.,corresponding to operation on dry concrete runways. Effect of runway 

cc'dminants ere discussed in Subsection 4. 

It has been determined cxpcrimantally that the braking for a given air- 

craft tire on a dry uncontamlnated runway is affected by the various factors 

as followsi 

Effect on u_ Factor 

1. Vertical load 

2. Velocity 

3. Tread Design 

4. Tread Composition 

5. Tire Inflation 

6. Tire Temperature 

199 

Decreasing coefficient with 
Increasing load 

None 

None 

Vary slight 

Very slight decrease with increased 
pressure 

Very slight decrease with increased 
temperature 
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K good discussion of these factors is given in Reference 1/2, and 6. 

In Reference 6 it Is stated that: O 
"Most of the information on tire friction has, in the past, been 

obtained with fully skidding or locked wheels. Information^for 

the fully skidding condition may be of value where a relatively 

snail amount of kinetic energy is to be'dissipated and tire 

wear is of little consequence. However, for aircraft operation 

involving enormous kinetic energies., deceleration with locked 

«heels would be disastrous. Tire wear, of course, varies with 

wheel slip - the löwer the slipping velocity the lower the tire 

wear. Tire wear can be reduced appreciably by operating in the 

incipient skidding region which also provides the maximum available 

tire-to-ground friction coefficient and hence maximum aircraft 

deceleration. For these reasons, and the fact that anti-skid 

devices tend to operate in the region of incipient skid, informa- 

tion on (i .(j  «appears to be of considerably more Interest and 

use in the aircraft operation than Information on tire friction 

with «heels locked. n   • 

> 

An expression for pHav which accounts for'the above factors is given 

by the equation. 

U^ . .93 - .00Upt (Verification of this Is given in 

Figure 4-2, which «as originally presented in Reference 2.) 
F " 

«here p Is the net bearing pressure which is po ■ z 

.      An 

«here F Is the vertical force and A is the tire net foot print area. 

Although this equation «as obtained from rolling speeds of 1 to 2 MPH, 

the data of Reference 2 verifies this equation up to 90 knots. 

For an aircraft «hose braking Is obtained solely from the main landing 

gaar tirost 

F_. 
»MX 

« .93 - .0011 (IV-8) 

O 
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For any rolling tire that has a braking systc« the coefficient of friction 

Is a function of the slip ratio.    Slip ratio la defined In Reference 2, 

page 11, «ftIch states: 
• 

"The difference between the peripheral velocity of the lire and 

the horizontal velocity of the wheel axle is defined as the 

relative skidding velocity occurring between the tire and the 

ground. The ratio of this relative skidding velocity to the 

horizontal velocity of the axle is defined as the slip ratio. 

Thus for 'a freely rolling wheel the slip ratio is effectively 

zero while for a completely braked wheel (full skid) the slip 

ratio equals. 1« ** 

The variation of y with slip ratio 1« shown in Figure A-3. The sh«d*»d 

area In this figure represents the normal range cf operations for 

anti-skid devices. 

Borne (Reference.2) shows that for a broking system employing an.anti- 

skid device, the effective jls approximately .9v   (Figure 36 of 

Reference 2 shows verification of this statement), see Figure 4-4. 

Therefore, the equation for effective v  (or v  average) is. 

Favg 
.837 - .00099«F 

where a method for determining tire print area (A ) is presented in 

Subsection 7. 

|i^ may then be considered the "best** braking coefficient that would 

be possible for an aircraft landing on a dry uncontaminated (no rubber 

or oil deposits) concrete runway, and using an anti-skid device. 

Due to the sensitivity of the brakes and the desirability of avoiding 

skid to reduce tire wear and to maintain controllability, non-skid 

brakes are normally operated at low slip ratios, below 0.1. Thus it 

is doubtful that a braking system that does not employ an anti-skid 

device could obtain even the v  associated with a full skid (brakes 

locked). Figure 4.5 indicates u for full skid in the velocity range 

above 40 knots to be: 

C 
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Tire DSM1 
Tire R4 

Tire R2 
Tire Dl 

EXPERIMENTAL DATA 

32 x 8.8 type VII; Present Investigation 
p - 260 lb/In2 

Tire «4 x  13, type VTI, p - 200 lb/In2 

Tire to x 13, type VII, p -  150 lb/In2 

Tire 56 x  16, typ« VII, p - 168 lb/In2 

Tire 26 x 6.6, cype VII, p » 103 lb/In2 

Tire 26 x 6.6, type VII, p - 230 lb/in2' 
Tire 40 x 12, type VII, p « 124 lb/In2 

1.0 

I 
Sä ?  .8 

•e o 
Si 
M 0 
I -rl 

^11 
I 

.6 

.4 

M 
•H «J H8 
o u 
e <M 

31 

.2 

Forward velocity, V, Knots 

FIGURE 4-5: Effect of Forward Velocity on thö Ratio of Tire-Ground 
Full-Skid Friction Coefficient to Maximum Friction Coefficient 

Wskid 
V. 

Data Obtained on Dry Concrete Runways. 
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It Is suggested that for an aircraft that does not have an anti-skid 

system, the braking coefficient be estimated as follows: 

1. Compute u   as for the anti-skid case 

2. Modify y.«  with the curve shown in Figure 4-5 by assuming 

'skid 
* ivmax) anti-skid (IV-10) 

3. Use of .9 of the results to insure no skidding. 

The curve in Figure 4-5 can'be expressed as: 

I <v) - c1 + c2v + CjV
2 + c4v

3 + Cj/ (IV-11) 

«here 0^ - 1.0 

C2 - -.24492 x 10 

C3-..3368 x 10"3 

C. - -.20098.x 10 

-1 

-5 

C5 • .42539 x 10 

V - knots 

-8 

and«so the estimated effective v  for non-anti-skid systems is given by: 

W^ - f (V) (0.837 - 0.00099 ^Si) ^«n (1V-12) 

This again applies only for dry concrete runways. 

For the purpose of landing ground roll evaluation calculations it should be 

assumed that: 

**m*i «vg 
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o 4. RUNWAY CONTAMIKAKTS 

The current method for accounting for runway conditions other than dry 

concrete Is to use a RCR measurement. RCR (Runway Condition Reading) 

is a measure of the deceleration capability of an aircraft as det^niinad 

by driving an automobile type vehicle over a runway and then getting the 

vehicle into a skid. The deceleration measurement made during this skid 

(in ft/see2) is the RCR value. 

Industry figures and descriptive runway conditions sre usually considsrad 

as follows: 

QD 

■I 

23 

12 - 17 

5 

Runway Condition 

Dry Uneontaminated Concrete 

Vet 

lea 

Various manufacturer's (See Table IV-1> have their mm values of |i corres- 

ponding to dry, wet or icy runwaya. 

Aa Indicated in Subsection 3, methods suck as the above «hick praviim 

Information only for the fully skidding case at» inadequate for «valtta-- 

tion of aircraft braking systems employing anti-skid devices. Im this 

case>)i|MX is the pertinent coefficient rather than v9mm 

The following material suamarises results of tests conducted to meaaura 

u  for various conditions of runway contamination, and in addition a 

method is suggested for '«lytically predicting the effects of elimstic 

cohtamlnation upon the i riet Ion coefficiaat. 

Runway contamination which induces tire wear is, of course, undesirable 

and therefore to the extent practical, ia «voided. As s result, the 

nature and extent of the contamination ia uncontrollable and usually 

non-uniform. In recent years a number of tests have been conducted to 

determine the effect of runway contaminanta upon tire friction. The 

validity of the results of these tests is somewhat restricted to the 

special conditions under which the testing waa conducted. 
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o Because of their extreme non-unlfomlty and resultant unpredictability, 

the effects of contaminants such as fuel, oil, tire rubber deposits, etc. 

are'considered to be beyond the scope of this report except to note that 

In Reference 2 certain test data Indicate that u   decreases from about Havg 
0.64 for the dry uncontamlnated concrete surface to about 0.48 for the 

dry rubber-contaminated concrete surface under the conditions of the . 

investigation. M   * 

oc 

Reference 6 reported on tests conducted with various climatic contaminants. 

These results are summarized by Table IV-2and Figure 4-6.    IE was reported 

that for dry and ice or snow covered runways there appeared to be no 

variation of u       over the airplane speeds covered in the testa and within 
•max 

the scatter of the data.   The large scatter in the data for wet runway 

and runways in light and heavy rain Is attributed to the variation in   ' 

the amount of water along the runway. 

A.    BRAKING COEFFICIENT FOR ICE AND SNOW COVERED RÜNWAY8 

If Table IV-1 contains values of u_ that are appropriate for the 

aircraft and runway condition under consideration, theae values 

may be used.    However, if no appropriate valuea of |i       arm 

listed therein, the following method for estimating |i_ la suggested. 

1. Select an appropriate value of p        from Table IV-!-2. 

2. Calculate u       from \t        in the same manner as was 
avg     max 

suggested in Subsection 3 for dry runwaya. That is 

a. If anti-skid devices are employed: • 

W   - 0.9 u 
avg     max 

b. If no anti-skid device is employed: 

"avg ■ 0-9 ^akid^ma^ ^ma^ anti-skid (IV-13) 

where (w tij/p   J) la given by Eq. IV-11 and Figure 4-$, sxie   max 

B.    VET RUNWAYS 
Several experimental programs (See References 2 and 6 through 15) 

have been completed in an effort to measure y on a wet runway. 

Based on these programs, some insight has been obtained into the 

influencing factors on P on a wet runway. 
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TABLE IV-2 

SUMMARY OF TIRE FRICTION COEFFICIENTS 

o 

(a) Dry Runways 

RUNWAY COVER 

Portland cement concrete (P.C.C.) 

Bitualnous concrete (B.C.) 

max 

0r,Z7. 

.81 .06 

Speed range 
(knots) 

M>$. ...*6-?8. 

49-108 

/ 

(b) Snow Covered Runways 

RUNWAY COVER 

1/4 In. of new, soft« noist snow over an icy and 
trafroaen snow subsurface 

1/4 to 1/2 in. of new, hard-packed ( molkt snow 
over b<]euBlnous pavement.    Packed by recent 

. plenHtnint   
S to 6 In. of new, soft, dry snow over ice- 
spotted bituminous pavement 

ma* 

)D.28 

.35 

.35 

1 to 2 In. of new, soft, dry snow over an icy,  | 2_ 
packod enow subsurfeee I 

H—— 

0.05 

.04 

Speed range 
(knots) 

.05 

20-60 

17-72 

I 

i 

-1 

11-65 

.03  16-103 

1 to 4 in. of new, soft,moist snow over an ley, i 
paekied snow subsurface I .24 .03  39-115 

S in* of old, soft to hard, moist to wet snow  \ 
loft on frozen lake surface when top 7-in, layer j .26 .03  11 
was removed by ploughing . I 

.28 

fag» ■—■ m«—»»*• ^.•.*>| 

1 to 3 la. of new, soft, dry snow over 5 in. of ! „ .02 j 32-86 

o 
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TABLE IV-2  (cont.) 

(c) Ice 

RUNWAY COVER 
i        .Speed rang( 

<f    r (knote) 

Frozen lake surface, with thin patchy snow reslduq 
left on ice from ploughing operation, surface        .0.18 

-4- 
temperatujre 32 P.    Ho water film evident.    Air 

itSfflBfiXÄtttnu. i^Ä».     
Frozen lake surface, with thin patchy snow residue 
left on ice from ploughing operation, surface       |   jg 
tpmperature 19 P. No water film evident. Air          i 

lEemperat.V.rfi^.flJk ^i  
/ 

(d) Wet Runways 

RUNWAY COVER 

IWet Portland cement concrete 

.Bituminous concrete in heavy rain 

iBituminous concrete in light rain 

Bituminous concrete in light rain with runway 
dotrod with puddles from previous rain 

0.36 
.42 
.43 

T 
Speed range 0   j (fawta) i 

0,13  53-94 
.16! 44-109 
.12i 33-93 

-- I 
61-103 .20     .09i  " 1  

.53      .07^    48-98 

.80     .10     69-91 

.    .:   .-I' ■ 

Ä5'..-    . :.     -   " '' 
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V, KNOTS 

17- Ml 

39-115 

17- 72 

61-103 

69r9l 

46-88 

49-108 

O 

. t 

\   DRY ICE, TEMP 19° 6 32* F 

m \SN0W 

—m / 
|   B.C., HEAVY RAIN 

S$$$33%»    B.C..   LIGHT RAIN 

jg^g    P.C.C, DRY 

J. JL 
.2 A & 

1^^   B.a,   DRY 
—J I 

4 1.0 

FIGURE 4-6: Mean values of Maximum Available. Tire Frlc.ioo 
Coefficient y   for Various Runway Surfaces. 

Value of standard deviation shown as shaded area 
about the mean. Abbreviation B.C. refers to 
bituminous concrete and P.C.C. to portland cement 
concrete. 

© 
O 
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o The results are sununarlzcd as follows: 

Factor 

1. Vertical Load 

2. Velocity 

3. Tread Design 

4. T^ead Coaposltlon 

5. Tire Inflation 

Pressure 

6. Tire Temperature 

Effect on 

Decreasing coefficient with Increasing 

Decreasing coefficient with increasing 

velocity (See Figure 4-5) 

Order of best braking (See Figur« 4-7) 

1. Clrcuaferential Rib 

2. Lateral Croove and Diaaond 

3. Saooth add Diaple 

Very slight 

Slight decrease with increased pressure 

Slight decrease vith increased toaperatur« 

% 

As was indicated above for ice and snow, if appropriate values of |i_ «re 

available in Table IV-^these should be utilised.    If otherwise, the follow- 

ing aethod for estiaating \u is suggested. 

1.' Coapute u      for dry runway using the appropriate aethod 

(for anti-skid or non-anti-skid) given in Subsection 3. 

2. Coapute: 

f(tread^V) ci+ C2V * S^ * cf* * V4 (1V-14) 

where the coefficients are defined by: 

Ttwi Oesign    C.        ',,. 

Saooth or Diaple .9666 -.21398x10' 

Diaaond .9748 -.12863x10 

Ribs (4)      1.0     -.11943x10 

-I 

r1 

-1 

.24384x10 

.92995x10' 

.75697x10' 

-3 
-.14359x10 

.39654x10' 

r5 
.31745x10 

r8 

.78224x10 
r9 

-.14953x10*^ -.590l57xl0'10 

Equation IV-14 is presented graphically by Figure 4-7. 

0, 
3. i^  - |i  • f(treed .V) 

wet 
(IV-15) 
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5. BRAKE ENERGY LIMITATIONS 

The brakes are Ilmitec by the aaount of 

without causing daaage to the brakes or citeing a fin 4m to 

heat. This energy limit 1« eapirically establiehaJ by the brake «ab- 

facturer and is a function of the type and ounber of stooe that are 

anticipated. For exanple, for the P-UMC eirplan«tif SO atof« an 

anticipated without change of brake-ltnlngv the« • kinetic nargy of 

6 x 10 ft-lba cannot be exceeded during each «top. If .only ««a ataf 

is to be made (naxiauta perfonn mce landing) witbowt cawatng a fin «c 
g 

explosion, then the energy limit la raised Co 10 s 10 ft-lbs. 

(See Table If-J» 

0-: 
The kinetic energy that the alrera.  brakes will absorb during a 

ing can be obtained by integration of the horlsoatal forcss Sjsstln 

(equation Vl-2) over the lending diatance. Rswrltlsg tks sfSStMUlt 

•'S * F^ ' F * ^ * T " D " "t* '«s 

Integrating along the ground r')ll dlatsncs 

J     *M'rm '*•*•   J      *****   J       CT - » - ^; f^) . 

where a is the initial diatance where the brskea are applied 

a. ia the finel diatance where the brakes ere released. 
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TABLE TV-3 

D 

KRAKE ENERGY LIMITS 

A*    Fron Che aircraft flight manual 
t 

Normal -> Normal operation use.    Some time factors may be required 

J. for brake cooling when operating near the limit. 

Caution - Poeslble fire.    Brake damage may occur.    Inspections are 
i 

required. 

Danger - Fire and explosions are imminent. Brake and tire 
/ inapections are required. 

Aircraft 

PeacrlPtton 

Normal 

Caution 

€-135 C-141 F-lll B-58 

.-6 
Brake Energy Limits (x 10"w ft-lbs) 

20      18      18       10 

28      27      23       11.8 

40      39.A     37.5     18 

'% 

r 
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Bi Fro« Brake Manufacturer*• data: (Bandlx) 

Aircraft No. of Stopa 

F-102 1 
10 

MO 

F-104C 
• «so 

F-1W 1 
5 

M5 

B-S2 
• • 

1 
5 

•45 

Dc-a 1 
5 

•100 

DC-9 t»(l) 

•100 

CV-880 1 
3 

•92 

a'-5^o 1 
.3 

•92 

a-44 1 
3 

•100 

Brake Energy limit 

(x 10"* ft-lba) 

11,25 
9.1 
9.5 

10 
i 

15.9 
9.1 
••) 

40.0 
30.2 
10.0 

30.9 
19.9 
11.2 

20.9 
10.1 
12.2 

24.9 
17.3 
13.9 

31.4 
20.2 
14.2 

17.7 
11.0 
0.0 

«p 

•To be conpleted vithoue change of lining 
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i 

■^ 
is^ »  |  V ds « ]/2 m • V2 r Che change in kinetic energy (AK,E.) C 

Brake energy (B.E.) -   T  M.'F^d. 

B.I. - AK.B.  + J  Cr - i» - w1 • F J d. (IV-16) 

It can be aeen that the brake energy can be reduced by peraitting a 

longer ground roll (IL - a ) ao that (T - D - v • F ) createa a larger 

negative nuabar and thereby «ubtracting from the total AK.E. 

Anti-akid ayateaa perait brake Operation near p , which in turn ia 

the condition where Mxima heat ia generated. The brake energy limit 

la alao a direct function »f thia heat generation. Therefore, if an 

aircraft ground roll o',curi during which the brake- era operated in 

the aatl-akid node '^r a long diatanca, there exists the possibility 

of exceeding tjr. brake energy liait. All aircraft that caploy antl- 

akid devi«*-* include brake energy liaita in the -1 handbook. 

''it should be eaphaaised that to deteraine if a ground roll calculation 

ia eoapatible with the braking ayatca, a brake energy cueck oust be 

Table IV-3 ahowa brake energy limits for various aircraft. This inforna- 

tion waa obtained fron either the nanufacturer'a T.O. (  *)-l Flight 

Manual or fron Reference 16. 

C 
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6. TIRK FOOTPRINTS 

In order to obtain the net tire footprint, one of the following pro- 

cedures should be used: 

1. The best way to obtain a tire footprint Is to obtain an lapresalon 

and graphically obtain the actual contact oroo. 

2. The next best method la to neaaure the tiro deflection and then 

coapute the footprint area as follows (Froai Soference 17) (toe 

Figure 4-6 for definitions). 

a. Obtains 

,   6 - Tire Radial Deflection (difference between loaded .and 

unloaded section heights) 

D - Tire outside dleaeter 
o 

V - Tire eection width 

/ * '       . . 
Df - Eia flange dleaeter • 

b. Celculate diaeneione of basic "Decep Aroe*, which is the «MM 

of intersection of a borisontel plane through the tiro at the 

redial deflection point (or depth) dt 

WM 

M - Mejor Axis of Decep -   2     /iQT - i) 

a - nt,'3V Axle of Decep -   2     /d (tt - d) 

>roa the above values, approxiaate footprint dinenslons aay 
be calculated ae follows: 

f - Major Axle of Footprint - .85 N 

il.OO for Type VII « VIII Tire« 
f - Minor Axle of Footprint -ax <  .93 for Type III Tiros 

(. .84 for Type'I Tiree 
Footprint erea - .785 • F • f     x    T.95 for Type III, VII t VII Tlree 

L .85 for Type I Tires 

3.    If the tire deflection la unknown the following approximation can be 
deed. 

■-* 

-r— 

&: 
■ '*::■ 
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V 

Plang« Diameter 

Tlr« Ootslde Diaaeter 

Section Height . 

Section Width 

> 

FIGURE 4-8: Tire Geonetry 
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.«her« B ■ present deflection and 
B - 3SZ for Type X, III, t VI 

B - 32X for Type VII ( VIII 

FH - free height (unloaded eectlon height «hove the top 

of the rim flange ) 

D_ - D^ 
FH - 

Q 

for an analytical estiaation of A|| (net footprint area), tha above 

definitions can be reduced to the follovingt 

Tire TYPO 

I 

Bet Footprint Ar— 

Au - .333(Do - Df)   /(D^) ■ .175(8^ Bf> ((0^ W -a;»W^ M 

(IV-17) 

III 

VII, VIII 

ku - .412(0^ - Df)   SVjn - .175(Po> Df) ( (D^ W) -.US l^g| 

(If-li) 

AII - .404(Do - Df)  Hh0V - .lft<50 - Df) | (»o+ U) -.IK00. BfJ| 

(W-lf) 

b 

Table IV-4 \Abstracted froa Reference 17) given values of 0 , D-, and 

V f*r numerous tires in use at thia time. 
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TYPB I 

Site 

TABLE IV-4 

TIRE FOOTPRINT PARAMKTERS o 
27" 
33" 
38" 

28.16 
33.06 
36.86 

9.66 
11.30 
13.08 

• 

15.75 
18.125 
19.50 

44" 
47" 
58" 

44.94 
47.98 
56.62 

15.76 
17.00 
19.9? 

24.125 
25.75 
29.75 

•5" 
8.00 
10.00 

65.66 
8.10 

10.06 

23.04 
3.06 
4.18 

34.438 
3.843 
4.218 

12.90 
14.50 
17.00 

12.50 
14.  I 

5.40 
6.24 
7.20 

5.062 
5.969 
6.906 

28.00       / 26.00 11.00 10.50 

Tiff" 

o 

25.79 8.85 15.5 

/ 

9.00-4  ' 
9.90-4 
0.00-4 

n.25 
14.20 

■18.00 

5.05 
5.75 
8.30 

5.50 
5.50 
5.38 

9.00r> ' 

r.oo-« 
14.20 
17.50 
18.75 

4.95 
6.30 
7.00 

6.50 
7.50 
7.50 

1.00-0 
•.00-0 
0.90-« 
f.00-8 

19.50 
19.50 
22.10 
22.40 

7.95 
7.99 
8.85 
9.25 

7.50 
7.50 
7.75 
7.75 

Typ« III eontiau«d on next peg« 

O 
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o TYPE III    Continued 

Sise 

8 

10.00-7 25.45 10.25 9.S0 
6.50-8 19.85 6.95 9.63 
7.00r8 20.85 7.30 9.63 

8 

6.50-10 22.10 6.65 11.63 •> 

7.50-10 24.15 7.65 11.63-; 
11.63   *• 8.50-10 25.65 8.70 

8.50-10 25.65 8.70 11.63 
29x11-10 .29.00 11.00 12.00 
15.00-10 34.80 15.00 12.00 

11.00-12 32.20 11.20 14.00 
8.90-12.50 27.70 9.00 14.25 
7.50-14 27.75 7.65 15.63 

9.50-16 33.35 9.70 18.00 
12.50-16 38.45 12.7S 18.00. 
13.50-16 39.80 14.00 19.2S 

15.00-15 42.40 15.30 18.75 
14.00-16 4S.0S '    17.40 18.75 
17.00-16 45.05 17.40 18.75 
15.50-20 45.25 16.00 23.25 
17.00-20 48.75 17.25 23.50» 
20.00-20 56.00 20.00 24.00 
19.00-23 55.10 • 19.38 27.00 
25.00-28 71.13 25.70 3S.2S 

TYPE n 

81^ Do V Df 

15x6.00-6 15.20 6.30 7.S 
22x7.25-11.50 22.34 7.43 13.94 

TYPE VII 

8ii« 

16x4.4 
18x4.4 
20x4.4 

12-l/2x 
4-1/2 
18x5.5 

16.00 
17.90 
20.00 

12.60 
17.90 

continued on next page 

4.45 
4.45 
4.45 

4.45 
5.70 

9.624 
11.624 
13.624 

5.75 
9.75 
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TYPi; VII continued 
• 

81s« Do V • Df 

20x5.S 20.15 5.70 11.75 

22x5.5 22.15 5.70 13.75 
22x5.5 22.15 5.70 13.75 
24x5.5 24.15 5.70 15.75 
25x6.0 25.00 6.16 15.75 
22x6.6-10 21.75 6.80 12.0 
26x6.6 25.75 6.65 16.0 
30x6.6 30.12 6.50 22.0 

32x6.6 32.00* 6.50 22.0 
25x6.75 25.50 6.85 16.0 
24x7.7 

l 
24.15 7.65 11.812 

20x7.7 27.40 7.85 16.0 
29x7.7 28.40 7.83 17.0 
30X7.7 .    29.40 7.85 18.0 
30x8.? '    30.40 8.90 17.25 

32x0.0 31,00 8.90 18.25 
46x0 45.50 8.70 33.0 
34x9.9 33.40 10.20 18.50 

34x11 33.40 11.30 17.0 
34x11 35.40 11.30. 17.0 
36x11 35.10 11.50 18.75 
30x11 37.10 11.50 20.75 

40x12 39.40 12.35 21.0 
39x13 30.25 13.00 18.75 
42x13-10 41.25 13.50 21.25 

44x13 43.55 13.50 23.75 
40X14 39.00 14.00 19.25 
40X14 39.80 14.00 19.25 
44x70  . 43.25 16.00 21.25 
4*..» 45.25 16.00 23.50** 

56x16 56.40 16.20 32.50 
49x17 40.75 17.25 23.50 
47x10-10 46.90 18.00 21.75 

o 

o 
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m{.':wmi 
.      L 

? 

.« 

# 

o 
TYPE ym 

Sit« 

14x4.S-8 14.00 4.50 9.624 • 

18x6.5-8 18.00 6.50 9.75 
27.5x7.5-16 27.75 7.50 18.0 • 
22x7.7-12 22.35 7.>0 14.0 
26x8.0-14 26.00 8.00 16.25 
22x8.5-11 22.00 8.50 12.75 

30x11.50-14.50 20.25 11.50 17.00 
31x11.50-16 31.09 11.50 18.50 
32x11.50-15 

m 
'32.00 11.50 17.50 

41x15.0-18 41.00 15.00 21.25 
40x17.50-18 40.50 17.50 21.50 
50x20-20 

• 
50.00 

• 
20.00 23.75 

G 
BRITISH TYPE TIRES 

Sis« 

18x4.25-10 
23x7.00-12 
24x7.25-12 

18.25 
23.20 
24.50 

26x7.75-13 26.20 
35x0.00-17 34.80 
36x10.75-16-1/2   35.90 

4.70 
7.20 

13.40 

7.90 
9.40 

10.70 

11.20 
13.30 

14.40 
19.20 
18.80 
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Bight tire types have been established by the U.S. Aircraft Tire 

and Urn Industry. 

ii 
in 

I? 

n 
VII 
mi 

. ACTIVE FOR 

PRESSURE USE NEW DESIGN 

hau Fixed Gear Aircraft No  '. 

***** Retractable Gear Aircraft No 
Lew Sea» as I Snail Aircraft 

and Helicopter 
Yes 

Extra Low Nearly Obsolete 

Obsolete 

No 

Lew Nose Wheel - Old Aircraft No 
Extra High Military 4 Cosnerclal Jets Tes 
Extra High High Speed Take-off - Millt try Teft 

/- 

s 

I o 
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O 
7,    SAMPLE PROBLEM 

GIVEM; 

1. F-104G 

2. GW - 20,000 lbs. 

3. Assume .9 GW on Hain G«ar 

4. No Antl-skld Systat 

5. V - 100 knots 

6. Wet Runway 

7. Tire: Type VIII 26 x 8.0 - 14 rib trsad 

'«rg 

e 

SOLUTION: 

From Table IV-4 D   - 26.00 o 
V   -   8.00 

D{ - 16.23 

A   - 99 In2 (2 Tires)  (From Eq. IV-19. Tlr« Footprint SoetiM) 

ti       - .657 (Anti-Skid) (Equation IVT9) 

pav   -    .22 (No anti-SKid)    (Equation IV-11 and I?-12) 

pwet "    '09 ^*t n0 antl*8kld)    (Equations IV-14 and If-lS) 
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SECTION V 

THRUST 

1. DISCUSSION * 

This section presents the two methods used to vary the thrust and 

thrust line of the engine other than throttle control that are In 

current use.    These two methods are respectively, thrust reversing 

-    and thrust vectoring. 
• 

Th6 methods of producing reverse thrust are presented as well as 

methods to determine the amount of reverse thrust and the flow 

phenomenon associated with 1c. 

A generalized discussion is given at the end of this section on 

thrust vectoring.    It is intended to present the methods and use 

of thrust vectoring along with a simplified mathematical approach 
for use in the generaliied force balance equation.   A detailed 

«nslysis is beyond the scope of this report. 

2. THRUST REVERSERS. DESCRIPTION OF TYPES 

Over the years numerous aerodynamic and mechanical devices for 

reversing the thrust of a Jet engine have been designed and used. 

However, most of the present installations fall into two basic 

categories.   These are: 1) internal blocker door and 2) target 

type reversers.    These two basic types differ only in their 

location in the engine installation.   The internal blocker door 

reverser is located forward of the exhaust gas exit plane   (when 

deployed) while the  target     type is located eft of the exhaust 

gas exit plane (when deployed). 

A.     IWTERNAL BLOCICER DOOR TYPE 

The Internal blocker door type can be divided into two categories: 

1) cascade and 2) deflector.    These are shown schemtically la 

Figure 5-1.   Host "fan air" reversers on present day aircraft 

utilise tae cascade type.    The only U.S. eircraft utilising the 
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internal blocker door on the primary exhaust'are the Boeing 

707, 727 and the Convalr 880 and 990 series aircraft. 

b 

B. TARGET TYPE 

The target type reverser can also be divided into two categories: 

1) stang mounted and 2) barrel mounted. These are shown 

schematically In Figure 5-2. The "stang mounted" are currently 

used on the DC-9, C-1A0, C-141, 737, Gulfstream II, and the 

> Sabrellner. The "barrel mounted" are currently used on the 

DC-8 and.the Swedish Vlggen. The barrel mounted Is usually 

' employed when the aircraft uses a primary ejector for thrust 

augmentation or engine bay cooling. This latter type has 

been proposed for use on military aircraft. 

C. GROUND ROLL REVERSERS 

This type of reverser Is a two position device that Is either 

•eowtfd or fully deployed. The reverser Is normally deployed 

at touchdown and remains deployed until a ground speed is 

reached called the "cut-off speed". This is discussed in 

Subsection 6. One aircraft, however, uses the inboard reversers 

on occasion during approach. This is the DC-8. All aircraft 

quipped with reversers today have ground roll type reversers. 

D. IW-FLICHT REVERSERS 

This type of reverser is used to increase the aircraft's Man- 

euvering ability by enabling virtually Instantaneous thrust 

changes fro« full forward to full reverse. The rcverscr doors 

■odulate Manually or autonatleally providing rapid deceleration 

and instant power control. In use,the engine is kept at a high 

power setting while Modulating the thrust, thereby enabling 

the pilot to obtain Maxisnai thrust within one or two seconds. 

This type of reverser (usually referred to as a thrust divertcr) 

is proposed for Military aircraft to improve their conbat per- 

foraanee, and it will usually be used during ground roll. 
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»%      DECELERATION FORCE ATTRIBUTABLE TO REVERSKR DEPLOYMENT 

•   Although there Is a vast variety of possible reverser config- 

urations, the deceleration force attributable to-reverser 

deployment can, regardless of configuration, generally be repre- 

sented by the equation; 

AF - nFG -  (&Drag)TR - Ram Drag (V-l) 

where the thrust vector n Is +1 for 100Z forward thrust and -1 

for 100% reversed thrust. Practical limitations on the value of 
0ß 

n are discussed in Subsection 4.. 

i 

(Ä0rag)TB for an isolated thrust reverser In compressible flow is 

essentially base drag.    The appropriate base area is the frontal 

area of the reverser and base area» forward of the reverser exposed 

by deployment of the reverser doors as shown in Figure 5-3.    The 

base drag acting on the aft side of the reverser doors Increases 
with ir.teasing engine nozzle pressure ratio (NPR).    This latter 

pfi*.>jaenon is probably due to strengthening of vortices formed 

behind the door during reversed thrust modes.    These vortices were 

readily observable in the flow visualisation test of Reference 1. 

Test data indicates that at an NPR of 110,  the base pressure 

coefficient is approximately C   - -0.  .    The variation of base 

pressure with NPR it dependent upon reverser configuration.    Tests 

with target reversers have indicated the increase in the absolute 

value of C   can be as wich as 0.2S (i.e. C   - -0.75) at NPR - i.S. 
P F 

In addition to the base drag, reversed thrust further influences 

Airplane drag by Influencing the aerodynamic characteristics of 

Uftlng surfaces and other aircraft components in the ncsr vicinity 

ft the exhaust plume profile.   This effect plays a prominent roll 

In the dasiga of reversers for wing mounted engines.    In the 

.   iPA instance of thrust reversers located forward of the wing fleps 
Wth the exhaust plume directed spenwise,  there occurs at certein 
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aircraft velocities a reduction of pressure acting on the forward 

face of the flap.    The resulting negative drag (thrust component) 

acting on the flap can be of sufficient magnitude so as to null 

the net effectiveness of thrust reversal as a deceleration device. 

Judicious and/or fortuitous location of the rwerser and exhaust 

plume will minimize adverse aerodynamic effects and in some 

Instances create positive increments of drag (e.g. where revcrser 

deployment Increases the suction on the leeward side of the flaps). 

' A method for predicting plume profile as a function of flight 

dynamic pressure and engine nozzle pressure ratio is presented 

in'Subsection 7. 

Although ram drag is present anytime the aircraft has forward 

.motion with air parsing through the engine,  it generally cannot 

be used to advantage in deceleratlve modes.    It is only of sign- 

ificant magnitude when engine airflow is high in which case gross 

thrust Is also   large.    Without thrust spoiling or reversal devices 
it is necessary to "throttle back" to effectively decelerate the 

aircraft.   Thus in determining the increase in aircraft deceleration 
fore« increment due to reverser application account should be made 

of the increase in ram drag available through operation of the 
engine «tt hl^h power settings.   The adverse forward thrust that 

eviste during conventional idle thrust deceleration should also 

be taken into account in evaluating the increase in deceleratlve 

force due to reverser application. 

Thus in comparing ground roll with thrust reverser against ground 

rolls made at idle thrust without thiust reversal, the net increase 
in deceleration force due to reverser deployment is given by: 

(/DFW " '"'c * (ADra2)IR ♦ «•■ D"« + <rii>Idi, <V-2) 

Wien comparing cases involving emergency landing oondltions, it 

should probably b« assumed that the ground roll performed without 
thrust reverser 1« execjted with the engine switched off.    In 
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o 
which case: O 

(ADF)Net - -nFg + (ADrag)TR + R«i Drag - (Ram ^n)?owmt off    (V-3) 

A. '   REVERSER EFFECTIVENESS 

The reverser effectiveness is the ratio of revetser thrust to forward 

thrust T /F and is related to the thrust factor employed In equation 

(V-l) by -n - TR/FG. 

O 

Theoretically, reverser effectiveness up to 1.0 is possible. Values 

in excess of 0.8 have been obtained with both target and cascade ■ 

type reversers. However, blgh values of reverser effectiveness at 

low forward flight speeds tend to cause impingement a^d/or attach- 

ment of the exhaust gases on engine cowling and/or fuselage. This 

combination also results in re-lngestlon of exhaust gases Into the 

engine Inlet. The primary adverse effect of re-ingestion la 

engine surge resulting from non-uniform temperatures of the Inlet 

air.  The primary adverse effect of flow Impingement and attach- 

ment is excr^ive heating of affected aircraft components. In 

addltloi,, flow attachment sometimes results in re-ingestlon. Re- 

ir\pr*tion  is discussed further In Subsection S. Thus for thos 

aircraft where exhaust attachment and/or re-ingestion arc critical, 

a trade off must be made between reverser effectiveness and cut-off 

speed (the minimum speed at which reverse thrust will be employed). 

For the higher reverse thrust effectiveness a larger deceleration 

force Is available but is available only during the Initial phase 

of the landing. A lower reverser effectiveness applied over a larger 

portion of the landing ground roll may result in an overall shorter 

landing distance. In Addition, a less effective thrust reverscr 

will have lower loads which allows for more forgiving design criteria. 

A. COMMFRCIAL AIRCRAFT 

Ground roll reversers for use with turbojet cocnercial airliners 

are usually designed with effectiveness ranging fro« 0.3 to 0.S 

with the majority at O.A. However, If fanjet engines sre 

employed, a higher rcverser effectiveness can be utilised. Fsn 

reversers csn tolerate some re-ingestion and attacbient because 
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o qf Che relatively low (100 to 200*F) fan air temperature. 

Reversed thrust ratios of 0.6 can be used on fan reversers 

In commercial applications. 

S.    MILITARY AIRCRAFT 

If the thrust reverser is to be deployed strictly for ground 

roll deceleration, the design criteria is much the same as 

that stated above for present day commercial airliners. 

»Host of  the fighter aircraft have the engine mounted in the 

, aft fuselage with inlets far forward so that the probability 

' of re-ingestion during landing is reduced or at least delayed 

until the aircraft has decelerated to low velocities.    These 

factors weigh the compromise towards higher reverser effect- 

iveness.   'Values in the order of 0.6 are reasonable. 

There «re present plans to equip several of the military 

aircraft with in-flight thrust reversers for use in conjunction 

with high speed maneuvers.    For these aircraft the emphasis 

is on high values of reverser effectiveness.    If, on ground 

roll, re-irgestion. Impingement or re-attac    ent are problems, 

it w*y be necet tary to either tolerate a rather high cut-off 

••eloclty, reduce the power setting, or modulate the reversers 

during ground roll.    However, in an emergency, situation it Is 

likely that full rcverser would be used throughout the ground 

roll. 

Although thrust reverser effectiveness varies grossly fro« 

installation to installation as dependent upon various specific 

design criteria, it is often necessary for generalised studies 

to use soae representative value.    For the purpose of such 

generalised studies, the following values are reconMnded. 

Tm MmgJt T/l Effectivenes« 
CosMircial Turbine Jet .4 

Co—srclal Fen Jet .6 

Military Aft Fuselage Jet .6 
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5.       RE-INCESTIO» 
There are basically thue types of re-losMtloat croM lageeklee, 
reflective ingeatio*    .nd self li^estloa.'   Bach of Cboso is 
discussed below and illustrated in Figure S-4.   The aoooclatoi 
discussion of cut-off speed and pluae shape are presentod la 
Sections '6 and 7 respectively. 

O 

Cross ingastion is illustrated by the flov fro« nacelle 2 ta the 
inlet of nacelle 1 in Figure 5-4.   Thla is a aajor prohlea uhan 
multiple engine» are nounted on a wing section and the axhanat 
fro« the engines are diverted with spenwise eoaponeato. 
tion of this type can oecur at fairly high ground coll 
especially when the wing is significantly swept hack la which caaa 
exhaust fro« the inboard engines is ingested by the outheaH .. 
engines.    The spsnwise coaponent of flow is eoodueive of teaparatora 
gradients which causs engine surge.    Bngins surge, ia avidaaaad by 
a belch of fire out of the inlet or the tailpipe aecoapsnied by a 
loud bang. 
If the reversed flow is directed in a vertical rather than a spaa- 
wise direction there is a tendency for flew to bounce off tha 
ground and up into tha engine inlet causing reflecting ingeatie«* 
This is Illustrated by nacelle 4 in Figure S-4.   Ia additio« to 
engine surgs this aay cauae atones and other foreign objecta ta 
be ingestsd by ths engine. 

0 

The thiri type (sslf Ingestion) illustratsd by nacelle 3 ia Figure 

S-4, uaually occurs st a relatively low aircraft velocity. Self 

Ingestion is usually coincident with flow attachaent in which caaa 

the flow edheree to the outer »»all of the nacelle, flowe fvrwaH 

and into the inlet. Ihie type of ingeation is datriaental only ia 

.O 
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o 
the velocity range when the exteust-flou is  just strong enough 

relative to free streaa to cake its vay to  the Inlet. Mien the 

aircraft is at somewhat lower velocities the exhaust plusMS pro- 

gresses forward of the inlet and then carried aft to the engine 

inlet. If the forward progress is sufficient» the flow In Its 

regress to the inlet is nixed sufficiently with free streaa 

that temperature becoaes fairly uniforn, and  engine surge la'-.'. 

no longer a problem. When self Ingestion is prevalent- it la 

necessary to cut power in the velocity range when engine aurge 

is likel/ to occur but at lower velocities aaximua engine power 

cay be resuned without detrcaental effects. 

O 

( ) 

6.      CIT-OFF SPEED 
As indicated above, the mir.iaum apaed at which full advantage may 

be taken of thrust reversal is limited primarily by the occurenca 
of reingestion.   This cut-off speed is usually established by taxi 

teata.    However, pralininary estimates «re sometimes   made by plume 
analyais such as that presented in Subsection 7. J 
A typical test evaluation utilises anaol dust (sodium bicarbonate) 

or chalk on the runway. Movies are male while the airplane paaaea 

over a atretch of the runway that ia covered with placea of chalk. 

Teat run« conducted at various speeds determine when or if the 

chalk ia ingested into the engine. 

Factors which affect reingeation are discussed in Subsection 5. 

As indicated in that section, the speed at which reingeation occurs 

ia atrongly affected by airplane configuration, reverser configur- 

ation and thrust setting. A well designed commercial Jet inatall- 

ation with proper consideration given to reingeation can be expected 

to be operated in full reversed thrust at speeds down to 30 knots. 

Military aircraft,especially those incorporating aft fuselage Install- 

ations »should be operative with significant reverse thrust to 

speeds somewhat below 30 knots. 

i 
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o For ehe purpose of generalized studies wl'.cre specific data Is 

hot available  for cs-ticutioa of cut-off speed,  it  is recoianended 

that the following \alucs be used. 

Type'Aircraft Cut-Off Spe cd.  Kts. 

Ccmnercial Turbine Jet 50 

Coaaercial Fan Jet 20 

Military Aft Fuselage Jet 20 

Xn emergency conditions,  it should be assumed that 

thrust reversers are deployed ta V • 0 knots. 

9 

7.  FLUME SIIAFE 

Pluoe shape varies with reverser geoaetry, engine nozzle pressure 

ratio (NPR) and aircraft forward velocity. Flow visualization 

wind tunnel tests have been conducted with target reversers with 

approximately .55 revcrter eTfrctiveness. These tests Indicate 

that plume shapes vary in a predictable manner with variation of 

the term CpR, defined as CpR - 103 (HPR-l)/q. This is Illustrated 

by Figure 5-5 which presents the variation X - T coordinates of the 

position of the points of maximum forward projection of the Jet 

plume. These values of X and Y were obtained fron oieasurements 

made over a wide range of NPR, and 'q* combinations. The values 

of X and Y are related to barrel dianeters so that they may be 

used with any barrel. A given value of C-- applies to a number 

of flight conditions as illustrated by Figure 5-6. 

Approximate Method for Prediccin^ Plume Shape 

The foregoing discussion is useful in determining an envelop« 

of flight conditions that correspond to a given plume shape. 

Based on the saae data as that mentioned above, a method has 

been forpulated for predicting the shape of the plume profile 

for given NPR and 'q' values. This method is presented graph- 

ically by Figure S-7. In using this approximation, it should 

be kept in mind that the method Is based on tests involving only 

two thrust reverscr configurations, both of which were target 

reversers with a design effectiveness of approximately 0.55. 
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O It is HVely that exhautt plumes caanatlog fro« reverfers 

with lover design revetiet  efficiency vill be blown back 

sooner than indicated by this aethod. 
O 

Figure 5-7 is a chart which will yield the three aajor 

diKensions of the outer profile of a reverse pluae. It gives, 

in the axis of symetry of the reverser, the distance the plune 

travels forward froa the noisile exit plane (T), the perpendicular 

distance from the nozzle centerline to this forward aost point 

(X), and the distance fron the engine oenterline to the outer 

surface of the plune after it has completely turned and la 

travelling with the free-streaa air (W). 

For simplicity, the chart will be explained with the following 

example: 

The nozzle pressure ratio for reverser operation^* 2.16. 

Noszle diameter - 12 inches. 

Consider the plume shape at 100 knots; 

From Figure 7 for NPR ■ 2.16 and 100 knots EA8, obtain a 

horizontal line to intersect the H, X and Y lines. Carry tha 

three lines downward to Intersect the .line corresponding to 

the nozzle diameter (12 inches in this example). 

This gives Y £ 32 inches (approx.) 

X ■ 58 inches (approx.) 

W ■ 124 Indies (approx.) 

Where Y, X and tf are as identified in Figure 5-7; 

8. THRUST VECTORINC 

Thrust vectoring in this section refers to vectoring systems 

designed primarily to produce vertical coraponcnta of force as 

opposed to thrust reversal. The intent is to assist lift to 

enable the aircraft to maintain reasonable flight paths on landing 

approach at lower speeds than possible with lift alone. O 
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Numerous schemes have be in einplcycd to obtain vertical thrust 

for V70L and STuF. perfonnanc«. For VTW. operation it is 

usually necessary co size Che aircraft power plants for the 

VTOL node at appreciable sacrifice In conventional flight 

performance. Where reduction of leading touchdown speed is 

the primer ,' consideration, it is possible to aake signif icsni: 

ivproveocnts using power plants slzzd for optlaua perforaancc 

during conventional flight sndos. 

A recent study was m£de of effectiveness and possibility of 

modifying four exlscing fighter aircraft to incorporate thrust 

vectoring capability (Reiecence 2)*  In this study it was con- 

cluded that thrust vectoring of engine sized for conventional 

flight requirements is a feaclble means of reducing landing 

speeds. In addition, inoculative thrust vectoring can be used 

effectively to Improve glide peth control and wave-off capability. 

However, retrofitting certain existing aircraft may be prohibitive 

because of structural oadlflcatlon or system weight required. 

Assuming that the thrust vectcr is nullified after touchdown 

so as not to effect wheel brake effectiveness, the primary 

effect of thrust vectoring upon ground roll Is to reduce the 

touchdown velocity. For this purpose, an adequate evaluation 

can be made by considering the forces acting on the sircrsft 

in static equilibrium during approach. These forces include 

consideration of the aircraft's inertia characteristics, earth's 

gravity, propulsive forces generated by the engine, and the 

aerodynamic forces and coaents due to the aircraft's motion 

through the air. 

The evaluation can be mad* by simultaneous solution of the 

following equations: 
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I V  <0 - ao) + CL.  '*e + CL:   'H + Ci; < 
lH - ~*f 

qS + Fc.sin (a + «T) ♦ 

K.cosa.V.cosy - 0. 

O 

MAC 

V. , t € H F 

6F-CL F LK 

1^ 
Us 

< 

r 

+ Fc cos (o + 6V) - Ran Drag + W slny - R slna - 0. 

PITCHING MOMENT 

< C      + C 
"o        »C. 

CLa <* - Oo> + CL; 6e + ^^H + V  «F 

.i.. + C.6+C.«/ 
i,    H       m6      e        m6  '"F    V      C.q.S + R (AxR) - 

Fc (AJ^ 8in6r + AZ^ co86T) - 0. 

The aircraft's axis system is established as indicated In Figure 5-8. 

The X-axis Is the aircraft longitudinal axis and the Z-axis is per- 

pendicular to it in the plane of sym-netry. The major aerodynamic 

and inertia forces, lift, drag, pitching moment and weight are 

considered as acting through aid about the center of gravity as 

shown. These aerodynamic forces are composed of the various component 

forces contributed by the ving, flaps and horizontal control surfaces. 

O 
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The propulsive fosce duo to deflected main engine thrust 

h«8 components In the life and drag directions as well as 

contributing a counter-jiouent to  the aerodynamic moment 

(when the main force vector is offset from the e.g.)« The 

pitch control reaction force Is integrated into the equations 

when necessary to balance the moment about the e.g. for equili- 

brium. 
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o SECTION VI 

WEIGHT PENAI.'n-llV.UUATIOM 

1. DISCUSSION 
■ t; , 

This section presents s methoc for comparing the weight''penalty 

for the various deceleration devices available for design of 

airplanes and considered by thl» study. 

Thft   weight penalty concept described herein will predict the total 

weight increment to the aircraft: resulting from the Installation 

of the device.    This will Include bat not be limited to the periph- 

eral structure removed, the basic structure added or supplemented, 

and the means of operating and controlling the device.    Special 

design considerations are noted In the description of each device 

that follows. 

aXn all cases the unknown valun or variable of the parameters 
considered is a number which can be defined by performance 

requirements. 

Attention has been directed toward the solution of these problems 

utilising as much data as cou.'.d be collected.    These data Include 
much of the referenced information as well as other actual measure- 

ments of existing aircraft and have been plotted on the appropriate 
graph to Illustrate the effectiveness of the formulae. 

Careftil attention has been paid to the aircraft's existing systems, 

in particular those hydraulic or pneumatic lines which have been 

expanded to include the added deceleration device requirement. 

„ ■■■■% .. , 

For each device, series of equations were established to derive the 

weight penalty formulae.    No one solution would satisfy every case; 

therefore, the one formula yielding the narrowest band was used 

which provided the best obtainable confidence level.. 
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o 2.  TRAILING EDGE FLAP 

Flaps are auxiliary surfaces making up a rear portion of Che wing. 

When they are lowered,  they alter the camber of the wing.    The 

result is an increase in lift and dreg, and the zero lift angle 

changes to a more negative value.    As a result of these changes, 

the aircraft can:    (1) land at a lower speed,    (2) glide at a        *■' 

steeper angle over obstacles, or (3) use more power during the    «1 
r'. 

approach and thus minimize engine acceleration time in case* of-a 

go around. * The four basic types of flap« are: plain, sjillt, slot, 

and Fowler. 

O 

The plain flap is a simple hinged portion of the trailing edge. 

o 

The split flap consists of a.  flat surface which is hinged to the 

bottom of the wing. This type generates a slightly greater change 

in maximum lift than the plaia flap and because of the greater turbu- 

lent wake that it causes, a mach higher drag is produced. 

The slotted flap is similar to the ?lain flap except that the gap 

between the wing section and the leading edge of the flap has a 

special contour. 

■J 

The Fowler flap resembles the slotted flap except that the deflected 

flap segment is moved aft along a set of tracks. When extended. It 

increases the chord and produces an increase in wing area. The Fowler 

flap is characterized by large increases In maximum lift with minimum 

changes In drag. 

Variations of these four basic types arii considered under two formulae 

where the unknown variable "S", is the flap planfonn area. The first, 

W- 5.17    (S)'94 (VI-1) 

includes single slot, hinged and split flaps. The second. 

O o 
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W - 6.98  (S),&6 (VI-2) 

includes Fowler, double slctted, and triple slotted.' 

The weight penalty fcr all types of trailing edge flaps is illustrated 

on Figure 6-1. This figure end the formulae were established by 

evaluating the weight of the required trailing edge device, including 

the associated mechanical requiro.ments, as compared to the weight of 

a wing trailing edge structure of miniraum gage properly stiffened 

with the necessary ribs and closures to prevent wrinkling.  The 

wing structure reinforcement required by the additional loads for 

a trailing edge flap installation was also considered in the evaluation. 

3. LEADING EDGE SLAT 

High-lift devices on the leading edge of a wing, such as slats, flaps, 

and other auxiliary airfoils, can also be used to change the camber 

of the wing. 

The fixed slot conducts a flow of high-energy air into the boundary 

layer on the upper surface of the wing, thereby delaying air flow 

separation. 

,,.<" 

mm. 

■Ms 

The automatic slot (slat), which consists of a segment of the leading 

edge, Is free to move on tracks'. At low angles of attack it is held 

flush against the leading edge by the  high positive local pressures, 

end in this position it is referred to as a slat. When the wing 

section Is at high angles of attack, the high local suction pressures 

at the leading edge create a forward chordwise force to actuate the 

slit, lifting It away from ths wing to form a slot. This allows the 

wing section to continue st a higher angle of attack and produce a 

C.   greater than that of the remaining wing section. 

the weight penalty for the leading edge slats includes the evaluation 

of the structure removed from the leading edge of the wing. In addition 

Co any mechanism or system required to operate the leading edge slats. 

Also the wing structure reinforcement necessary to accommodate the 

Increased loads for a leading edge installation was considered In 

the evaluation. Figure 6-2 presents a graph which shows the weight 
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FIGURE 6-1 : Trailing Edge Flaps; Weight vs. Area 
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FIGURE (.2 : Leading Edge Slats; Weight vs. Area 
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o penalty for a defined slat planfoirm area and the formula Is 

expressed as 

,1.05 
W - 4.65  (S)J (VI-3) 

O 

BOUNDARY LAYER CONTROL 

There were no.available weight and geometrical data available for 

BLC devices; therefore no weight Increments could be established. 

O 

5. SPOILER ' 

These sirall auxiliary surfaces have eliminated ailerons on 

aircraft-, and are operated in conjunction with the aileron for 

primary roll control on others. The ving on which the spoiler 

acts loses some of its lift when the spoiler Is extended into the 

airflow above the wing, causing turbulence, end the aircraft tune 

• and a banking movement is established. 

The weight penalty formula for spoilers is 

W- 5.95 (S)1,04 • (VI-4) 

where S • the surface area of the spoiler. 

The weight Increment derived from the formula on the graph shown 

on Figure 6-3 accounts fcr hinge mechanisms, spars, pressure switches» 

and other systems. 

6.  DRAG CHUTE 

Conventional ribbon drogues and ringslot parachutes are most commonly 

used in aircraft deceleration applications. 

o o 
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o The ribbon drogue is made up  of a series of circumferential 

ribbons separated by open spaces, or slots. Ribbon drogues 

are capable of sustaining high loads, and reeist damage due to 

contact with the ground or runway and repeated usage. 

O 

o 

The ringslot parachute is made up of circumferential rings of con- 

ventional parachute cloth separated by open spaces, or slots.    They 

are slightly lighter when compared to & ribbon drogue of equivalent 

drag. 
.» 

The weight penalty for Drag Chutes are expressed in the following 

formulae and the graph shown on Figure 6-A includes the weight of 

the chute assembly, canister, release mechanism, controls, and 

fuselage reinforcement required to resist the chute Induced load«. 

The ribbon drogue weight penalty formula Is 

,1.43 
RIB 1.95 <V (VI-5) 

and the ringslot parachute weight penalty formula Is 

'l.43 
V"1,15 (Dc) 

where (D.) is the canopy diameter. 

(VI-6) 

7.    WHEEL BRAKE 

In order tip slow or stop an airplane, the kinetic energy (energy of 

motion) of the airplane must be absorbed by rolling friction, aero- 

dynamic drag, and braking action.    The relative effect of these 

factors, depends upon the length of the landing roll and the touchdown 
speed. 

Four factors limit the ability of the brakes to stop an airplane. 

These factors are:    braking friction available between the tire 

and the runway,  torque capability of t>i3 brake, kinetic energy 

limits of the brakq and pilot technique for brake usage. 

o o 
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Hie kinetic energy Is limited by design and if a ceasure of the 

energy to be absorbed by the brakes.    This energy appear« la the 

torra-of heat, and the absorption capability of the brakes is a 

lunctlon of the brakes nass sad aaterial. 

•tic weight penalty graph is shown on Figure 6-5 aad the weight 

:«onalty formula for wheel brakes and associated systeaa is 

3/4.1/2 

o 

.3M, W     - K (2.2 (3.80 x 10"* (K.E.r'V'    ♦ H-M x M      Cr.K.)J,,|)(fI-n BS .» 

.here N - number of tires with brakes 

and U.E." kinetic energy design factor. 

naUST KEVEESEI 

Since power Is available froa the engines during the UmUag amditiam 

f • 

ia jet aircraft, this power aay be utilised la genaratlag 

:hrust to help retard the landing roll.    This la aeea^plUtod simply 

sy tumlpg the exhaust gases fro« the Jet eogiaa ia saeh a ■■■asr 

:hat they lasue in • forward direction rather than aft, resoltlsf 

ia a reverse thrust force. 

There are two basic types of thrust reversers: tb« csscade «ai 

:he target. Both of these era currently used oa our uodeni Jet 

ilrcraft and have withstood the test of tisM. 

~'« weight penalty of a landing roll target-type thrust reverser 

'''nfiguration which deflects only the engine prinary-axhaust gases Is 

' ■ 

« - .15 L D. Ori-i) 

••«d the weight penalty of a landing roll target-type thrust reverser 

'•nfiguretion which deflects both the engine primary-exhaust gases 

•r.d the ducted fan air is 

V - .11 L EF Ori-f) 

c 
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o 
where D  ., ■* overall diameter aC engine flange, 

and L ■ overall length (do not consider extended faftrup In length). O 
These formulae and the graphs shown on Figures 6-6 and 6-7 are 

limited to an .engine-mounted thrust rsvsrser installation and laeluda 

the necessary atrueture and system nodlficatlen.    It 1« 

that adequate operational systems are. included In the aircraft 

design. .1 

o 

The weight* penalty of an in-flight target typ« thrust rsvsrssr 

configuration which deflects only the engine primary-exiurast 

gases can be determined on Figure 6-8. This graph was prsparsd 

using estimated weights of target-type nacelle-mounted tbranl 

reversers proposed for a limited number of aircraft* Both « 

landing roll configuration and an In-flight configuration fnr « 

maximum velocity of Kach 1.2 were included for «ach. An Mtlantnl 

weight penalty can be obtained for a given engine thrmst «Üi It 

associated velocity. There am inauffieient data svailnkln tn 

eatabliah a method to evaluate the weight penalty for an ln-fllgfet 

target-type thrust reveraer configuration which deflects bofch tit 

engine primary exhaust gases and the ducted fan air. 

9. SPEED BRAKg > 

These email auxiliary aurfacea are usually mounted to the fttselage 

and operated in flight end/or during landing to reduce speed rapidly. 

Their operation is quite often limited to a apeed far below the 

maximum apeed of the aircraft. For this reason two formulae haft 

been cone true ted; one for aubaonic snd one for supersonic deploymmt. 

I 

The weight penalty formula for speed brakes operated below 600 KIA8 ist 
i 

W-1.85(10"2)    (S)    (HAS) (Fl-10) 

and for apeed brakes operated above 600 KIAS la I 

W - 2.35 (10"2)    (8)    (KIAS) (VI-11) 

where 8 • Speed Brak« aurface area and KIAS - Knots indicated air speed. 
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O The weight value obtained from these formulae or the graphs shown 

on Figures 6-9 and 6-10 Includes the weight of the pedal, hinge 

mechanism, systems and fuselage reinforcement. 
C 
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SECTION VII 

CONCLUSIONS AND RECOMMENDATIONS 

1. CONCLUSIONS 

a. A sensitivity study indicates that touchdown velocity and 
thrust reverser effectiveness are the factors that have 
the strongest influences on ground roll distance. Follow- 
ing these arc wheel braking, drag and lift. However, it 
should be noted that lift is a pertinent factor in estab- 

>   llshlng touchdown velocity. 

b. The computation of landing stopping distance is improved 
by using three equations-of-motlon rather than one, as is 
standard practice. The three equations required solve 
for forces in the vertical and horizontal direction and 
for moments created by these forces. These solutions per- 
mit Inclusion of the effects of deceleration and pitching 
moments on the unloading of the main landing gear and the 
resulting effect on the braking force. 

The procedure used for computing ground roll distance 
should account for nun-linear variations of braking coef- 
ficient with changes in velocity. These variations can 
be readily obtained by using the equations presented by 
Section IV of this handbook. 

d.  Lift and drag coefficients and the associated touchdown 
speed can be precisely determined from the methods des- 
cribed if accurate detailed geometry is available. This 
Is an essential requirement, since the touchdown speed 
is the most important factor in determining the landing 
distance. 

Another significant factor in determination of the land- 
ing speed is the landing technique (Flare or no-flare) 
and its direct effect on the touchdown anglc-of-nttack. 
Factors such as rate-of-sink at landing; pilot's visi- 
bility restrictions due to angle-of-attack; aircraft 
geometry limitations; and control requirements will all 
effect the touchdown angle-of-attack. 

2. RECOMMENDATIONS 

Calculations of landing stopping distance should use 
three equations-of-motion rather than the standard prac- 
tice of one equation; 

■Mi 

K     U- 

270 

•*.J' 
■ '■ '■■■ '■•.£«■.•■«' ';it- 



?•. > 

{ 

o 

b.a      Calculations of landing .stopping distance should account 
for non-linear variations of braking coefficient with 
changes in velocity; 

c. Further studies should be conducted on reverser geome-' 
try and rcverser maximum useable effectiveness to per-' 
mit thrust reversers to be used to their maximum poten- 
tial (i.e. to a ground speed of zero knots with maximum 
reverse thrust available for ground roll and in-flight 
useage). 
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Ibis progrea was established in order to develop a standard and o^adiot aethod 
for estinating the perfomance and weights of deceleration doeicos «and to 
the landing ground roll of an aircraft. The nethod of approach to the prdblea «to 
to obtain all data available both fro« flight test and theory; and to conpile a 
step-by-step procedure for deternining the weight penalties and the force inero- 
nents affecting aircraft landing perfomance. Specifically, procedures are provided • 
for deternining airplane lift and drag, and decelerative force increnents and wei^lt 
penalties due to high lift devices, spoilers, wheel brakes, speed brakes, drag dwtos 
and thrust reversers. In addition, a cursory study was nade to evaluate the 
effectiveness of various factors affecting landing distance of throe current nilitary 
aircraft. The study showed that the ground roll distance was strongly influenced by 
touchdown speed; also that, of all the decelerating devices studied, the thrust 
reverser was the one nost effective in reducing stopping distance. It is therefore 
reconnended that further studies be conducted to optinite thrust rerersers and 
devices such as deflected thrust, which reduce touchdown velocity. 
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