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REV LTiR: 
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Company under Tbsk I1 of Contract NAS2-5524, “Design 

for the Simulation of Advanced Aircraft”. The National 

Aeronautics and Space Administration Technical Monitor 

was John Dusterberry of the Simulation Sciences Division. 

The Wing Company Project Leader was Mr. C, Rodney 

Hanke of the Wichita Division Stability, Control and 

Flying Qualities Organization. Technical assistance 
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1.0 INTRODUCTION 

The Boeing Company provided NASA-Ames Research Center with mathe- 

matical models and data t o  simulate the f ly ing  q u a l i t i e s  and charac te r i s t ics  

of the Boeing 747 on the NASA F l ight  Simulator For Advanced Aircraf t  (FSAA) . 
The contractual report  is divided in to  two volumes. Volume I in- 

cludes a descr ipt ion of :  

1. The work performed under the  contract. 

2. Generalized equations and approximations used i n  the simulation. 

3. The form of the data  furnished t o  NASA. 

4. 

Volume I1 contains only l imited r igh t s  data. 

Nomenclature used f o r  the report .  

These data are t o  be 

retained within the Government u n t i l  the  Boeing Company chooses t o  t r e a t  the 

data  as-non-proprietary o r  u n t i l  September 15, 1971, whichever occurs first. 

This document has been prepared as a summary of the 747 aerodynamic 

This introductory sect ion contains data f o r  use i n  f l i g h t  simulator design. 

a descr ipt ion of the 747 including i t s  f l i g h t  envelope, a general descr ipt ion 

0 

of the control systems, and a s h o r t  discussion of the simulation. The follow- 

ing six sect ions of the document present t he  airplane aerodynamic character- 

i s t i c s :  l i f t ,  drag, pi tching moment, r o l l i n g  moment, yawing moment, and s ide  

force coeff ic ients .  The next three sect ions describe the control  character- 

i s t i c s  f o r  pi tch,  r o l l  and yaw i n  the various operating modes. 

Sections 11, -12 and 13 describe the cha rac t e r i s t i c s  of the high l i f t  system, 

propulsion system and landing gear. 

of the  simulation checkout. 

The f inal  sec t ion  contains the r e s u l t s  

REV LTR: 
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The appendices contain a portion of the 747 Flight Manual, buffet 

characteristics, autothrottle, autopilot and revised simulation data. 
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1.1 AIRPLANE DESCRIPTION 

The Boeing 747 is a very large four-fanjet  in te rcont inenta l  transport  

designed t o  operate from exis t ing  in te rna t iona l  a i rpor t s .  

the  necessary low speed cha rac t e r i s t i c s  the wing has t r ip le -s lo t ted  

t r a i l i n g  f laps  and Krueger type leading edge f laps .  The Krueger 

f l aps  outboard of the inboard nacel le  a r e  var iab le  cambered and 

s l o t t e d  while the inboard Krueger f laps  are standard unslotted.  The 

main landing gear consis ts  of a p a i r  of wing mounted four-wheel trucks 

and a p a i r  of body mounted four-wheel trucks which are s l i g h t l y  a f t  

of the  wing. 

s i d e  with l imited t r a v e l  allows the center  of p i tch  ro t a t ion  t o  be 

midway between the two p a i r s  of trucks. Longitudinal cont ro l  is 

To obtain 

A load equalizing system between the trucks on each 

obtained through four e levator  segments and a movable s t a b i l i z e r .  

The la teral  control  employs f ive  spo i l e r  panels,  an inboard a i l e ron  

between the inboard and outboard f laps ,  and an outboard a i l e ron  

which operates with f l aps  down only on each wing. 

panels on each wing a l so  operate symmetrically a s  speedbrakes i n  

conjunction with the most inboard s i x t h  spo i l e r  panel. 

The f i v e - s p o i l e r  

Direct ional  

cont ro l  is  obtained from two rudder segments. 

drawing showing these controls  and per t inent  dimensions is  on page 

1.1-2. A summary of areas and dimensions necessary f o r  simulation 

I s  on page 1.1-3. 

shown on page 1.1-4. 

A general  arrangement 

The asrplane operating l i m i t s  and placards  are 

i 
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Wing Mean Aerodynamic 
Chord (MAC) 

Uing Span (b)  

Wheel Base 
Wing Gear 
Body Gear 

Wheel Tread 
Uing Gear 
Body Gem 

Effective Engine 
,Moment Arms 

SUMMARY OF AREAS AND DIMENSIONS 

DIMENSION 

'Ft . 
Ft  . 

2 

Ft . 
Ft. 
Ft. 

Ft, 
Ft, 

Ft. 
3. 
Ft. 

Ft. 
Ft . 
Ft. 

Note The t r a n s i t i o n  between the ground and air values for the effective 

engine p i t ch ing  arms, 2~~ and Z u ,  is  a function of the averaged 

main landing gear compression ratio, '1 . 
For O ~ ? Z . ~ l ,  

- 

2~~ = Z k A t R  + TAZE, 

=I: = = x u *  i- 't*AzE, i 

where AbEo ZEoCROUNO - ZEoAlR 1-9 m= 

SEE SECTION 19 
-v 

FOR REVISED DATA 
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1.2 FLIGHT CONTROL SYS- 

A U  pr insry  f l i g h t  cont ro l  surfaces are powered by irreversible 

hydraulic ac tua tors  supplied by four independent hydraulic systems. 

Each segment of t he  elevators ,  rudders and a i l e rons  i s  driven by 

a single "dual-tandem" type ac tua tor  powered by various 

hydraulic system combinations. 

driven by conventional s ing le  cyl inder  ac tua tors  i n d i d d u a l l y  

supplied by th ree  of the four hydraulic systems. A hydraulic 

schematic showing t h e  d i s t r i b u t i o n  of t h e  four hydraulic systems 

t o  the cont ro l  surface ac tua tors  is shown on page 1.2-7. 

Ihe f l i g h t  and ground spo i l e r s  are 

All cont ro l .ac tua tors  have input over t rave l  capab i l i t y  t o  allcn 

unres t r i c t ed  cont ro l  input  motion t o  the remaining surfaces  when a 

given ac tua tor  is Inoperative. 

capabi l i ty  on any surface in t h e  event t o t a l  hydraulic power is l o s t .  

There is no manual reversion 

1.2.1 Longitudinal Controls 

The longitudinal cont ro l  system cons i s t s  of four  e leva tor  segmnts  

and a trimable stabilizer. 

Elevators 

Each of the  four e leva tor  segments i s  andependently pareredby 

-dual-tandem actuators .  '&h inboard elevator act'wator 18 

powered by two hydraulic systems and each outboard elevator 

ac tua tor  by one hydraulic system as Shawn on pege 1.2-7, 

?he Inboard e leva tors  are cont ro l led  from the af t  quadrant while 
. .  ~ 
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1.2 the  outboard e leva tors  are slaved by e con t ro l  cable system t o  

(Cont'd) the opposite inboard e leva tor  surface. If hydraul ic  paver t o  

any segment is lost  the segment will trail  a t  an angle where 

the  hinge moment is zero. 

An ar t i f ic ia l  feel system is used to program t h e  feel  forces 

which cons i s t s  of a hydraulic "q" spring modulated with sta- 

b i l i z e r  s e t t i n g  and a mechanical center ing spring. 

is powered by hydraulic system numbers 2 and 3 normally with 

number 1 as a backup t o  number 3. 

normal feel forces. 

The system 

Any one system w i l l  provide 

S t a b i l i z e r  

The trimmable s t a b i l i z e r  is actuated by t w o  hydraul ic  motori 

dr iving a s ing le  jackscrew. The power ava i l ab le  with one or 

both motors is t he  same, but t he  t r i m  rake with one motor is one- 

half t h a t  with both motors operating. Each motor has a rate 

cont ro l  which va r i e s  the rate for both motors operat ing from 

0.5 deg./sec. a t  low speeds t o  0.2 deg./sec. a t  high speed. 

Simultaneous cont ro l  of both motors is obtained e i t h e r  elcctri- 

c a l l y  by the  thumb switch on each con t ro l  wheel or mechanically 

by t he  cont ro l  stand levers  which overr ide any electrical  input  

s ignal .  The autopi lo t  system will operate e i t h e r  hydraul ic  

motor . 
1.2.2 Iateral Controls 

The lateral cont ro l  system comprises a combination of inboard 

and outboard a i l e rons  andspoi lers  which also can be used a~ 

~. . . .. . ~. . ... ~ 
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1.2 speedbrakes. Two dual-tandem c e n t r a l  con t ro l  ac tua to r s  located 

(Cont’d) i n  the  wheel wells dr ive  independent cable systemsto t h e  left 

and r i g h t  wing lateral cont ro l  surfaces. Pilot input t o  t h e  

c e n t r a l  cont ro l  ac tua tors  is provided by a cable system f’rom 

each of t h e  p i l o t  and co-pilot  cont ro l  wheels. 

Both inboard and outboard a i l e rons  are ac tua ted  by dual-tandem 

ac tua tors .  The inboard a i l e rons  operate i n  a l l  f l i g h t  condi- 

t ions,  but t h e  outboard a i l e rons  operate wlth flaps down only. 

A lockout mechanism which is actuated electrically by a switch 

on the outboard f l a p  follow-up linkage, pos i t i ons  t h e  outboard 

a i l e ron  a c t u t o r s  t o  neu t r a l  with flaps up. When both hydrau- 

l i c  systems t o  any a i l e ron  surface are inoperat ive t h e  surrace 

w i l l  t rai l’at  an angle‘where the  hinge moment is zero. 

Spoi lers  

There are s i x  spo i l e r  panels on each w i n g ,  f i v e  which are modulated 

with l a t e r a l  cont ro l  and speedbrake inputs  and one ( t h e  most In- 

board panel) which is an unrnodulated speedbrake only. 

i s  actuated by a single hydraulic ac tua to r  which has a check valve 

t o  prevent t h e  panel from floating up t o  a zero hinge moment angle 

Each panel 

when t h e  hydraulic sysiem is inoperative.  The f i v e  modulated 

panels on each w i n g  are control led from t w o  “mixer boxes” which 

sum the  inputs  from the  pilot’s speedbrakt handle and t h e  c e n t r a l  

w REVSYM D 
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1.2 control actuators. Lateral control inputs w i l l  mwe the spoiler 

(Cont'd) panels up o r  down within the t rave l  limits a t  any speedbrake setting, 

The speedbrake operation of the spoi lers  i s  divided in to  two 

functions. 

w i n  ra i se  spoiler panels 3, 4, 5 and 8, 9, 10 which are controlled 

through one mixer box t o  fu l l  deflection or blowdm angle, Before 

the "inflight" detent is  reached, moving the speedbrake handle will 

Moving the speedbrake handle t o  the "inflight" detent 

raise spoi ler  panels 6 and 7 which axe controlled d i rec t ly  by a two 

position solenoid valve, t o  f W l  deflection or  blowdown angle, 

hrrther handle movement t o  the ground detent position is poselble 

only on the  ground and w i l l  r a i se  the  remaining panels through 'the 

other mixer box. 

Wheel forces are provided with a simple spring loaded follower and 

-cam arrangement. Trim is obtained by rotat ing t h i s  mechanism vi th  

an e l ec t r i c  servo motor and sh i f t i ng  the  zero wheel force datum to 

the wheel angle desired. 

on the control stand, 

The servo motor is operated by a svitch 

1.2.3 Directional Controls 

The directional control system consists of two rudder s e w n t e ,  

each being actuated by a dual-tandem actuator. Rudder llmltlmg 

is  provided by a "q" p&graarmed gear r a t i o  changer which lMt8 the 

rudder available from frill pedal travel. Each rudder has a r a t l o  , 
- 

changer w i t h  a comparator c i r c u i t  t o  monitor t h e i r  operation, If 

the two r a t io  changers disagree beyond the system tolerance 
- -  
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1.2 limits, a warning l i gh t  in the cockpit is activated. lherre crre 

(Ccmt'd) certain canditions such as one hydraulic system off operation &ere 

rudder available w i l l  be limited by actuatur force capability to . 

snaller angles than the r a t i o  changer a l l w s .  

Be rudder pedal forces are  programmed by a spring loaded follower 

and cam errangement similar t o  the l a t e r a l  f e e l  system. 

the r a t i o  changer varies the pedal force required t o  obtain a given 

rudder angle w i t h  airspeed. 

However,  

?his is  done by i n s t a l l h g  the r a t i o  

changer between the feel system and the actuator input, 

Rudder t r i m  i s  obtained by rotating the feel uni t  w i t 3  the t r i m  

knob on the control stand. 

of airspeed due t o  the r a t i o  changer function. 

'Ihc trim authority i s  also a function 

A ser ies  type yaw damper and turn coordinator system is incorporated 

in to  each rudder actuator. 

add t o  the inputs from the pedals or  trim but w i l l  not.fepd back 

through the control system, 

*Rudder inputs from these SYStemS w i l l  

?he flap system consists of leading edge f laps  and t r a i l i n g  e@ 

f laps  as sham on page 1.1-2. 

-me leading edge! f laps  comprise four sets per wi&, each set belag 

poweredby a separate air motor or, as a backup, by a separate 

e lec t r ic  motor. 

retracted or extended) and are programmed t o  operate In conJunctlan 

The leading edge flaps are two-positioned (fully 

u, REVSYM D 
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extend f u l l y  when t h e  outboard trail ing edge f l a p s  extend t o  

f l a p s  1, 

group B comprising the. remaining leading eage f l a p  sets (1, 2, 3, 

As t he  inboard t r a i l i n g  edge f l a p s  extend t o  f l a p s  5, 

4, 5 ) p  (9, 10) / (17, 181, (22, 23, 24, 25, 26) extend fully* 

!The two inboard trailing edge f l a p s  are actuated by one power drive 

system, the  two outboard by another. 

a hydraulic motor (see page 1.2-7) coupled through gears t o  a torque 

tube extending l a t e r a l l y  along both wings. Each t r a i l i n g  edge f l a p  

is driven by twoball screw ac tua tors  pa re redby  the  turning of the 

appropriate  torque tube. 

f o r  backup power. During t r a i l i n g  edge f l a p  extension or r e t r ac t ion ,  

an inboard t r a i l i n g  edge f l a p s  asynmetry monitor automatically cau6e8 

hydraulic shutoff t o  t h e  inboard t r a i l i n g  cage flaps when t h e  posi- 

t i o n  difference between t h e  r i g h t  and l e f t  inboard t r a i l i n g  e&e 

f l a p s  exceeds a predetermined amount. An outboard t r a i l i n g  edge 

flaps asymnetq monitor operates sindlarly. 

Each dr ive  system c o n s i s t s  of 

Each dr ive system has an electric motor 

/ 
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0' 1.3 DISCUSSION OF THE SIMULATION 

An a i r c r a f t  i n  motion i s  acted upon by external  forces and moments 

r e su l t i ng  from thrus t  and gravi ty  e f f e c t s ,  landing gear forces,  

,and aerodynamic loads. 

the coe f f i c i en t s  of the  airplane equations of motion, which are 

the key t o  a rea l i s t ic  descr ipt ion of the a i r c r a f t ' s  f l i g h t  

charac te r i s t ics .  

These force and moment. components comprise 

Aircraf t  f l i g h t  simulation, then, requires  continuous, real-time . 

so lu t ion  of these equations of motion, a s  w e l l  as an accurate 

representation of those systems and charac te r fs t ics  necessary t o  

allow the p i l o t  t o  "fly" the simulator with su f f i c i en t  realism. 

This document contains data which describe the forces and moments 

created by aerodynamic loads on the airplane.  

of several  var iab les ,  including a l t i t u d e ,  airspeed, ?lach number, 

They may be functions 

angle of attack, rotat ion rates, center of gravity, ground proxi- 

mity and geometry changes, such a8 control deflections and gear 

and flap extensions. 

The data  contained i n  the following sect ions are computed about 

s t a b i l i t y  axes (xs, y,, zs) as shown on page 1.34. 

d i f f e r  from body axes i n  tha t  the  x- and z-axes are ro ta ted  about 

the  y-axis through the  angle of a t t ack ;  t ha t  is, the  x -axis lies 

i n  the  plane determined by the  r e l a t i v e  wind and the  body y-axis. 

This xs-axis a l s o  lies i n  the  (x-z) plane of symmetry of t he  

S t a b i l i t y  axes 

I 

8 

. I  
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1.3 

(Cont'd) by s idesl ip  angle,p.  Forces and moments measured i n  th i s  

airplane and is thus rotated about zs away from the relat ive wind e 
system are presented as iiimensionless coefficients which  a re  broken 

down into separate terms ( s t ab i l i t y  derivatives) shuwing the 

effects  of each important parameter. 

While the use  of s t a b i l i t y  Bxes simplifies the presentation of the 

aerodynamic functions, the forces and moments must be resolved t o  

the appropriate axes systems for solution of the equations of 

motion. The schematic flow chart on Page 1.3-5 presents the 

method used t o  solve the dynamic equations i n  which the aero- 

dynamic forces and moments are transformed into body axes. Note 

that the appropriate axis transformation here is t o  the fuselage 

reference l i ne  (FRL) body axes, o r  through the a n g l e 4  F.R.L.. 

This-alluws the direct  use of body axis iner t ias ,  I&, lyy, Izz, 
and Ixz  without any iner t ia  transformations. Note also that the 

w e  of a t h e  ( 4 w . D . p .  = o(F.R.L. + 2 O )  is used o w  i n  

- 

conjunction with the aerodynamic data curves - it is not used 

f o r  any axis transformations. 

- 

A second item of importance is the simulation of forces and 

moments due t o  thrust .  

effective engine moment-am representation accounts f o r  thrust. 

Flight tes t ing  has shown that a simple 

REV LT'R: I SECT IPAGE 1.3-2 
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(Cont'd) 2.5 

A t  present, the th rus t  vector may be considered t o  be inclined up 

0 from the fuselage reference l i ne ,  with each engine canted 

inward by 2'. The corresponding th rus t  e f f ec t s  a r e  as follows: 

T~ = Tengo #1 + T  eng. f i  + Tengo #3 + Tengo #J+ 

Ty = .0349 ( T#l + Tfi - T#3 - T#J+) 
T, = -.Ob36 Tx 

The ef fec t ive  engine moment arm values are found on page 1.1-3. 

The th rus t  reverser  e f f e c t s  on the l i f t ,  drag and pi tching 

moment coef f ic ien ts  a r e  presented i n  Section 12.5. These in- 

REV LTR: 

crements a r e  t o  be added t o  the equations f o r  CL, CD and 

on pages 2.0-1, 3.0-1 and 4.0-1 respectively.  
cog. Cm 

Sign conventions f o r  the controls  and aerodynamic coef f ic ien ts  

a r e  shown on page 1.3-6, while m a x i m u m  control  def lect ions a re  

l i s t e d  on page 1.3-7. 

To a id  i n  scaling, a list of m a x i m u m  values is given on page 

1.3-8, and a summary of nomenclature begins on page 1.3-9. 
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@ PosiTi\jE STABILIZER DEFLECTION - L.E. up 4 

FOR INDIVIDUAL AILERONS, +SA -T.E. DOWN 
L.H. WING T.E. DN. 
R.H. WING T.E. up FOR AtLERONS ON BOTH WINGS, +SA- 

RIGHTWING SPaILER DEFLECTION IS POSITIVE 



+ 

B 
!? 
D 
a 

Control 
Surface 

place of individual control r a t e  l i m i t s .  

Elk va t ore 
Inboard 

Outboard 

Stabilizer 
Pilot's Tbumb 
Switch 
Control Stand 
Levers 

Ail e r on s 
Inboard 

Outboard 

MAXIMUM CO"X?OL SURFACE DEFLECTION AND RA!FES 

-mum. 
Symbol Displacement (deg) 

$ ' O i l e r s  
Panels  1,2,)-,k 

Lower 

e ra t ion  One Hydraullc ! i 
-> S stem Failure : 
Rate (deg/sec) h- ' 

i 
. 37 down 
37 up 
37 down 
37 up 

0.5 -c 0.2 

0.5- 0.2 

30 dovn 
26 up 

26 up 
. X dom 

0.25- 0.1 

0.25- 0.1 

4 0  down 27 down 

45 down 22 down 
45 up 35 UP 

55 up 45 up 

' 0 ,  
rn-- I 

t 
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0 

MAXIMUM VALUES 

Parameter Maximum Value Units 

Y 
6 
6 
i 

30 

25 

120 

50 

130 

30 

60 

75 

30 

& 40 

8 30 

Altitude 45000 
Rate of C l i m b  15000 

Rate of Descent 15000 

2 f t l s e c  

2 f t Isec 

2 f t l s e c  

deg/sec 

dcg/sec 

deg/sec 

deg/sec 

deg/aec 

deg/sec 

2 

2 

2 

deg/sec 

deg/sec 

it 

f t Imin 

f t /min 

Center of Gravity Range 0-40 %MAC 

NOTE: For complete center of gravity information consult 

613585, ''~8s  ropert tie^ - 747 n i g h t  Simulator". 

,J 
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NOMENCLATURE 

DE FIN IT ION 

Acceleration along the "i" ax i s  (ft/sec@) 

Wing span (it). 

Airplane d r a g  coef f ic ien t .  C,= , where a 

pos i t i ve  drag force a c t s  along the  negative xs 

Airplane l i f t  coef f ic ien t .  C,r a 
a pos i t i ve  l i f t  force a c t s  along the negative zL .ax i s .  

Airplane s ide  force c o e f f i c i e n t . C y - 1  

pos i t ive  s ide  force a c t s  along the  pos i t i ve  -9, axis. 

Airplane r o l l i n g  moment coef f ic ien t  about t he  reference 

9s 
axis. 

, where 
9s  

, where a 
9s 

Airplane pi tching moment coef f ic ien t  about the  reference 

Airplane yawing mome'nt coef f ic ien t  about the  reference 

Airplane center  of grav i ty  pos i t ion  as a f r ac t ion  of 

the  wing mean aerodynamic chord, 

Wing mean aerodynamic chord (it), 

Rudder pedal force,  pos i t i ve  f o r  a left  rudder 

pedal force (lb). 

Control co lum force, positive for g colum . 

pull force (lb). 

Control wheel force,  pos i t i ve  f o r  a clockwise wheel 

moment (lb). - .  
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t 1 
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S i 
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4 C  

Hinge moment (lb-ft  . 
Ressure altitude ( i t ) .  

Airplane mass moment of inert ia  about the reference 

axes i, j (slug-ft 1. 2 

Rolling, pitching and yawing moments about a reference 

axes system. 

Mach number. 

A'rplane normal load factor along the z-a~ds. 

Roll, pitch and yaw rates about a reference axes 

system (radians/sec 1 . 
2 Dynamic pressure (lb/ft 1. 

2 Impact pressure (lb/ft . 

= 2116.2166s [(I +.ZML)'*- I] 

2 Ving area (ft ). 

Engine thrust (lb). 

True airspeed [ft/sec). 

Calibrated &speed (knotd e 

vc = 14.79.1026 ~ ( q , J 2 \ 1 C . Z I C C +  I 

i 

E.quivalent airspeed (knot.) 
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D€FUJITION 

Airplane gross weight (lb). 

Axial force,  s ide  force,  and normal force  along a 

reference system. 

Body axes system described i n  Section 1.3. 

S t a b i l i t y  axes system described i n  Sect ion 1.3. 

Uind axes system described i n  Section 1.3. 

Effect ive inboard engine yawing ann ( f t ) .  

Effect ive outboard engine yawing ann ( f t ) .  

Effect ive inboard engine pi tching arm ( f t ) .  

Effect ive outboard engine pi tching arm ( I t ) ,  

Airplane angle of a t tack  r e l a t i v e  t o  t h e  fuselage 

reference l i n e  (degrees). 

Airplane angle of a t tack  r e l a t i v e  t o  t h e  wing design 

plane (degrees) . 
Airplane s i d e s l i p  angle (degrees), 

Air pressure ra t io .  

Aileron deflection angle (degrees), 

Inboard a i l e ron .  def lec t ion  angle (degree6 - . 
Outboard a i l e ron  def lec t ion  angle (degrees). 

Control column def lec t ion  angle, pos i t i ve  for reward  

column movetpnt ( d e p a r r ) .  

Elevator def lec t ion  angle ( d e p e d .  

Inboard elevator  def lec t ion  angle (degreerr). 

Outboard e leva tor  def lec t ion  angle (degree6). 

Flap ietting 

,J 

_ _  ___ -_ 
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SSP 

S W  

~ R . L .  

e 
Q 
f 

P 
6 

SUBSCRIPT 

F.R.L. 

w.a P. 

n 

DETINITION 

Rudder pedal deflection angle, posit ive f o r  posit ive 

rudder deflection (degrees) . 
Rudder deflection angle (degrees) . 
Lower rudder deflection angle (degrees). 

Upper rudder deflection angle (degrees). 

Spoiler deflection angle (degrees). 

Control wheel deflection angle, posit ive for a 

clockwise wheel movement (degrees). 

Horizontal s tab i l izer  angle re la t ive  t o  the  fuselage 

reference l i n e  (degrees). 

Airplane 

Airplane 

Airplane 

Air mass 

Air dens 

Euler pitch angle. 

Euler r o l l  angle. 

Euler yaw angle. 

density (slugs/f t 3 . 
t y  r a t i o  

Fuselage reference line (any body water line). 

Wing design plane. 

As used with V and H placards:- E 
Ft = Operational f l aps  extended placard. , 
LO = Landing gear operating placard. 

LE = Landing gear extended placard. (Note: The landing 

gear cannot be extended above the IO limit, but fli&ht 

t o  LE limits is poesible). 
-_- - .  - - 
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SUBSCRIPT 

M O  = I(aximum operating limit, 

DF = Design dive f l ight  placard. 

The time derivative operation normally denoted by 

this document by the dot derivative notation, 

u = (-). 
dt' 

d - is replaced in 
d t  
- d( -. (.) AND 
dt 

REVSYM 0 A IF+... 1-3-13 f 
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2.0 LIFT FORCE COEFFICIENT 

The dimensionless aerodynamic l i f t  force coef f ic ien t  I s  

given i n  terms of i t s  s ign i f i can t  components by the equation 

below. 

At a given O(W.OR) 

where, 

Basic l i f t  coef f ic ien t  fo r  the r ig id  a i rp lane  a t  

ARILL.=Oo, i n  f r e e  a i r  and with the landing gear 

re t racted.  For low speed, c ~ ~ ~ , ~  is p lo t t ed  

on page 2.0-7  For f laps  up, c ~ ~ ~ , ~  I s  

plo t ted  on page 2.0-6. 
- - am Change i n  bas ic  l i f t  coef f ic ien t  a t  o ( ~ . ~ . ~  

due t o  aeroe los t ic i ty .  For low speed, lac.)# 
W0.R lo. 



m 
I 

0 

I t 
0 

2.0 

(Cont 'd) 

. . -  

i s  p lo t ted  on page 2.0- 9. For f laps  up, (AC& 
WD.?. =e 

is p lo t ted  on page 2.0-10. 

. H ~ ~ =  Change i n  bas i c  l i f t  coef f ic ien t  due t o  t h e  aero- 

e l a s t i c  e f f e c t  on the r i g i d  airplane bas i c  l i f t  

coef f ic ien t  curve slope. 

is  p lo t ted  on page 2.0-11. For f laps  u p , ~ ( & \  i s  

For low speed, 

p lo t ted  on page 2.0-12. 

= Change i n  bas ic  l i f t  coef f ic ien t  due t o  rate of 

change of angle of a t tack.  - dc' is  p lo t ted  
da 

on page 2.0- 0. 

dCL. = Change i n  basic  l i f t  coef f ic ien t  due t o  p i tch  q ( Z J  
- 

rate. 

dCL, 
da 

where - and the  center of grav i ty  fac tor ,  

K q  are p lo t ted  on page 2.0-14. 

dc, -n, 0 Change i n  bas ic  l i f t  coef f ic ien t  due t o  aeroelastlc 
dnz - 

i n e r t i a  r e l i e f  caused by normal load f ac to r ,  nx . 
For low speed, - is  p lo t ted  on page 2.0-15. 

For f l aps  up, dL is p lo t ted  on page 2.0-fC. 

Change i n  bas ic  l i f t  coef f ic ien t  due t o  change i n  

dCL 
dnm 

* dnc 
d c, K* ' - 6R.L 
dB s t a b i l i z e r  angle from ARIIaL m 0.. dC .A, is p lo t t ed  

*A on page 2.0-17. The effect iveness  f ac to r  for the 

REV SYM t 
e-7ooQ 
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' 2.0 

(Cont'd) 

s t a b i l i z e r  (and e leva tors ) ,  Kd i s  p lo t ted  on 

page 4.0-19. 
\ 

dC ua. L . - Change i n  bas ic  l i f t  coef f ic ien t  due t o  change in 

inboard e leva tor  angle soo . ,dC,, is d6,, 
d6, 

plo t ted  on page 2.0-18. 

KM* - dCL . LEm =Change i n  bas ic  l i f t  coef f ic ien t  due t o  change i n  out- 

board elevator  angle from 6 to' . 
on page 2.0-B. 

dC L is p lo t t ed  
d k i  

ddto f 0  

The normal system s t i c k  f r ee  (rigged) e l eva to r  

def lec t ion  is + 2 O  f'romtht falred position. 

=Change i n  bas ic  l i f t  coef f ic ien t  due t o  s p o i l e r  or A', s-iLcas 

speedbrake def lect ion.  It should be noted that 

"spoilers" extended on one wing are used f o r  lateral 

control ,  while symmetrically extended s p o i l e r s  are 

used f o r  "speed brakes." 

where (ACL& is  the change i n  bas i c  lift, 

coef f ic ien t  due t o  def lec t ing  the operat ing spo i l e r  

panels t o  45.. 

determined from the  hydraulic systems schematic on 

The operating spo i l e r  panels are 
J 

is plo t ted  for s p o i l e r s  (A%?)* page 1.2- 1 .  

and ground spo i l e r s  on page 2.0-21 and page 2.0-2Z 

- 
REVSYM a 



0 

t z 
n 

.2.0 respectively.  The spo i l e r  e f fec t iveness  factor, 

i e  p lo t ted  on page 2.0-20. The h c h  number (Cont 'd) (Kr,P)L 

e f f e c t ,  (c' sp >J(L re is p l o t t a  on page 

2.0-23. The aeroe lae t ic  e f f e c t ,  ( 51p i c r  p1ott.d 

on pagee 2.0-24, 2.0-25, and 2.0-26. 

e f fec t  f a c t o r ,  FgcE is obtained from page 5.0-29: 

The gr& 

hCLOUTmOAaD - - Change i n  bas ic  l i f t  coeff ic ient  due t o  &b& 
A ILCROWS 

a i l e ron  deflection. 
n 

is t h e  change i n  baeic  It)t coeff ic ient  
LAO 

where AC 
due t o  def loct ing one outboard a i l e ron  up t o  25. or 

A=,*e t he  opposite outboard aileron down t o  15.. 

is p lo t t ed  on page 2.0-27. 

effect iveness  f a c t  or, K 

5.0-2b. The ground e f f ec t  f a c t o r ,  is obtalned 

from page 5.0-23. 

The outboard ailoron 

is p lo t t ed  on pago 
=A0 

= Change i n  ba6ic l i f t  coef f ic ien t  duo t o  main and no80 LANDlNO 
6 I a R  

landing gear extenmion. 

where ACLcalt is p lo t t ed  on page 2.0-29. The kch'  

number e f fec t  , ( C L ~ & / @ ~ ~ ~ & & I Y  p l o t t e d  on pqp 
._ 

2.0-30. 

is p lo t t ed  on page 2.0-28. 

The landing gear e f fec t iveness  f ac to r ,  K6.m 

. 

\- LA- \ - REVSYM 3 ,. 



0 
4 

'I - Cnange i n  basic l i f t  coef f ic ien t  due t~ ground e f f ec t .  2*o ACL 6RO"ND 
EItEiCT 

(Cont ' d ) B 
A C ~ 6 R O U N D  = K,* ACLGE. 

VmCT 

where AC', is p l o t t e d  on page 2.0-32. %e C r m n d  

ef'fect height ' factgr ,  KGE 6 , is plo:. ..ed OII paye 2.0-?1. 

AC',, FAILU~E1 = ChHnge i r i  basic lif't coefficierl t  d u e  tc, flay extensior ,  il , 

or retraction from the f l a p  p c x i t i m  Et w h i c h  s;r.met~-ic 

f a i l u r e  of both inboard 3r both r2ytSQara f l a p s  x c i i r s .  

For symmetric inboard sr mtboard  :'lap f 'ai lure,  

- 
- 

.. , 
. . .  . 

.- 

+ A(%) dK M P F A I U R E  a o( W.D.P. 

l 

i s  m e  c i i aqe  . in  basic where [(ACLh MUOR 0°] FLAP FAILURE 

l i f t  coef f ic ien t  a t  o ( ~ . ~ , ~ ,  = 0" d , i e  Lc) s.wmnetric in; 

omrd or ou tbmrd  f l a p  fai1uY.e. [(Ac')~,,, lo. FLAPFA,~UIIE 

i s  p19tted on page 2.0-3 : .  A (s) 
t h e  change i n  basic l i f t  c .3eff ic icnt  d:le,c,o t n e  ef fec t  , 

of symmetric inboard 3r o u t h a r d  I ' b p  f a i l i r e  or! t p e  

rigid a i rp lsne  basic l i f t  coef'f'icierit c x v e  slgpe. 

A (5) is  p1:)tt;ed on page 2.0-34. ' 

T'he above dais i s  a l e 3  applizeble i'or psrmetric (noni- 

t o r  l i n i t e d )  inboard c)r outboard f l n p  f s i l u r e ,  e.;.,, one 

inboard f l a p  Tailed and the opp.Jsite inb3ard f l a p  n t  t he  

mriitgr limited extensior,  or retraction posi t ion.  

1 - 
M,WRL' Nw.0.~. i s  

, 

I .  

- 
4 

doc FLAP FAILURE 

- 

D6-30643. 
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6-7000 



* L .- .. .* .. ".? 

- .  . , 
I -.- . . .  

0 

I 

n 
4 

2 .o i c  t o  be added to ';.-.LE, CL FLAP FAILURE 

(Cont 'd) computed for the inboard f l a p  position. Note 

tha t  inboard flap position should t x  used f'3r a l l  - 
r 

. *  * f W l C t l O ~ i S  of' f lap in t h i s  documeni, 

.. 

The angle of a t t ack  for s t i c k  shaker actuetiori is p l c t t c a  Or ,  w g e  

2.0-35. The angle of at tack for i n i t i a l  bu f f ' e t  is p l<) t t . ed  01; n.agth 

2.0-36. Certification s t a l l  speeds are plottert 3fi pi,ge .?.CF*,~; 9, ,? 
I '  a 

i n i t i a l  buffet  boundary and trimmed CL 

page 2.0-38. 

values w e  p l o t t e d  on 
MAX. 

! 
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Tn+. alae! sioxless ~ : p r ~ ~ p x i ~ ~ i c  d n g  force coef'ficient is given i n  

term:; of' i t s  s:::r.if'irxr,+, cc.nnmert.r by the  cquuti3r; below: 

CD 

+ SlOElSLlP 

dCD 
d a  

+ - -PF.II.L. 

+ A c ~ 6 R o " N o  
EFFECT 

r 
* 
1 

=&.sic  arag coel'f'icie?t k p  the r i g i d  a i rplane a t  cDeAslc 

,4F.R.L. = Oo -, in f'ree air and w i t h  t h e  lar,ding gear 

K 

" : v  ~ e r m s  of the l i f t  force csefficicnt equation on 

R E V  SYM 1 -  



0 I < 

=Change i n  drag coef f ic ien t  due t o  s p o i l e r  o r  speedbrake 3-0 *=DSPOILM 

(Cont * d )  deflection. 

O-T-t 
-Em 

where ACD, is t h e  change i n  drag coe f f i c i en t  due t o  

spo i l e r  o r  speedbrake.deflection i n  free air. 

is t h e  change i n  drag 
where (AC DSp)O(WPCI’4g 

coef f ic ien t  3t WW.D.F!-40 due t o  de f l ec t ing  the operathg 

spo i l e r  panels. 

spo i l e r s  or. page 3.0-10 

spo i l e r s  OR page 3.0-12 . 
change with angle of a t t ack  of drag coe f f i c i en t  due t o  

de f l ec t ing  t h e  operating s p o i l e r  panels. d is 

plo t ted  f o r  s p o i l e r s  on page 3 .O- l l  and is tabula ted  

f o r  ground s p o i l e r s  on page 3.0-12 . The Mach number 

e f f ec t  , 

ground e f f ec t  l a t e r a l  cont ro l  f a c t o r ,  Fo , is p l o t t e d  

on page 3.0-14 . 

o is p lo t t ed  f o r  
wW.D.R = 4 

a d  is tabulated f o r  ground 

is t h e  rate of 
doc 

doc 

PI , is  p lo t ted  on page 3.0-13 . The 
,MO 

9 
The ground e f f e c t  height f a c t o r ,  K w  

is plo t ted  on page 2.0-31 . 
s p o i l e r  panels. 

n is t h e  number of opemt- 

5- is t h e  s p o i l e r  panel  de f l ec t ion  

- -  t9 9 REVSYM B 



3.6 angle (degrees) . 
= Change i n  drag coeff ic ient  due t o  main and nose landing 

LANOlNe 
G u m  

gear extension. 

where ACDecH is p lo t ted  on page 3.0-15 . The Pach 

nunber e f f ec t  

The landing gear effect iveness  f ac to r ,  K-, is 

h&, is plot ted on page 3.0-1C. 
(=D.uJI) FI-0 

plot ted on page 2.0-26. 

=Change i n  drag coeff ic ient  due t o  ground effect. 6ROUND 
VFeCr 

where ACD, is plot ted on page 3.0-18 . The ground 

effect  height f ac to r ,  K 6~ 
A 

is p lo t t ed  on page 3.0- 17. 

Chmge in drag coeff ic ient  due t o  angle of s i d e s l i p ,  

ACOS,,,,, 

SIDESLIP 

is  plot ted on page 3.0-19- 

-Change i n  drag coef f ic ien t  due t o  rudder def lect ion.  R U D W  

ACDR"DDER5 

where A C  ORU and are the changes in drag 

coeff ic ient  due to def lec t ion  of the upper rudder and 

t h e  lower rudder respectively.  ACDRu and ACDRc 

are  obtained from page 3.O-rS. 



.. , 

. .  

. . -  
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I I ) :  

4- 0 PITCHING MOMENT COEFFICIENT 
.. . , . .  ' .. 

. -  
The dimensionless aerodynamic pi tching moment coef f ic ien t  i 8  - _  
given i n  terms of i ts  s ign i f i can t  components by the  eqwtio'n.:, 

below. 

r- l* 

where , 

Cm=rs - = Basic pi tching moment coef f ic ien t  f o r  the  r i g i d  

airplane a t  ,b~.-, t 0' 

landing gear r e t r ac t ed ,  and with the  C.G. = 25% M.A.C. 

For low speed,Cm-Wh i s  , p lo t t ed  on pages 4 . 0 - 8  and 

4 . 0 - 9 .  Tor flaps U D , C ~  is p lo t t ed  on page 4 .O- tO . -  

, i n  f r e e  a i r ,  with the  

=wit 

=Change i n  bas ic  pi tching moment coe f f i c i en t  a t  
k=m+w~Lo' 

=wa,p.= Q0 due t o  ae roe la s t i c i ty .  For l o w  speed, 

! 

7 IpAGt 4.0-1 



i 

4.0 

(Cont'd) 

i s  p lo t ted  on page 4.0-11. 
(Acm-4w,p,. 0. 

i s  p lo t t ed  on 

page 4.0- 12. 

I Change i n  basic  pi tching moment coe f f i c i en t  due t o  

the  aeroe las t ic  e f f e c t  on the r i q i d  a i rp lane  bas ic  

pitching moment coef f ic ien t  curve slope. For low 

doc 

speed, *(e) i s  p lo t ted  on page 4.0-13; 
_ _ _  - 

For f laps  up, i s  p lo t ted  on page 4.0-14. 

c ~ . ( c f i . ~ ~ >  = Change i n  pitching moment coef f ic ien t  due to center  of 

gravity var ia t ion  from 25% M.A.C. The t o t a l  l i f t  

coef f ic ien t ,  cL, is  defined i n  Section 2.0.  

= Change i s  basic  pi tching moment c o e f f i c i e a t  due to  

of change. of angle of a t tack.  

rate 

where dCmZS and the center  of gravfry f a c t o r  

a re  p lo t ted  on page 4.0-rS. 
d a  

KS 

f Change i n  basic  pi tching moment coe f f i c i en t  due t o  

pi tch rate. dCm.zs ,-, i s  p lo t ted  on page 4.0-16. 

d %  
dCmXs .% 9 Change in  basic  pi tching moment c o e f f i c i e n t  due t o  
d na 

aeroe las t ic  i n e r t i a  r e l i e f  caused by n o m a 1  load 

fac tor ,  ne . For low speed, is plo t ted  
dna - 

on page 4.0-11. For f l aps  up, dCm*?* is p lo t t ed  



4.0 on page 4.0- 18. 

(Cont 'd) - !%.&-= Change i n  basic  pi tching moment coef f ic ien t  due t o  
dp 

change i n  s t a b i l i z e r  angle from F.RL 

dGn.25 
d b  

i s  p lo t ted  on page 4.0-20. The 

effect iveness  fac tor  fo r  the  s t a b i l i z e r  (and e leva tors ) ,  

i s  plot ted on page 4.0-19. Koc 9 

& =  d4n..a.&s Change is basic  pitching moment coef f ic ien t  due t o  

change i n  inboard elevator  angle from & soe . ddcr 

d Crn .zs 
d &S 

i s  plot ted on page 4.0-U.  6 
k. dCm.25 .%P Change i n  basic  pi tching moment coef f ic ien t  due t o  

change i n  outboard e leva tor  angle from ~ = Q O  . dbr, 

dCm.2c - i s  p lo t ted  on page 4.0-t;L. b 
d k o  

The normal sys tem st'ick f r e e  (rigged) e leva tor  

def lect ion i s  + 2 O  f'rom the faired position. 

s Change i n  bas ic  pi tching moment coef f ic ien t  due t o  

spo i l e r  o r  speed brake def lect ion.  

A C m s  mrrm 

where 

moment coef f ic ien t  due t o  def lec t ing  the operating 

(ac,,y ) ~ is the change i n  bas i c  pi tching 

s p o i l e r  panels t o  45". 

f o r  spo i l e r s  and ground spo i l e r s  on page 4.0-24and 



I 

l 
I 

0 

4.0 4.0-25 respectively.  The spoiler effectiveness 

(Cont 'd) f ac to r  9 (KSU)m is  p lo t t ed  on pago 4.0-23. 

The Mach number e f fec t  , ( c m . . . s ~ ) ~ / ( c m . ~ = ~ ) ~ . ~  

is p lo t t ed  on page 4.0-26. The a e r o e l a s t i c  effect, 

is p lo t t ed  on pages 4.0-27, 4.0-28, m d  4.0-a. 

The ground e f f ec t  f a c t o r ,  FmeE is obtained a8 followa: 

where F,,, is  p lo t ted  on page 4.0-32. The ground 

e f f ec t  height f a c t o r ,  K, is plo t tod  on pago B 

2.0-31. 

= Change i n  bas ic  pi tching moment coef f ic ien t  due t o  

inboard aileron deflection. 
A I GROW 

.where (pcrn,2s,r ) 1o ib t h e  change in badc 

p i t  chin8 moment coef f ic ien t  due t o  de f l ec t ing  ono 

inboard aileron up to 20.. 

on page 4.0-30. 

f a c t o r ,  usA, 

aileron def lec t ion  and is p lo t t ed  on page 5.0-22.' 

The inboard a i l e r o n  effoct iveness  

is t o  be obtained for t h e  up inboard 

The k c h  number e f f e c t ,  

p lo t t ed  on page 4.0-30. The ground effect f ac to r ,  

is obtained from pig. 4.0-32. FmCE 

= Change in bas i c  pi tching moment coeff ic ient  due t o  Acrnas O*SOAQO 

* ACLQROUS 

- 

%,. REVSYM .' D 
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I 

0 

8 t 
s 

4.0 outboard a i le ron  def lect ion.  

(Cont ' d ) 
n 

where A Crn.mA0 i s  the change i n  bas ic  pi tching 

moment coef f ic ien t  due t o  def lec t ing  one outboard 

a i le ron  up t o  2 5 O  o r  the opposite outboard a i le ron  

down t o  15". ACm.-,e is plo t ted  on page 4.0-St. 

The outboard a i le ron  ef fec t iveness  f ac to r ,  K&,, 

plo t ted  on page 5.0-26. The ground e f f e c t  fac tor ,  

F m w  9 

iS 

i s  obtained from page 4.0-12. 

= Change i s  basic  pi tching moment coef f ic ien t  due t o  

main and nose landing gear extension. 

Km..r+LWm,JO - 
where ACm.m,, 

The Mach number e f f e c t  , (Crn.zs-),/( Crn.z+c->M=o 

is p l o t t e d  on page 4.0-34. 

ness f ac to r ,  K- , is  p lo t ted  on page 2.0-28. 

i s  p lo t ted  on page 4.0-38. 

The landing gear e f fec t ive-  

= Change i n  basic  pi tching moment coe f f i c i en t  due t o  

ground ef fec t .  

A h 5 - D  
0- 

where bcm,sGE is  p lo t ted  on page 4.0-38. 
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5 .o ROLLING MOMENT COEFFICIENT 

The dimensionless aerodynamic ro l l lng  moment coefficient is 

given in terms of its significant components by the equation 

+ SPOILER3 

+ ACIR"DorrU 

+ ACIOUTbOARO 
AILERONS 

+ AclINBOARD 
A I  LLRONS 

+ L.C. 

where, 

coefficient due to angle of sideslip,@. 

The complete expression for dC a is given as 

where .A, I s  the basic rate of change of rolling G 1 
moment coeffacient due to angle of sideslip, For low 

speed, (2) is plotted on page 5.0-7. For flaps up, 

is plotted on page 5.0-8. F 4 *  I s  o.,o plotted on page 5.0-9. 
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5.0 

(Cont'd) 

The ae roe la s t i c  e f f e c t ,  ( c 4  S iS Iti,)rr 
plo t ted  on page 5.0-10. The e f f e c t  of main and 

nose gear extension, A , is given by: 

= -.0003 PER DE-€€ 

M 

The landing gear effectiveness factor,  K- im 

plotted on page 2.0-28. The ground ef fect  factor, 

Fa, where the ground e f f e c t  s i d e s l i p  f ac to r ,  

p lo t ted  on page 5.0-11. 

fac tor ,  K, , i s  p lo t ted  on page 2.0-31. 

The ground e f f e c t  height 
rn 

dC pSb =Rolling moment coef f ic ien t  due t o  r o l l  rate about 

The complete expression 
di; 2* 

the  s t a b i l i t y  ax is ,  X d  . 
f o r  ,_I dCR s given as follows: 

d e  

i s  p lo t ted  on page 5.0-12. The 

ae roe la s t i c  e f f e c t ,  

page 5.0-13. 

,&, , is  p lo t t ed  on 
(C.PQ1M.O 

=a .  rsb =Rol l ing  moment coef f ic ien t  due t o  yaw rate about =w . 

the  s t a b i l i t y  ax i s ,  2s . The complete expression 

f o r  - d=I i s  given as follows: 
de 

i s  

a 
* v  

REVSYM D' 
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(Cont 'd) 

=Jt SPOILCRS 

i s  p lo t ted  on page 5.0-14. The 

ae roe la s t i c  e f f ec t ,  M , i s  p lo t t ed  on page 5.0-15. 
(Cr 6)  M - 0  

IIL Rolling moment coef f ic ien t  due t o  s p o i l e r  def lect ion.  

i s  the r o l l i n g  moment coef f ic ien t  

due t o  def lect ing the  operat ing s p o i l e r  panels t o  45'. 

where P C d *  

i s  p lo t ted  on page 5.0- I f .  The (a=+h6 
s p o i l e r  effect iveness  f ac to r ,  is  p lo t ted  

on page 5.0-16. 

p lo t ted  on page 5.0-18. The a e r o e l a s t i c  e f f e c t ,  

i s  p lo t ted  on pages 5.0-19, 5.0-20, and 5.0-21. The 

ground e f f e c t  f ac to r ,  Faet , is  obtained as 

f o l l o w s  : 

The Mach number e f f e c t ,  

where. the ground e f f e c t  lateral  cont ro l  f ac to r ,  Ft , 
i s  p lo t ted  on page 5.0-29. 

- m  f ac to r ,  K., , i s  p lo t ted  on page 2.0-bl .  

The ground e f f e c t  height  

*Rolling moment coef f ic ien t  due t o  inboard a i l e r o n  

def lect ion.  

-- 



5.0 

(Cont'd) 

i s  the  r o l l i n g  moment coef f ic ien t  

due t o  def lec t ing  one inboard a i l e ron  up t o  20' or t h e  

opposite inboard a i le ron  down t o  20'. ( A C p , ~ 2 0  is  

p lo t ted  on page 5.0-23,  The inboard a i l e ron  

effect iveness  fac tor ,  K , i s  p lo t t ed  on page 5.0-2s. 

The Mach number e f f e c t ,  (..4xdM.,) )M i s  p lo t t ed  on 

page 5.0-24. The ae roe la s t i c  e f f e c t ,  

p lot ted on page 5.0-25. 

i s  obtained from page 5.0-29. 

=AS 

The ground e f f e c t  f ac to r ,  Flms 

=Rolling moment coef f ic ien t  due t o  outboard a i l e ron  ''a OUtbOAKO 
AILLROM 

deflect ion.  - 

AILCROW. 

where ACa i s  the  r o l l i n g  moment coe f f i c i en t  due to 
A 0  

def lec t ing  one outboard a i le ron  up t o  25" o r  the  

op.posite outboard a i l e ron  down t o  15'. & c p A e  is 

p lo t ted  on page 5.0-27. 

ness factor; i4sAo' i s  p lo t ted  on page 5.0-24. 

The outboard a i l e r o n  ef fec t ive-  

The 

ae roe la s t i c  e f f e c t ,  , i s  p lo t t ed  on page 

5.0-28. The ground e f f e c t  f ac to r ,  F J ~ ~  , is  obtained 

from page 5.0-29. 



P 

= R o l l i n g  moment coef f ic ien t  due t o  rudder def lect ion.  5 .O A = l m o o ~  
(Cont ‘d) 

where (ACaR,)= and 

moment coe f f i c i en t s  due t o  f u l l  def lec t ion  of t h e  upper 

a r e  the r o l l i n g  

rudder and t h e  lower rudder respectively.  

and (ACIR,)= a r e  p lo t t ed  on page 

The upper rudder effect iveness  f a c t o r ,  Ks RU ’ 5.0-50. 

and the  lower rudder e f fec t iveness  f ac to r ,  KsRL, are 

p lo t t ed  on pages 6.0-17 and 6.0-18 respect ively.  The 

ae roe la s t i c  e f f e c t s ,  la. and {%. , for 

t he  upper rudder and the  lower mdder ,  are p lo t t ed  on 
Ru M-0 C l R J M - 0  

page 5.0-SI and page 5.0-32 respect ively,  

= Rolling moment coef f ic ien t  due t o  an asymmetric *‘I t U P  FAILURE 

(monitor l imi ted)  inboard or outboard f l a p  fa i lure .  - 

is t h e  rolling moment where ACQ tN8’0 FAIWRE 

coef f ic ien t  due t o  an asymmetric (monitor l imi ted)  

inboard f l a p  f a i l u r e .  A c t  M,W=L for flap 

extension or r e t r a c t i o n  is plo t ted  on pages 5.0-33 and 

5.0-34 respectlvelj. 

f o r  f l a p  exteneion or r e t r a c t i o n  I s  
Ac#OUTDb MIWRL 

p lo t t ed  on pages 5 . 0 - S  and 5.0-36 respectivtlj. 
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- Rolling moment c o e f f i c i e n t  due t o  asymmetric leading ~h.c.c*,Lu0fe- 

d) edge f lap  failure. AcaLL. CI,LUK is  p lo t ted  on 

pages 5.0-37 and 5.0-36. 
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6.0 YAWING MOMENT COEFFICIENT 

The dimensionless aerodynamic yawing moment coef f ic ien t  is 

given i n  terms of i t s  s ign i f i can t  components by the  equation 

below. 

where, 

dA 
d B  

= Yawing moment ' coef f ic ien t  due t o  angle of s ides l ip ,  . 
The complete expression f o r  

follows : 

3 dc i s  given as 
d P  

is t he  basic  rate of change of yawing 

moment coef f ic ien t  due t o  angle of s idesl ip .  For 

low s p e e d , f d 2  i s  p lo t ted  on page 6.0-6. The 

(Cnr) m 
ae roe la s t i c  e f f e c t ,  *A, (6 1 is plo t ted  on page 

6.0-b. The ground e f f e c t  f ac to r ,  F,,,,=, is obtained 

-- 



0 

t 
E 
0 < 

6.0 

(Cont 'd) 

is where the ground e f f ec t  s ides l ip  fac tor ,  Fno 

plo t ted  on page 6 .0 -7 .  me ground e f f ec t  height 

dC, i s  
fac tor ,  K, 8 , is plot ted on page 2.0-31. - 

dB 
obtained from page 7 . 0 - 1 .  

t Yawing.moment coef f ic ien t  due t o  r a t e  of change of 

s i d e s l i p  angle. 

i s  given as follows: 

The complete expression f o r  

where (3) i s  p lo t ted  on page 6 . 0 - 8 .  The 

ae roe la s t i c  e f f e c t ,  ('.;)W , is  plot ted on page 
enr)w'o 

6 . 0 - 8 .  

= Yawing moment coef f ic ien t  due t o  r o l l . r a t e  about the  

s t a b i l i t y  ax is ,  Xs.  dCn is  p lo t ted  on page 
d S  

. 6.0-9. 

= Yawing moment coef f ic ien t  due t o  yaw rate about t h e  

s t a b i l i t y  ax i s ,  2s . The complete expression f o r  

-, & 
dr" 

is  given as follows: 

where (d24m) and the  center  of grav i ty  f ac to r ,  Kf! , 

I PAGE 6.0-2 
s-to00 



a ( D l  
a 
4 

+- 

6.0 are p lo t ted  on page 6.0-10. The ae roe la s t i c  e f f e c t ,  

(Cont 'd) (cnP)W , i s  p lo t ted  on page 6.0-(0. 
'Faze 

:: Yawing moment coef f ic ien t  due to . spo i l e r  deflection. ACn-W 

due t o  def lec t ing  the  operating spoi le r  panels t o  

4 5 O .  (hCnJ45  i s  p lo t t ed  on page 6.0-12. 

The spo i l e r  effect iveness  f ac to r ,  (K&)" , is  p lo t t ed  

on page 6.0-11. The Mach number e f f ec t ,  Cn P M is 

plo t ted  on page 6.0-13. %s 9 

e=, 
The ground e f f ec t  fac tor ,  

is  obtained 8s follows: 

where the  ground e f f e c t  la teral  control  f ac to r ,  Fn 
i s  p l o t t e d  on page 6.0-14. 

f ac to r ,  K, 

, 
The ground effect height 

is  p lo t ted  on page 2.0-31. 

t Yawing moment coef f ic ien t  due t o  inboard a i l e ron  ACn =- 
A- 

deflection. 

. -  . . - .  .. . 

where (AC n,$, i s  the  'yawing moment coef f i c len t  -:- 

due t o  def lec t ing  one inboard a i le ron  up t o  20' o r  

REV SYM A '  J' - L 
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t 

6.0 

(Cont ' d ) 
P = A I) t o  

t he  opposite inboard a i le ron  down t o  20". 

i s  p lo t ted  on page 6.0-15. The inboard a i le ron  

effect iveness  f ac to r ,  

5.0-22. The Mach number e f f e c t ,  (Cnrr)m,is p lo t ted  

on page 6.0-15. The ground e f f e c t  fac tor ,  

is  obtained from page 6.0-84. 

KsAx,  is  p lo t ted  on page 

(=n* f)l*.* 
%br ' 

= Yawing moment coef f ic ien t  due t o  outboard ai leron 
OUTBOAR0 
AILRROW. 

deflection. 

where ACn*, 

t o  def lec t ing  one outboard a i le ron  up t o  25" o r  the 

i s  the  yawiug moment coef f ic ien t  due 

opposite outboard a i le ron  down t o  15". ACnhois 

plot ted on page 6.0-16. The outboard a i le ron  

effect iveness  f ac to r ,  KsAe i s  p lo t ted  on page 

5 . 0 - t b .  The ground e f f e c t  f ac to r ,  

from page 6.0- H. 

F n Q L ,  is  obtained 

3~ Yawing moment coe f f i c i en t  due t o  rudder deflection. 
RUDDER$ 

(Le-. 25) 
+ hC~.....R5 b 

where (ACn& and ( be nllL)= are the  yawing 

moment coe f f i c i en t s  due t o  f u l l  def lect ion of t he  

upper rudder and the  lower rudder respectively.  

REVSYM D lpAGE 6.0-4 c,oc w 
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(Cont *d )  

*Cn ) are p lo t t ed  on page ( Ru)= and 

6.049. 

and the  lower rudder e f fec t iveness  f a c t o r ,  KaRL, 

are p lo t t ed  on page 6.0-17, 

respect ively-  me a e r o e l a s t i c  e f f e c t s ,  '&. 

The upper rudder e f fec t iveness  f a c t o r ,  Ksrru ,  

. 
and on page 6.0-16 

(cnRu) H=O 
and l s  , f o r  t h e  upper rudder and t h e  lover  

( c n ~  &I-o 
rudder, a r e  p lo t t ed  on page 6.0-20 and page 6.0=21 

respectively.  It should be noted t h a t  f o r  rudder 

def lec t ion  with one rudder inoperat ive,  t h e  appropriate 

rudder contr ibut ion should be mult ipl ied by 1-12. 

ACYRUwtm is obtained from page 7.0-3. 

= Yawing moment coef f ic ien t  due t o  an asymmetric (monitor 
FLAP FAIWRt 

l imi ted)  inboard or outboard f l a p  failure, - 
FLAP FAIWRE = ACn INBb FAILURE es Acn-80 MIWRL 

is  t h e  yawing moment where A C ~  iNBb FAiwpta 

coef f ic ien t  due t o  an asymmetric (monitor l imi t ed )  

inboard f l a p  f a i l u r e .  ACn lNbb MllURL f o r  f l a p  

extension or r e t r a c t i o n  is p lo t t ed  on pages 6.0-22 

and 6-0-ZS respectively.  

f o r  f l a p  extension or r e t r a c t i o n  A c n o u n ' O  MlWM 

is plo t ted-  on pages 6.0- 24 and 6.0-25 respect ively,  

- 

=Yawing moment coe f f i c i en t  due t o  asymmetric leading edge L.L. fAlWRL 
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7.0 SIDE FORCE COEFFICIENT 

The dimensionless aerodynamic s ide  force  coeff ic ient  is given in 

terms of its s ign i f i can t  components by the  equation below. 

C Y  

= S i d e  force coef f ic ien t  due t o  angle of s i d e s 1 i p . P .  

The complete expression f o r  - dCY is given ae 
dS 

where d C y  is the  bas ic  rate of change of s i d e  force L p  
coef f ic ien t  due t o  angle of s ides l ip .  For low speed, 

dt, is p lo t t ed  on page 7.0-5.  The a e r o e l a a t i c  L) I- 1 

e f f e c t .  mmo, is plo t ted  on page 7.0-5. The 

e f f e c t  of main and nose gear extension, A 

is given by: 

A (*) LANDIN6 - - -0.002 PERDEeuEE 

dP 6EAR 

IPAGE 7.0-1 . 
6-7000 



The landing gear e f fec t iveness  f a c t o r ,  K- is 

plo t ted  on page 2.0-28. 

The ground e f f e c t  f a c t o r ,  F y k  is obtained as follows: 

where the ground e f f e c t  s i d e s l i p  f a c t o r ,  ha , is 
plo t ted  on page 7.0-6. The ground effect height 

f a c t o r ,  K6L .. is p lo t t ed  on page 2.0-31. 8 

- dCY. - Psb = Side force coef f ic ien t  due t o  roll rate about the 
d@ ZV 

s t a b i l i t y  axis, xs . dCy is p lo t t ed  on page 7.0-7, ds 
dCy. r5b = Side force coef f ic ien t  due t o  y a w  rate about t h e  
dQZV 

s t a b i l i t y  cuds, zs . The complete expression for 

dCy is given as fo~lows:  dlP 

where (*) is plo t ted  on page 7 - 0 4 .  The .- 
ae roe la s t i c  e f f e c t ,  F Y F I  Y , is p lo t t ed  on page l i s  
7.0-9. 

= Side force  coe f f i c i en t  due t o  spoiler def lect ion.  AcyscoILLRa 

where (ACyx), is t h e  s ide  force coef f ic ien t  due t o  

def l ec t ing  t h e  operat ing spo i l e r  panel6 t o  45.. 

(ACY8P) 48 is p lo t t ed  on page 7.0011 The spoiler 

-2 REVSYM B 
-A 



effect iveness  f a c t o r ,  (Kgw)Y I is p l o t t e d  on page 

7.0- IO . The Mach number e f f e c t ,  [Cy& , i* 
(CVbP)n.o 

plo t ted  on page 7 . O - l t .  The ground effect f a c t o r ,  

Fnw , is obtained from page 6.0- I+. 

= Side force coef f ic ien t  due t o  rudder def lect ion.  

where ACyrt, Ls and (ACyRL)= a r e  t h e  s i d e  force 

coe f f i c i en t s  due t o  full def lec t ion  of t h e  upper 

rudder and the  lower rudder respect ively,  (ACyRu), 

and (ACyR,)= a r e  p lo t ted  on page 7.Wl3. The 

upper rudder e f fec t iveness  f a c t o r ,  KaRu , and t h e  

lower rudder e f fec t iveness  f a c t o r ,  KSRL , are p lo t t ed  

on pages 6.0-17 and 6.0-18 respectively.  

e l a s t i c  e f f e c t s ,  (cvRU)M and (CYIIJM . f o r  the 

upper rudder and the  lower rudder, are p l o t t e d  on 

0 

The aero- 

,- '- 

pages 7.0-14 and 7.0-15 respectively.  

= Side force coef f ic ien t  due t o  an asyemnetfic (monitor 
A c y F W  FAILURE 

l imi ted)  inboard or outboard f l a p  failure. - 
ACYFLAP FAILURE = *cy INd.0 FAILURE - OR Acy&D fAILUm 

is the  s ide  force coef f ic ien t  where ACy IND'D FAILURE 

due t o  an asymmetric (monitor l imi ted)  iSboaFd f b p  

for f l a p  extendon or Acy IN8'0 FAILUN 

r e t r ac t ion  is p lo t t ed  on pagas 7.0-16 a d  7-6-17 

9.$ v REVSYM 0 
a .  7.0-3 

6-7000 



7.0 respectively . 
(Cont 'd) for f l a p  extension or retraction ACYovrdo FAILUK€ 

is plotted on pages 7.0- 18 and 7.0019 respectively. 

=S ide  force coefficient due t o  asymmetric leading edge . ACY'LFAIURE 

flap failure. Acy,, F A I L u ~  is plotted on pages 7.0-20 

a d  7.0-21. 

I . -  
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8.0 LONGITUDINAL CONTROL S Y S m  7 

A general descr ipt ion of the longi tudinal  system is  presented 

i n  the  Introduction on Pages 1.2-1 and 1.2-2 and i n  Volume I. 

A block diagram of the simulated elevator  control  system and 

s t i c k  force program is  shown on Page 8.1-3 . The data f o r  

each pa r t i cu la r  block can be found on the page numbers ad- 

jacent  t o  the block. 

8.1 Control Column Force and Elevator Deflection 

The column t r a v e l  i n  the 747 is  12.67' p u l l  and -12.5' push. 

The column t r a v e l  i n  the FSAA is + 11'. The column deflect ion 

of the FSAA was scaled up by 1.15 (= 1 2 . 6 7 / ~ )  so  t h a t  m a x i m u m  

column i n  the FSAA resul ted i n  m a x i m u m  column i n  the simulated 

747 

a 

REV LTiR: 

The f e e l  u n i t  pressure, used i n  determining the feel  un i t  

torque, is 
A 

pf = dFs . (-120.9) l b / in  2 - 
age 

where 

Pf 
= Feel u n i t  pressure, l b / in  2 

U s  = Control column force  gradient, lb/deg 
G 
ItFs" = Column force gradient a t  q = 0. 

"FQC" = Column force gradient qc l i m i t .  

This is p lo t t ed  on Page 8.f-7 

This is p lo t t ed  on Page 8.1-8 

I SECT [PAGE 8.1-1 

E-3033 R 1  



The s t i c k  force due t o  the column mass unbalance is: 

The FSAA control loader was programmed with a breakout force 

plus  a constant gradient f o r  zero computed s t i c k  force. The 

control loader preload charac te r i s t ics  recorded by an x-y 

p l o t t e r  a r e  shown on Page 8.1-9. 

were subtracted f r o m  the computed stick force on the  NASA 

d i g i t a l  computer. The control loader was c o m d e d  with an 

incremental stick force  (corcputed stick force  minus preload 

s t i c k  force)  . 

The preload charac te r i s t ics  

REV LTR: 1 SECT 

E - 3 0 3 3  R 1  
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8.1' 

'C _. . 

6.2.1 Elevator L i m i t s  - Boost C% and Off  

T n e  maximum inboard and outboard e leva tor  l i m i t s  a re  shown on 

pages 3 .2-2  and 8.2-3  f o r  f u l l  and h a l f  boost oper?t!.or., 

respect ively.  

Ar. inboard o r  outboard e leva to l  sur face  with bath hydraul ic  s y s t e m s  

\ 

off  w i l l  t r a i l  a t  the  flcaL angres shown on pages 8.2-4 and 8.2-5, - 
respect ively.  

8.2.2 Eleva tc r  f i i g p h q  
- -  - 

The e leva tor  i s  downrigged a t  +2" from t he  f a i r ed  position, 

The outboard elevator angle is equal t o  t h e  inboard e leva tor  

angle up t o  the blowdown angle or' the  outboard elevator. 

. 

1' 

8-23 

-. 
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8.3-1. 

Pa&? 8.3-2 shows Ync p i l o t  end au toF i lo t  triu rates. 

The s k b i l i z e r  t r i x  r e t e  is pro&ran:xd b;. i z a c t  pesscre ,  q2. 

STABILIZER TRIM 
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9 .O LATERAL CONTROL SYSTEN 

A general descr ipt ion of the system is  presented i n  the Intro- 

duction on Pages 1.2-2, 1.2-3 and 1.2-4 and i n  Volume I. 

block diagram of the NASA simulated la teral  control  system is  

A 

shown on Page g.l-2a. The data f o r  each pa r t i cu la r  block can 

be found on the page number adjacent t o  the  block. 

puter requirements f o r  the simulation were reduced by applying 

The com- 

an equivalent r a t e  l i m i t  t o  the wheel ra ther  than t o  each 

spo i l e r  panel. 

i n  the simulation was a function of f l a p  screw t rave l ,  Page 

9.2-8, ra ther  than a function of t i m e ,  as shown on Page 9.2-4. 

The outboard a i l e ron  lockout program u t i l i z e d  

9.1 Control Wheel Force and Angle 

9.1.1 Control Wheel Force 

where, 

F W  = Control wheel force, positive for a clockwise 

wheel moment ( lb) .  

= Control wheel force due to the spring and cam 

mechanism ( l b ) .  

Fws 
This i s  plotted on page 9.1-3. 

= Friction force opposing control wheel motion 

(= 2.0 lb). 

FWFR 

REV LTR: I SECT 
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9.1.2 Control Wheel -le 

where, 

- - SW Control wheel angle (degrees). 

l i m i t s  are &= f 88 degrees. 

The cont ro l  wheel 

Reference control  wheel angle (degrees). 

not include the e f f e c t  of cable s t r e t c h  and I s  the 

This does 

input t o  the a i l e ron  and spo i l e r  programs p lo t t ed  on 

pages 9.2-3 and 9.2-5 respectively.  

. 35 = Cable s t r e t c h  f ac to r  (deg/lb). 

9.1.3 Iateral T r i m  

= Zero force datum wheel angle due t o  t r i m  (degrees). 

This is plo t ted  on page 9.1-4. 

the wheel force  datum but does not change the  

wheel l i m i t s .  

The nominal t r i m  rate i s  2.5 degrees of cont ro l  

wheel per second. 

hml  

The t r i m  s h i f t s  

The t r i m  l i m i t s  are f 6.27 u n i t s .  

REV LTlR: 
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9.2 Aileron-Spoiler-Wheel R o ~ r a m  

9.2.1 Iateral Control On* 

The inboard a i l e ron  wheel program is  p lo t t ed  on page 9.2-3. 

For f u l l y  unlocked outboard a i le rons ,  t h e  outboard a i l e r o n  wheel 

program i s  p lo t ted  on page 9.2-3. 

is  ava i lab le  a t  a l l  times for flaps 5, 10, 20, 25 and 30. 

F u l l  outboard a i l e r o n  au tho r i ty  

Outboard a i l e ron  unlocking is started a t  outboard flap jackscrew 

extension t o  09 of jackscrew travel and f u l l  unlocking taker  

about 1 5  seconds. After t h i s  time, f u l l  outboard a i l e ron  au tho r i ty  

is available. Outboard a i l e ron  locking I s  started at  outboard 

f l a p  jackscrew re t r ac t ion  t o  0% of jackscrew t r a v e l  and f u l l  

locking takes about 15 seconds. After t h i s  time, no outboard 

a i l e ron  au thor i ty  is ava i lab le .  For intermediate outboard a i l e r o n  

au tho r i ty  

= 

where, 

= Outboard a i l e r o n  angle (degrees). The outboard 

a i l e ron  mechanical limits are 25. T.E. up and 15' 

T.E. down. 
- .  

= Intermediate outboard a i l e r o n  gain factor. lmlr 

i s  a f h c t i o n  of f lap  screw tmveland is-plotted 

on Page 9.2-4. 



--- ~~ 

9.2.1 = Reference outboard aileron angle (degrees) commanded 

(Cont ' d )  f r o m  the aileron - wheel Frog- Page 9.2-3. 

I n  the NASA simulation outboard ailerons a re  locked out  when f laps are  

f u l l y  retracted. 

The spoiler-wheel program is plotted on page 9.2-5. 

9.2.2 Ja te ra l  Control With Speed Brake Operat5on 

The aileron wheel program remains the same for a l l  speed brake 

handle positions. 

For intermediate and normal inf l igh t  speed brake handle positions, 

t h e  spoiler wheel program is plotted on page 9.2-6. 
- .  

9.2.3 Speed Brake Operation 

-The speed brake'program with no lateral control inputs i r  

plotted on page 9.2-7. Panels 3, 4, 5, 6, 7, 8, 9, 10 are 
used a6 inf l igh t  speed brakes (intermediate and in f l igh t  speed 

brake handle positions). 

operate only as ground speed brakes (ground speed brake handle 

position). 

ca l ly  as speed brakes on*, cannot be modulated. These surfaces 

are e i ther  fu l ly  ex€ended or fully re t racted depending on the  

position of the speed brake handle. 

The remaining pane l s  1, 2, 11, 12 

Spoiler panels 6 and 7, which operate symmetri- 

--._ 
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9.3 Control Surface Limits and Float  m l c r  

The maximum inboard a i l e ron  and maximum outboard a i l e r o n  angles 

for f u l l  boost and half boost are plotted on pages 9.3-2 and 

9.3-3 respect ively.  The maximum spoiler angles are p lo t t ed  on 

Any inboard o r  outboard aileron surface with both hydraulic 

systems off ,  w i l l  t rai l  a t  the f l o a t  angles p lo t ted  on pages 

9.3-7 and 9.3-8 respect ively.  

faired posit ion,  boost off, due t o  the hold down check valves. 

The spoilers are held In  a 

w REVSYM D c w IPAGE 9.3-1 
6-7000 
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10 .o DIRECTIONAL CONTROL SYST'l3bl 

A general descr ipt ion of the system is  presented i n  the Intro- 

duction on Pages 1.2-4 and 1.2-5 and i n  Volume I. A block 

diagram of the simulated d i rec t iona l  control  system is  shown 

on Page 10.1-28. The data f o r  each pa r t i cu la r  block can be 

found on the page number adjacent t o  the block. 

10.1 Rudder Pedal Force and W l e  

10.1.1 Rudder Pedal Force 

e 

REV LTlR: 

where, 

FP = Rudder pedal force, p s i t i v e  for a left  rudder 

pedal  force  {lb). 

= Rudder pedal force  due t o  the  spring and cam 

mechanism ( l b ) .  

Fps 
This i s  p l o t t e d  on page 10.1-3. 

= Friction fmce opposing rudde r  pedal motion 

(= 6.0 lb). 

10.1.2 Rudder Fedal Angle 

SP = + -023)-p 

where, 

I SECT  PAGE IO.I--\ 

E-3033 R 1  



= Rudder pedal angle (degrees). The rudder pedal 

l i m i t s  a r e  bp = 2 1 4  degrees. 

= Reference rudder pedal angle (degrees). This does 
spRtc. 

not include the e f f e c t  of cable stretch. 

.O23 = Cable s t r e t c h  f ac to r  (dcg/lb). 

10.1.3 Rudder Trim 

L= Zero force da tum rudder pedal angle due t o  t r i m  

(degrees). This is plo t ted  on page 10.1-4. The 

t r i m  s h i f t s  the rudder pedal force  datum but 

= PtCIlM 

does not change t h e  rudder limits. The trim 

limits are k 10 units. 

LO. I. 4 Rudder Limiter 

REV LTR: 

where, 

- S R  = Rudder angle r a t i o .  This is plo t ted  on page 

I: Maximum avai lab le  rudder angle (degrees). %*. 
This i s  p lo t ted  on page 10.1-6. 

E - 3 0 3 3  R t  
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16.2 Rudder Shwdown 

Rudder blowdown is not included i n  NASA Simulation. 

The rudders a r c  aztuator force l in t i i ed  belosr t h e  n;echanFcell:~' 

aveilohlc rudder  x d e r  63ne f l i g n t  c m d i t i , m c  

4 
9 

I I 
'79 deternine 

HM COS SR" = 955.2 CHRG 9 .  

HMcos ' S i ,  = 833.2,-  
. ,  

KhC 

HM = f 13,800 l b - f ' t .  for.eac:h rudder i i i t h  all hydraulic 
I '  

.. I ,  I : I r I system operative,' Tnis value i s  redzced by me- . 
- -  

. a .  , ' 3  

onl'f if one of Che t w o  hJrcirailllc systems on e i t h e r  

rudder Deccnes inopemtive.  
, . .. 

'1he hinrve moment coefficjent can Se calculated fob any flight 

cozdi t ion using the da ta  on pages 10.2-2. 10.2-3;uand 10.2-4 

, 

w i t h  t h e  f o l l m i n g  equation: 

Note tnat the hinge moments for rudders def lec ted  separa te ly  

are different from those with rudders deflecced together .  * 

The rudders def lected separazely curve i s  used onLy when one 

of tne rudders is operating. * .  

, .  

. 

1 

I 

I 

R E V  SYM E 

6-7000 









. .. 

10.3 
... 

Saw Damp er/”urn Coordinator 

Dutch roll o s c i l l a t i o n s  on the  747 a r e  a t tenuated by a series p V  

damper which commands rudder proportional t o  y a w  rate and bank angle. 

The yaw damper output s igna ls  a r e  fed through shaping networks i n t o  

t h e  rudder ac tua tor  package, which dr ives  t h e  rudder, These rudder- 

def lec t ions  do not r e s u l t  i n  any movement of the  rudder pedals, nor 

do they a f f e c t  normal operation of t h e  rudder. The yav damper i S  

dualized i n  that both the  upper and lower rudders have independent 

y a w  damping systems, Deflection is l imited t o  3.6 degrees and t h e  

rate of def lec t ion  ( f o r  yaw damping) cannot exceed 15 degrees per  

second. A complete descr ipt ion of t h e  yaw damper system is shown 

i n  t he  block diagram on page 10.3-2. 

Turn coordination is achieved by def lec t ing  the  rudder, through t h e  

y a w  damper ac tua tor ,  proportional t o  roll r a t e ,  The input  r o l l  rate 

s i g n a l  is ac tua l ly  a derived rate, as shown i n  the  block diagrm. 

The t u r n  coordinator operates only when the  f l a p s  are do=, 

having a gain of -69 degrees/degree per second, 

An “easy-on” c i r c u i t  has been incorporated with t h e  flap switch t o  

smooth t r a n s i e n t s  in t he  bank a t t i t u d e  s igna l s  when t h e  f l a p  switch 

ac t iva tes .  (A warning l i g h t  i n  t h e  cockpit is provided t o  indicate 

improper operation of t h e  f l a p  suit ch). 
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11.0 HIGH LIFT SYSTEM 

A general  descr ipt ion of the system is presented i n  the Intro- 

duction on Pages 1.2-5 and 1.2-6 and i n  Volume I. 

diagram of the simulated high l i f t  model is  shown on Page 

11.0-2 . The data f o r  each pa r t i cu la r  block can be found 

on the page number adjacent t o  the  block. 

A block 

A f l a p  auto-retract ion system is designed as part of the 

f l a p  system. 

a i r c r a f t  speeds exceeding 169 knots, the flaps automatically 

drive back t o  the 25 posi t ion.  

t u r n  t o  the o r ig ina l  30 

creased t o  164 knots. 

With the f l a p  l eve r  i n  the 30 detent  and with 

The f l a p s  automatically re- 

0 s e t t i n g  when the airspeed is  de- 

REV LTR: 
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0 12.0 PROPULSION SYSTEM 

A general descr ipt ion of the system is presenlxd i n  the Intro-  

duction on Pages 1.3-2 and 1.3-3 and i n  Volume I. 

12.1 Engine Pressure Ratio 

A block diagram of the engine pressure r a t i o  simulation i s  

shown on Page 12.1-2. 

the  f l a p  pos i t ion  is  25 o r  30 and gear is  down b u t  not on the 

ground, was simulated by adding an incremental EPR of 0.015. 

The f l i g h t  i d l e  l i m i t ,  occurring when 

The NASA engine t r ans i en t  program, consisting of a t ransport  

delay and a lag,  was modified t o  approximate the 747 engin? 

dynamics shown on Pages 12.1-6 through 12.1-1'7. 

The engine operating l imi ta t ions  a r e  contained i n  Appendix A - 
Fl ight  Manual. 

REV LTR: 
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12.2 Engine Thrust 

A block diagram of the engine tk rus t  simulation is  shown on 

Page 12.2-3. 

The reverse t h r u s t  cha rac t e r i s t i c s  used i n  the simulation 

were a funct ion of anbient pressure and EPF., Page 12.2-5 . 
This &ta was based on a Mlck number of .2. Reverse t h n s t  

data as a funct ion of Mach number i s  shown on Pages 12.2-6 , 
12.2-7 and 12.2-8 . 
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. 
12.3 Engine Cockpit Display Parameters 

REV LTR: 

A block diagram f o r  engine display parameters is  shown on Page 

12.3-2 

l a t ion  is shown on Page 12.3- 3. 

scaled up by a factor  of 8.8 t o  obtain the exhaust gas temper- 

a ture  i n  the simulation. 

accuracy and the data  points used i n  determining the scale 

factor.  

and the block diagram f o r  the NASA engine gauge simu- 

The compressor RPN was 

The table on Page 12.3-4 shows the 

I SECT lPAGE 12.3-1 
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12.4 Windmilling Drag 

The windmilling drag characteristics on Page 12.4-2 were in- 

cluded in the simulation as a term in the engine equations. 

REV LTR: 
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12.5 Thrust Reverser Effects on Aerodynamic Coefficients 

The thrust reverser effects on the lift, drag and pitching 

moment coefficients are presented on Page 12.5-2 . The 
approximations used in the simulation were made to conserve 

computer storage and justified because the thrust reversers 

are recommended to be in the idle reverse position by 

approximately 60 knots. 

REV LTR: 
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13 .o LANDING GEAR 

REV LTR: 

A general  descr ipt ion of system and landing gear equations is  

included i n  Volume I of t h i s  report .  A de ta i led  der ivat ion 

of the landing gear equations is contained i n  the Appendix 

t o  Volume I. 

Block diagrams showing the method of calculat ing strut com- 

pression and force  and wheel s ide  and drag forces  i n  the 

NASA simulation a r e  shown on Pages 13.0-2 through 13.0-5. 

Refer t o  Volume I f o r  the landing gear nomenclature. 

E - 3 0 3 3  R1 
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14 . 1 . 1 COCKPIT INSTRuivmTS 

The cockpit instruments were s t a t i c a l l y  checked t o  assure that 

the p i lo ted  checkout could be conducted w i t h  confidence. 

checks were made of the following instruments: 

Rudimentary 

1. Altimeter 

2. Rate-of-climb-indicator 

3. Airspeed indicator  

4. Atti tude ind ica tor  

5. Turn and bank indicator  

6. Mach meter 

7. Flap pos i t ion  indicator  

8. S tab i l i ze r  pos i t ion  indicator  a The checks were conducted by put t ing  the computer i n  "hold" and comparing 

the  instrument readings with the computer values. 

made a number of times throughout the simulation checkout and a l l  of the 

instruments were i n  good agreement with the  computed values. 

These comparisons were 
1 

The instru-  

ments operated smoothly dur ing  the dynamic checks and p i lo ted  evaluation. 

A comparison of d ig i t a l  values and cockpit instrument readings 

were tabulated during the four  engine climb performance test. 

parison between the computed and indicated p i t ch  a t t i t u d e  shows the 

!&e com- 

l a rges t  discrepancy. However, the p i t c h  a t t i t u d e  is d i f f i c u l t  t o  read 

t o  a f r ac t ion  of a degree. 

specif ied i n  th? tab le  on Page 14.2-10. 

The differences are within the tolerances 



The s t a b i l i z e r  pos i t ion  ind ica tor  i n  the FSAA was programmed 

A l l  using s t a b i l i z e r  referenced t o  the  fuselage reference l i ne ,  Apm. 

of the aerodynamic data a r e  i n  t e rns  ofd/FRL. The 747 s t a b i l i z e r  in- 

d i ca to r  and s t a b i l i z e r  information used i n  the f l i g h t  manual and 

D6-30833-1 is i n  s t a b i l i z e r  "pilot's units",  h. . 
given by: 

The conversion i s  
P 

AJp = 3O -.h,FRI, . 

I SECT  PAGE \I.+.\ -3 



14 1 2 A'D*IOSPHEKE MODEL 

The atmosphere model, presented i n  Volume I of t h i s  report ,  

Values was chscked for a number of a l t i t u d e  and airspeed conditions. 

of Ve f o r  a number of a l t i t u d e s  were input t o  the c o q u t e r .  

values of 14, V, (VI), V, q . and qc were checked with tk data i n  th? 

t ab le  on Page 14.1-5. 

Output  



ATMOSPHERE CHECK 

1. Standard Day, No Wind 
2. Pilot's Airspeed VI I s  equal to vC 

vTRUE 9c 2 LB/FT 
34 

136.5 

320.5 

533 

'(7 

219.5 

444.5 

768.5 

219.5 

320.5 

444.5 

695 

135.5 

jzo. 5 

444.5 

2iy. > 

309.5 

-1 38.5 

219.5 

MACH 9 

. 151 34 

.302 135.5 

.454 304- 5 

m. LB/FT~ 

0605 541.5 

273 75.5 

337.5 

149 5 q= 487.5 .452 208.5 

.629 
. . -. 

656 
I 

x),ooo 1 250 

20'ooo I 300 292 I 675*5 
651 289 

20,000 I 350 =I= 538.5 

20,000 I 430 
9 913 576 

541 129 

3b3 5 32'1 . 5 

270 337.5 

1y1.5 

lY1.5 + 796.5 

.672 124 
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14.1.3 EXIGINE CHARACTERISTICS 

Static forward and reverse thrust characteristics were checked 

by comparing the computer output data with a manual calculation of the 

same condition. 

and -8. 

The comparisons are shown in the examples on Pages 14.1-7 

The transient engine characteristics are shown on Pages 14.1-9 

A sea level static condition was set up and throttle changes and -10, 

were comanded. 

mates the engine transient data  shown in Section 12. 

The resulting transient characteristics f o r  EPR approxi- 
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CHECK STAT\C I  T H R U S T  
APPD 

60.00- 
\r7.0- 
50.39'F 
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a 

0 



a 
The simulated airplane was s t a t i ca l ly  trimmed a t  several variations 

of weight, cog., a l t i tude,  speed, and f l ap  positions. Computed values of A, 

8B, and EPR/F, were compared t o  b e i n g  simulator and f l i g h t  test results.  

Comparisons t o  simulator resu l t s  a re  tabulated on Pages 14.1-12 and -13 and 

plot ted on Pages 14.1J4-thrU -18. Comparisons t o  f l i g h t  tes t  snd simulator 
c .  r 

resu l t s  a re  plot ted on Pages 14.1-19 thru -21. 
. \  

The ef fec ts  of configuration changes, landing gear up and down 

and speed brakes up and darn, were computed and the resu l t s  a re  tabulated 

on Page 14.1-22. 

The e f fec t  of ground ef fec t  on t r i m  is  tabulated on Page 14.1-12. 

932 t r i m  data a re  based on the ground ef fec t  curves on Pages 2,0-311 -32, 
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14 . 1 . 5 ELEVATOR-STABILIZZR TRADES I O  
I The simulated airplane was i n i t i a l l y  trimmed f o r  1 g s t ra ight  

~ and l eve l  f l i g h t  w i t h  zero column deflection. Values of scol were input 

and the airplane was retrimmed with s tab i l izer .  The r e su l t s  a re  tabu- ~ 

l a ted  and plot ted with Boeing simulation and f l i g h t  t e s t  resu l t s  on 

Page 14.1-24. This t e s t  provided a check on the column t o  elevator 

gearing, outboard elevator blowdown, and elevator and s t ab i l i ze r  effective- 

ness. 
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Dynamic responses were run t o  check the Dutch ro l l ,  short 

period, and phugoid modes of the simulated airplane. 

m'EZM6 
SECT 

14.1.6.1 Dutch Roll 

NO. V O ~ .  11 
PAGE 14.1 - 2 5  

The Dutch r o l l  was in i t i a t ed  by releasing the airplane from 

an i n i t i a l  condition of sideslip.  

on and off. 

Responses were nade with yaw damper 

Comparisons of the time h is tor ies  between the NASA and 

Being  simulations are  shown on Pages 14.1-26 thru -36. 

14.1.6.2 Short Period and Phugoid 

The short  period and phugoid modes were exited by an elevator 

input a f t e r  the airplane had been trimmed f o r  s t ra ight  and l eve l  f l igh t .  

An incremental elevator was input for a prescribed time and then removed. 

Comparisons of the time h is tor ies  between the NASA and Boeing simulations 

are shown on Pages 14.1-37 thru -49. 
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14 . 1.7 FLIGHT CONTROXS 0 
14.1.7.1 Force and Displacement 

The force and displacement curves f o r  the wheel and rudder a re  

sham on Pages 14.1-52 and 14.1-53. These curves were obtained from the 

control loader i n  the FSAA cab. The wheel force i n  the cab should be 

compared t o  the force character is t ics  on Page 9.1-3. The rudder force 

i n  the cab should be compared t o  the force character is t ics  on Page 10.1-3. 

Wheel and rudder forces were not calculated i n  the computer. 

The column force was calculated i n  the computer and a modified ' 

force increment was input t o  the control loader t o  augment the constant 

s t ick  force gradient i n i t i a l l y  s e t  i n  the column control loader. Tests 

were made t o  ver i fy  the computed and cab column force. 

- A condition was s e t  up i n  the computer t o  check thescol  t o  

The b e  relationship and the resul t ing forces f o r  two cog. positions. 

tabulated comparisons between Boeing and NASA simulations are on Pages 

14.1-54, 55. The data is  plot ted on Page 14.1-56. Column force and dis- 

placement data i n  the FSAA cab was a lso  obtained f o r  t h i s  condition. 

The control column was deflected t o  a pos i t ion  and t h e  computed values 

of s t ick  force, se, and scol were obtained. Column s t ick  force and bcol 
were a l so  obtained from the column control loader through a calibrated 

x-y plo t te r .  The resu l t s  a r e  tabulated on Page 14.1-55 and plot ted on 

Page 14 . 1- 57 . 
Similar computed stick force da ta  was obtained from the elevator 

s t ab i l i ze r  trade condition. 

p lo t ted  on Page 14.1-58. 

The r e su l t s  a r e  tabulated on Page 14.1-54 and 
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v 
Kaneuvering column force dzta was obtained auring the pi loted 

checkout . 
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14.1.7 . 2 RIGGING 

mn€ING 
SECT 

The lateral  control  r igging was checked a t  high speed. The 

NO. V O ~ .  11 
PAGE 14.1-53 

I t ab le  on Page 14.1-60 shows a comparison of Boeing and NASA simulation 

I results for various combinations of wheel and speed brake inputs. 
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14.1.7.3 BLOWDCWE 

The blowdown f o r  elevator and spoi ler  and the r a t i o  changer 

l i m i t  value f o r  rudder was verif ied a t  different  times throughout the 

simulation checkout. 

dab point f o r  elevator blowdown and the l a t e r a l  rigging check provided 

spoi ler  b lowdm data. 

The elevator s t ab i l i ze r  trade t e s t  provided a 

A fur ther  check on blowdam was a comparison of i n i t i a l  

accelerations with f u l l  control inputs. 

is  a comparison of i n i t i a l  accelerations and control surface posit ions 

between Boeing and NASA simulations. 

The tabulation or? Page 14.1-62 
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14.1.8 LAXDING G W E  

t o  s e t t l e  

The landing gear a s  s t a t i c  checked by allowing the airplane 

on the ground and verifying the amount of s t r u t  compression. 

Dynamic responses were made by releasing the airplane fron Ah and A0 

i n i t i a l  conditions. 

In  consideration of the computer l imitat ions and the overall  

simulation, the landing gear simulation was m n  a t  a computational 

frame time of 39 milliseconds. 

the response t o  a Ah i n i t i a l  condition f o r  two d i f fe ren t  computation 

times. 

i n  a smoother response than the "normal" frame time of 39 m s .  

l ec t ing  the l i m i t  cycle, the response with the 39 m s  frame time appears 

t o  have -the same frequency and s l igh t ly  increased damping over the 13 m s  

?"ne time h is tor ies  on Page 14.1-64 shows 

The increase i n  computation speed, frame time t o  13 m s ,  r e s u l t s  

Neg- 

e response . 
The time h is tor ies  on Page 14.1-65 shows the response t o  a A @  

- i n i t i a l  condition. 

the A @  responses. 

The comments on the Ah response a r e  applicable t o  

The ef fec ts  of slowing the computation speed, o r  increasing 

the frame time, a r e  shown i n  the responses on Page 14.1-66. 

tude of the l i m i t  cycle increased as the computation speed decreased. 

The ampli-  

The a i r c r a f t  response due t o  landing gear deflections f e l t  

r e a l i s t i c  t o  the Boeing t e s t  p i l o t  i n - the  moving base simulation. 

though a l i m i t  cycle existed i n  the computed response with a 39 m s  frame 

Even 

time the amplitude of the computed l i m i t  cycle was low and the frequency 

was high enough (3 cps) t h a t  no objectionable character is t ics  were noted 

by the p i lo t .  
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14.2 PILOTED cHECI(0uT 

The piloted checkout provided an overall  assessment of the 

simulation as weU as quantitative data. Jack Wadclell, Boeiw 747 

project p i lo t ,  flew the motion simulator f o r  a t o t a l  of 5 hours i n  

3 sessions. He qual i ta t ively evaluated the following characterist ics:  

1. 

2. 

3. 

4. 

5. 

6.  

7. 

8. 

9. 

10 . 

Airplane handling characterist ics 

a. Dutch roll mode 

b. Spiral  mode 

C. Short period mode 

d. Phugoid mode 

e. Rol l  r a t e  

f. C l i m b  performance 

g. Flap extension and retraction 

h. Speed brakes 

Enginz re-p c onse 

Ground ef fec t  

Control forces 

Takeoff (3  and 4 engine) 

Landing 

Stall 

A i r  minimum control speed 

Buff e t  

Stick shaker 

The ground ef fec t  character is t ics  were modified during the 

approach and landing evaluation. The ground ef fec t  data on Pages 2.0-31, -32, 

REV LTR: 
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3.0-17, -18, and 4.0-35 were modified by the following factors: 

.7 times the pitching moment increment 

.3 times the drag increment 

.9 times the lift increment 

The above changes to  the ground effect d a t a  were substantiated by 

additional piloted testing on the Boeing 747 simulation. 

Boeing revisions are included in  Section 19. 

The resulting 

The buffet and stick shaker amplitude and frequency characteristics 

were tailored t o  the satisfaction of the pilot. 

stantiated the validity of the simulation. 

His overall comments sub- 

Rapid r o l l  i n p u t s  resulted i n  la te ra l  acceleration w h i c h  the 

p i lo t  f e l t  were greater than i n  the airplane. 

location above the cog. (10 fee t )  was reduced t o  an effective distance 

of 6 fee t  i n  the simulator drive equations. 

simulator motion comparable t o  the airplane. 

The pi lo ts  vertical  

The p i lo t  f e l t  the r e s u l t i n g  

The l a t e ra l  acceleration 

due t o  the p i lo t  location above the cog. is attributed t o  a i rc raf t  

f lexibil i ty.  

Quantitative data were obtained w i t h  NASA pilots. The following 

pages contain the r e s u l t s  of the piloted tests. 
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14.2.1 TAKEOF" a 
Two takeoffs a t  different  gross weights were performed t o  

verify the takeoff acceleration. The simulation of basic drag character- 

i s t i c s ,  thrust  lapse rate,  ground ef fec t  i n  taxi at t i tudes,  rol l ing co- 

e f f ic ien t  of f r i c t ion  and ine r t i a  effects  a re  indirect ly  checked by timing 

takeoff acceleration. 

The time t o  obtain rotation and l i f t -o f f  speeds were determined 

by the airspeed indicator and a stop watch. 

and NASA simulations a re  shown i n  the table  on Page 14.2-4 . The NASA 

simulated takeoff s ta r ted  with V = 15 k t  (at t = 0)  and takeoff thrust  

while the Boeing takeoff data s ta r ted  a t  V = 0 ( t  = 0)  and takeoff 

thrust .  

must  be added t o  the NASA d a t a .  

by the average acceleration. 

Comparisons between Boeing 

To compare the two, the time t o  accelerate f r o m  0 t o  15 knots 

This time is equal t o  15 k t  divided 

The average acceleration was determined 

from the curves on Pages 14.2-7 and 14.2-8 . 
Time h is tor ies  f r o m  the NASA takeoff a r e  shown on Pages 14.2-5 and 

-6 . 
Boeing resul ts  on Pages 14.2-7 

Velocity versus time data from the NASA test a re  plot ted with the 

and -8 . 
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14 . 2.2 CLIMB PXRFORM.NcE 

The purpose of t h i s  t e s t  was t o  ver i fy  the climb performance 

simulation. The p i l o t  s ta r ted  the t e s t  near sea leve l  and h i s  task 

was t o  f l y  the air  speed and EPR schedule prescribed f o r  t h i s  condition, 

Page 14.2-10. 

and data was obtained from the cockpit instruments and the computer. 

A t  the check alt i tudes,  the computer was put i n  "hold" 

The comparison between b e i n g  and I W A  simulator resu l t s  i s  tabulated 

on Page 14.2-10 and plot ted on Page 14.2-U, 

t h i s  task is  t o  have the airplane s tabi l ized when putting the computer t o  

I t  hold" . 

The d i f f icu l ty  i n  performing 

REV LTlR: 
. 

SECT  PAGE w.2-  9 

E-3033 R I  



a 

f 

z 
4 
2 

- d 
0 Q  < 
p3w 

'TI 0UO-l" 
'M'O 

E ; -  a 
8 
I 4  u 



. . . . . . . . . .  . . .  ..) : . . . I . , .  . , . : .  .. 1 . . . .  i 
! .  I .  

. * .  . 1 .  . '  
I I * .. . ~ . , : : i .  . ' !  I .  . 

. . . . .  I 

I , .  ! : ; 
. I  

0 N 

M - 
0 - 

I- . . .  .: .... :... .i ..--- 1 d .  

1 : ; -  . . . . . . . . .  . ,  . . . .  . . _____ 
. . . . .  
! ..: : :  :. . .  

. .  L.._.* -.. --L ........... . .  . . . . .  

. . .  I .  .... i. . . .  

A L # 4 M C ? l C  l * @ L  :,: .............. 



v 

14.2.3 DELIGHT ACC-TION AKD DECELEXATIOK 

The acceleration condition was performed 

with maximum continuous thrust  and accelerating t o  

by s t a r t i ng  a t  M = .65 

the m a x i m u m  speed, 

Speed and t i m e  d a t a  were obtained from the cockpit. 

tween Boeing and NASA simulations i s  shown on Page 14.2-13. 

The comparison be- 

The deceleration check was performed with speed brakes and 

i d l e  parer, s t a r t i ng  a t  M = .85. The NASA simulation r e su l t s  a re  plot ted 

on Page 14.2-14, The differences i n  the NASA and Boeing data are  the 

r e su l t  of a difference i n  id l e  EPR. The Boeing t e s t  u t i l i zed  a revised 

Mmch and a l t i t ude  correction t o  EPR which affected the i d l e  th rus t  a t  

high a l t i t ude  and Mach number. The trend of the resul ts ,  accounting 

f o r  the higher id le  thrust ,  appeared correct. The adjustment t o  

id le  EPR was made in the NASA simulation after the checkout data 

0 obtained. 

the 

were 
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14.2.4 S T U D Y  '?XBNS 

This t e s t  was conducted t o  check the stick force and elevator 
* 

required t o  hold a bank angle, o r  load factor.  The p i l o t  trimmed the 

airplane f o r  s t ra ight  and l e v e l  f l i g h t  and then ro l led  in to  a steady 

coordinated turn a t  a specified bank angle. The airplane was allowed 

t o  descend i n  order t o  maintain a constant airspeed. When the con- 

d i t ion  was stabil ized, the c o q u t e r  was put i n  "hold" and the computed 

values of Fs, pB, and&, were obtained. 

the Boeing simulation r e su l t s  on Page 14.2-16. 

along with f l i g h t  t e s t  resul ts ,  on Pages 14.2-17 and -18. 

The r e su l t s  a r e  tabulated with 

The data a re  plotted, 

The data 

sca t t e r  is  a r e su l t  of the d i f f i cu l ty  i n  having a s tabi l ized condition 

when going t o  "hold". A calculated value of VI = l/cos& was used i n  

p lo t t ing  the d a t a .  * 
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14.2.5 LONGI’IUDIWL STATIC STABILITY 

The airplane was t r imeC for s t ra ight  and l eve l  f l i gh t .  With- 

out changing the s t ab i l i ze r  o r  th ro t t le ,  the p i l o t  slowly changed ths 

speed using the elevator. 

a r a t e  of climb o r  descent. 

corded when the airplane was stabi l ized a t  thz prescribed speed. 

The thrust  discrepancy was a l lomd  t o  generate 

Computed values o f s , ,  FsJ a n d 8 3  were re- 

Tne 

coluan was thzn released t o  see if  the airplane w u l d  return t o  the t r i m  

speed. ??le r e su l t s  a r e  plot ted on Page 14.2-20. 

D6-30643 
@ m ! l N @ I N O .  VOL 11 

REV LTR: 



. -  
I '  

X L C '  

: W K X  

WR 

4PA 

_ _ _ * .  . - 
' .  

747 

V O l .  11 

HOLTLNER 530.7 REVISED DATE 
APPROACH STAB\L\TY CURWTT 5.19*70 

'D6-30643 - 
-I-- 

PACE 

. . . . . . .  
, '  

. . .  ----. -- 
I I .  
I .  

...... - 
I 

! ..!. 
I . .  ..-- 
. I  . .  , . I .  

1 .  . . . . . .  ..*.- 
' 1 .!'. 

. .-. 4 - _,_. 
! '  

1 .!: . , - . , . - -, . : . 1: ;:!: . . .  . , . I  
. . .  .--*--. 

. . . .  . 1::::: 
. . . . . . .  < .... :. . . _ . ( .  

. I  

... : -;i.:p . . . . .  

, .._*_ : ' ,  t; ' : . : ' : I '  . .--.. --,. . : I::.::: 
. : . : I .  . .  ............ 



14.2.6 SWY SIDESLIPS 0 

n’!lND 

SECT 

After a t r i m e d  f l i g h t  condition vas s e t  up, the p i l o t  slowly 

NO. V O ~ .  11 
PAGE l 4 . 2 - 2 \  

applied rudder t o  hold a steady sideslip.  A combination of l a t e r a l  con- 

t r o l  and bank angle was used t o  maintain a s t ra ight  and l eve l  f l i g h t  path. 

When the airplane was stabil ized, conputed values o f g ,  s,, SIT, andqB 

were recorded. 

t e s t  a r e  shown on Pages 14.2-22 and -23. 

Comparisons between NASA and Boeing simulations and f l i g h t  

REV LTR: 
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The p i l o t  trimmed the airplane for s t ra ight  and l eve l  f l i g h t  

The yaw damper was on and the rudder and then rol led in to  a 30' bark. 

pedals were not used. 

input was rapidly applied and held u n t i l  the airplane banked t o  30' 

i n  the opposite d iEc t ion .  

with a stop watch and the maximun r o l l  r a t e  and magnitude of wheel input 

After the bank angle vas  established, a wheel 

The time t o  bank through the 60' was obtained 

were obtained from the computed time his tor ies .  The average r o l l  ra te  

was determined by dividing the change i n  bank angle, 60°, by the time 

required t o  bank 60'. 

r e su l t s  i n  the table  on Page 14.2-25 and t o  the p lo t ted  data on Pages 

The NASA simulator data is  compared t o  Boeing 

14.2-26 thru -28. 
! 
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14.2.8 AIR ICIX!XUX CONTROL SPEED 

Ninimum control speed i n  the air  is defined as  the lowest speed 

a t  which an airplane can mainkin s t ra ight  f l i g h t  v i t h  a c r i t i c a l  engine 

fai led,  rudder a t  f u l l  deflection, and bank angle a t  5 degrees (dead engine 

high). The resu l t s  from the  NASA t e s t  a r e  plot ted on Page 14.2-30. 
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15.0 APPETtTDIX A - FLIGRT I.WWfLL 

Selected pages from the performance sect ion of t h e  FAA approved 

a i rp lane  f l i g h t  manual are contained i n  t h i s  section. This information 

w i l l  allow the simulation t o  be operated i n  compliance with the appropriate 

perfomance c r i t e r i a  and c e r t i f i c a t i o n  requirements of FAR Part 25 and 

P a r t  36. 
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E-3033  R 1  

SECT  PAGE \ L O - 1  



74 a 
c 

THIS AIRPL.ANE MUST BE OPERATED I N  COMPLIANCE WITH THE 
PRESCRIB3ED CERTIFICATE LIMITATIONS IN SECTION 1 HEREIN 

Approved bl: 

Chief, Aircraft Engineering Division, 
FAA, WESTERN REGION 

Date December 30, 1969 

PUBLISHED BY THE BOEING COMPANY, COMMERCIAL AIRPLANE GROUP, RENTON, VVASHINGTON U.S.A. 



AIRPLANE FLIGHT MANUAL 

S E C T I O N  4 - P E R F O R  M A N C B  

The Information in this section is presented for caupliance with the appmpriate 
performance criteria and certification mquirements of FAR Part 25 and Part 36. 

All perfoznmce in this aection is based on the following: 

1. 

2. 

3. 

4. 

A p p m e d  e-ne thrust ratings less installation losses, airbleed and acces- 

Full temperature accountability within the operational limits, except for 
lending distance, which is based on standard dsy temperatures, 
Trailing e@ flaps positions aa follows: 

B O W  l O S e C 8 .  

Takeoff 
Transition Flap Setting 
Enroute 
4)P-h 
Landing 

- 
10, 20 
1, 5 

0 
20 

25, 30 

Leading edge devices in the appropriate position for trail- cage flap 
position. 

Details of the variable factors affecting performence are given under perf'onnance 
configuration, but certain assrmptions relating to all performence data are as 
follows : 

Ihe effect of Snti-iclng eystuna operation l e  shorn on applicable charts. 

aupiaity has no appreclablc effect on the thrust of the engines; therefollc, it 
has not been coneldered in the  performance data. 

Ibe w i n d  velocity used in calculations is factored to assure canpliance with the 
relevant operating regulations. A l l  charts should be entered with actual tower- 
mported w i n d  canponente. 

I 

+ 
F M  A??ROVED 12A30-69 



AIRPLANE FLIGHT MANUAL 

All airspeed and Mach values i n  this m a n u a l  assme a zero instrument error. 

A l l  Indicated Mrepeeds are based on normal s t a t i c  source position error. 

Position error is the instrupent indication e m r  due to location of e t a t i c  ports. 

Eauivalent AlrsDeed. EAS - Airspeed indicator reading, as ins ta l led  i n  the air- 
plane, corrected f o r  s t a t i c  source position e m r  and canpressibil i ty.  

Calibrated Airswed. CAS - Airspeed indicator reading, as installed in the air- 
plane, corrected f o r  s t a t i c  source position error.  

I- cated AirsDee d, US - Airspeed indicator reading, as i n s t a l l ed  i n  the air- 
plane, uncorrected f o r  static source position error. 

me Mach Nmber. M - Macknneter reading, as ins ta l led  i n  the airplane, corrected 
f o r  s t a t i c  source position error. 0 
Critical mine Failure SDe ed. Vl - l%e s p e d  at which, when an engine failure is 
recognized, the distance t o  continue the takeoff t o  a height of 35 feet will not 
exceed the usable takeoff distance; or, the distance t o  bring the airplane to a 
full atop will not exceed the accelerate-stop distance available. 
be lees than the Ground Minlmun Control Speed, VMCG, o r  greater than the rotat ion 
speed, VR, o r  greater than the maxirmnn brake energy speed, VMBE. 

Vl m u s t  not 

E 1 Ratio Vl VR - The ratio of the engine failure speed, Vl, 
for  actual L'UIMB~ dimensions and conditions, to the rotat ion speed, VR. 

Maximzpn Brak e Enerm 9De ea, VMm - The maximum speed on the ground fma which a 
stop can be accomplished within the energy capabi l i t i es  of the brakee. 

+ 
F M  APPROVED 12-30-69 
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AIRPLANE FLIGHT MANUAL 

G E N E R A L  

AIRSPEEDS (Continued) 

Rotation SDeed. VR - The speed at  which rotation is i n i t i a t e d  during the takeoff. 

Takeoff Safety &e ed. V2 - The scheduled target speed t o  be at ta ined at the 35 
foot  height with one engine inoperative. 

Air Minimun Control m e d .  VM CA - The minimum f l ight  speed at which the airplane 
l e  controllable w i t h  a maximuan of 5” bank when the c r i t i c a l  englne sUaaenly be- 
comes inoperative with the remaining engines a t  takeoff thrust. 

Ground Minimum Control med.  VM CG - The minimum speed on the ground at  which the 
takeoff can be continued, u t i l i z ing  aerodynamic controls alone, whn  the c r i t i ce l  
engine suddenly becomes inoperative with the remaining engines at  takeoff thrust. 

Landina Reference m e d .  VREF - The minimum speed at the 50 foot  height i n  a nor- 
mal landing. 
configuration. 

DeeiRnMan ewer ing  SDeed. VA - The maximm speed at  which application of f u l l  
available aileron, ndder o r  elevator will not overstress the airplane. 

This speed is equal t o  1.3 times the stall speed i n  the landing 

0 

+ 
FAA APPROVED 12-30-69 
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AIRPLANE FLIGHT MANUAL 

D E W  (Continued) 

- International Standard Atmosphere, as accepted by the International Civi l  

- Outeide Air Temperature - the free air s t a t i c  (ambient) temperature. 

- Static A i r  Temperature - outside air (ambient) temperature a8 c-ted by 

Aviation &wi=tia. 

the A i r  Data Cmputer and preeented on the Static A i r  Temperature indicator. 

- Tota l  A i r  Temperature - s t a t i c  air temperature p lus  adlabatic compreesio~l 
(ram) r iee  as indicated on the Total A i r  Temperature indicator. 

Wind Velocity - The actual KLnd velocity at  a 50 foot height reported from the 
tower and corrected by the wind c q a n e n t  chart t o  a headwlnd or tailwind com- 
ponent paral le l  t o  the fl ight path. 

HEIGHT 

Groes Hei&t - The geometric height attained at  any point in the takeoff flight 
path us ing  gross climb performance. 
pressure al t i tudes at which obstacle clearance procedures and Wing f lap  retrac- 
t ion are init iated,  and level-off-height scheduled. 

Gross height is used for  calculating ectual 

pe t  H e l R h t  - The geometric height attained at  any point in the takeoff f l igh t  
path using net climb performance. N e t  height ir. used t o  determine the  net flight 
path which must clear any obstacles by at least 35 feet  t o  c q l y  with the regu- 
lat ions. 

I C  ING 

- Icing may develop when visible moisture euch ae fog, rain, or  
w e t  snow is preeent with Stat ic  Air Temperature below 8 " ~  (46'F). 

meed Field Lurnt h - The condition where V1 Is selected t o  make the takeoff 
dietance equal t o  the accelerate-stop distance. 

Unbalan ced Field Len& h - The condition where V1 I s  selected t o  make the takeoff 
dietance and accelerate-etop distance unequal. 

L 



AIRPLANE FLIGHT MANUAL 

G E N  E R A L  

GRADIENT OF CLIME 

Gross Gl-€l&&& - The demonstrated ra t io ,  expressed as a percentege, of: 

chanae -I;n Heiaht 
Horizontal D i s h m e  h.aveled 

The gradients shown on the charts  are t r u e  gradients, i.e., they are based 011 
true, not pressure, rates of c1-b. 

Net Gradtent - !he demonstrated gross &!ient reduced by the increment as m a  
by regulation. 

The buffet boundary is a basic characteri&,ic of the airplane that Is defined by 
angle of a t t a c k  and Mach numbers. Below al;~pmximately 0.85 M, the buffet is Fe- 
lated t o  the wing maximum l i f t  capabi l i ty  ( therefore t o  t rue  airplane s t a l l ) .  
In  the range above 0.85 M, buffet  is related t o  the grar th  of shock waves on 
the wing.  

A t  any flight condition, it is possible t o  e t e r m i n e  the altitude, loW-speed, 
high-speed, and maneuvering margins before buffet onset occurs. 
Maneuvering Capability chart. ) 

(See Cruise 

C R O S S W I N  D V A  L U E S (Takeoff and Landing) 

The rnaximun demonstrated crosswind cmponer I t  is 30 knots reported wind at 50 foot 
height. This component is not considered t m  be limiting. 

For performance scheduling, the full k a d w d  .nd component n& be used p r W i w  that 
the corresponding crosswind component does, not exceed 30 knots. 

M I N I M U M  C O N T  R O L  S P E E D i j  

The Air Minhun Control Speeds (VMCA), and 
(VMCG), of this airplane are shown on a cha rt i n  this Section, and on the  takeoff web charts where applicable. 

the Ground Minimum Control Speeds 

+ 
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AIRPLANE FLIGHT MANUAL 

P E R F O R M A N C E  C O N D I T I O N S  A N D  P R O C E D U R E S  

Takeoff f ield length performance shown in  this section accounts for 115 percent of 
the all-engines operating distance, or the to t a l  distance considering an engine 
failure recognition at V1, whichever is greater. 
smooth, dry, hard-surfaced runway. 

These distances are W e d  on a 

The appropriate airplane configuratian, outlined under Performance Configurations, 
was used. 

The conditions and procedures used in establishing the perfomawe data in this 
manual are presented under each phase of operation. 
material only. 

Procedures are guidance 

Conditions 

Prior t o  takeoff, a review was made of stabil izer and flap settings, takeoff 
speeds, and that sufficient f i e ld  length was available for  the gross weight and 
ambient conditions. Corrections were applied, when necessary, for significantly 
altered ambient conditions or loading. 

0 Procedures 

R 

Thrust was set t o  1.1 EPR prior t o  brake release, or as the airplane wae aligned 
wlth the runway. 
brake release. 
values by approximately 40 t o  80 knots on the takeoff ro l l .  

With no wind, or a direct headwind, EPR was advanced prior t o  
Thrust levers were adjusted as necessary t o  obtain target EPR 

Rudder pedals were used for directional control through the nose wheel and rudder. 

Rotation t o  takeoff at t i tude was initiated at  VR. 
obtained at  a height of 35 feet  . 
ra te  of climb was established. 

A speed not less than V 2  was 
The landing gear was retracted after a positive 

A smooth positive rotation was used t o  the i n i t i a l  climb att i tude (approximately 
13 t o  22 degrees depending upon gross weight and thrust available). Minor atti- 
tude variations were made after l i f t o f f  t o  achieve the i n i t i a l  climb speed. En- 
gine fai lure  results in approxlmstely 2 t o  2-1/2 degrees lower at t i tude than 
normal climb. 

- NOTE: With center of gravity at o r  near the aft l i m i t ,  avoid sudden brake releaee 
and maintain forward pressure on the control column t o  approximately 80 
knots t o  increase nose wheel steering effectiveness. 

+ 
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AIRPLANE FLIGHT MANUAL 

T I O N S  A N  D P  R O C E D U R E S  P E R F O R M A N C E  C O N D I  

RF,FUSED TAKE OFF (Anti-Skid On)  

Conditions 

Calculated accelerate-stop distances account for demonstrated recognition and 
reaction times, plus arbitrary time delays. 

Reverse thrust was not used. 

Procedures 

When an engine failure occurred, the takeoff was refused when the failure waa 
recognized prior t o  V1. 

If the takeoff was ref'used for any reason, prior t o  V1, the following procedure 
was accomplished as rapidly as possible: 

Wheel Brakes - MAXIMUM BRAKING APPLIED 
A l l  Thrust Levers - IDB 
Speed Brakes - Up 

C ondit ions 

Climb gradient and obstacle clearance f l i gh t  path perforrm,nce is  based on the 
most c r i t i c a l  engine inoperative at V1. - 
procedures 

Takeoff f lap sett ing and V 2  speed were maintained t o  at least the height selected 
for initiation of f lap retraction. 

R 

Flaps were retracted according t o  the Flap Retraction Speed Schedule, in th i s  
section. 

Enroute procedures were followed a f t e r  climbing t o  at  least  1500 feet above run- 
way elevation, or a f t e r  a l l  takeoff f l ight  p t h  obstacles had been cleared. 

+ 
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P E R F O R  M A N C E  C O N D I T I  O N S  A N D  P R O C E D U R  E S  

Condit i ong 

With all engines operating, a speed not greater than V2 + 10 knots was maintained 
u n t i l  either the scheduled f lap retract ion height, o r  the minimum gross height 
f o r  obstacle clearance (whichever was lower), was reached. 

When engine failure occured pr ior  t o  V2, and the takeoff weight was  obstacle 
limited, V2 w a s  maintained up t o  the gross height required f o r  obstacle clearance. 

If an engine failure occured after V2, speed at  engine failure (V2 + 10 knots 
maximum) w a s  maintained up to the gross height required fo r  obstacle clearance. 

When the height selected f o r  i n i t i a t ion  of f lap retract ion w a s  limited due t o  
distant-obstacle considerations, the procedure w a s  to i n i t i a t e  f l ap  retract ion 
and accelerate to f i n a l  takeoff climb speed while maintaining constant altitude 
and i n i t i a l  takeoff thrust  setting. 

Final takeoff climb was continued t o  1500 f ee t  above runway elevation, o r  t o  the 
minimum gross height required f o r  obstacle clearance, a t  f i n a l  takeoff climb speed 
and maximum continuous thrust .  

a 
- NOTES: The airplane should be levelled off,  and flaps retracted a t  the selected 

level-off height, only i f  the l imit ing obstacle i s  beyond the Third Seg- 
ment and an engine failure has occurred. 

The height selected for i n i t i a t i o n  of flap r e t r ac t ion  may be limited by 
available performance as described under Takeoff Flight Path, t h i s  section..  
Vertical  clearance of either close-in o r  d i s tan t  obstacles i n  the intended 
flight path must be established by reference t o  the appropriate obstacle 
clearance charts. 

+ 
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P 3 F O R  C R O  

Conditions 

A l l  landing f i e ld  lengths shown In t h i s  section are  based on standard day temper- 
atures on a smooth, level, Wd-surfaced runway. Dry landlng f ie ld  lengths are 
demonstrated landing distances, from a 50 foot heist at VREFj divided by a factor 
0.6. 
f ie ld  length by a factor of 1.15.  

Wet landing field lengths are determined by multiplying the dry Landing 

Procedures 

Approach and landing were =de with landlng gear down, flaps in landing position, 
thrust reduced t o  flight-idle on all engines before touch-down, and automatically 
se t  t o  ground-idle on a l l  engines after touch-down. 

When the landing was made with anti-skid aperating, Arll speed brakes and nrucimum 
wheel braking were applied 2 seconds or less  a f t e r  touch-down. 

When the landing was made with anti-skid inoperative, speed brakes were raised R 
Immediately upon touch-down and steady, l i gh t  braking was used if gross weight 
was approximately 500,000 l b  (226,800 kg.) or less. Steady, l i g h t  t o  laoderate 

were modulated as necessary t o  prevent skidding. 

@ 
braking wacl used if -ding weight Was over 500,000 lbs  (226,800 a*). Brake6 

NOTE: -ding f ie ld  lengths are not based on use of reverse thrust. 

+ 
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F L A P  R E T R A C T I O N  S P E E D  S C H E  D U L E  

Maximum level-off heights, Third Segment distances and Final  Segment climb perfor- 
mance shown in t h i s  manual are based upon retracting the wing flaps during Third 
Segment acceleration using the schedule below. This schedule is recamended for  
all normal flap retraction operations. 

During acceleration, select flap poeitions at the following init iation speeds: 

TAKEOFF FLAPS POSITION 10 OR 20 

Init iation heed .  Knots Select F ~ D  Position 

v2 + 20 
V2 + 40 
v2 + 60 
v2 + 80 

10 
5 
1 
0 

Fina l  Segment C l i m b  Speed: V2 + 80 Knots. 

When flaps are being retracted at  a constant alt i tude due t o  engine failure, with 
a c r i t i c a l  f ina l  segment obstacle, begin climbing when V2 + 80 knots is  achieved, 
maintaining takeoff thrust setting unt i l  flaps are completely retracted. 

R 

+ 
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PERFORMANCE 

AIRPLANE FLIGHT MANUAL 

The airplane configuration aaeociated w i t h  the performance data in this manual 
is shown below. Perfoxmance conditione not ehown below are on the appropriate 
charts. 

'PAKEOFF Takeoff on a l l  engines to Takeoff eetting. Dam 
Vl, and three enginee eub- Noted on charte. 
eequent to Vl. 

let CLIMB Takeoff on operating Same as takeoff. Dasn 
ensin- (3 ) .  

vp 2nd SFGMENT CLIMB Same as let eeepmt. Same aa takeoff. 

3rd =WENT Same aa let eegmcnt. Takeoff setting to vp 
flaps up, according 
to echedule. 

mAL TAKEOFF Meximun continuous on vp 

ENROUTECLIMB Maxiwnn continwua on op- vp 
CLPiB operating enginee (3). 

crating exginea (3 or 2). 

vp 

vp 

APPROACH CImB Takeoff on operating Approach eetting. vp 
engines (3) .  Noted on chart. 

LANDING c u m  Maximraa available in 8 Landing eetting. Down 
seconds on a l l  enginee. Noted on chart. 

LANDING Ground idle on all engines Ianding eetting. DM1 
af'ter touchdnrm. Noted on chart. 

Anti-ekid i e  on for takeoff and landing w i t h  up to two brakes deactivated, 
unlees anti-skid inoperative braking performance is  used. 

One or three Air Conditioning Packe are on for all takeoff thrust operatione. R 

All three Air Conditioning packe are on for find. takeoff climb. For enroute R 
climb the nunber of the Air Conditioning packe on is noted on the charta. 

Wing anti-icing i e  off during all flape-urtcnded operations. 

+ 
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AIRPLANE FLIGHT MANUAL 

No determination has been made by the Federal Aviation Administmtion that the 
noise levels in this manual are, or  should be, acceptable or unacceptable for 
operation at, Into, or  out of, an airport. 

The noise levels tabulated below are the result of Federal Aviation Regulations, 
Part 36 certif ication tests: 

Pounds Kilogram3 Position TakeoPf sideline &!QEa& 

3.5 -ti- 0.35 -ti- 1.0 -ti- 
ca l  miles ca l  mile c a l  mile 

The traded noise level is 112.0 EPNdB 

Nonaal a l l  engines takeoff procedures were used, with a climb-aut at V2 + 10 knots 
at Takeoff Thrust w i t h  no thrust cut-back. The landing approach was made at w.EF * + 10 knots. 

+ 
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PERFORMANCE 
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PERFORMANCE 
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USE FOR ALL TAKEOFF FLAP SElTlNOS 

SET STABILIZER FOR TAKEOFF CENTER 
W GRAVITY DETERMINED BY CALCULATED 
OR GRAPHICAL METHOD, WITH GEAR DOWN 
AND WITH TAKEOFF FLAPS. 
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PERFORMANCE 

0 VI c 
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il: VI 

I STALL SPEEDS 1 

NOTE APPLICABLE FOR TAKEOFF AND LANDING ALTITUDES ONLY. 

GROSS WEIGHT - 1000 LB. 
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M A X I M U M  A L T , O  W A B TI E T A K E O F F  W E I G H Z  

The following steps wil l  be adequate for  most takeoff situations. 
guide-lines on typical charts and the I l lustrat ive Examples are fo r  guidance 
purposes. 

The dotted 

1. 

2. 

3. 

4. 

5 .  

6. 

Select most probable takeoff f lap  setting. 

P unway Liennth CorrectioEs (AI. 1 E  mines1 chart - E n t e r  with actual runway length 
available. Make slope and wind corrections. 

h and V l  Ad1 ustment 9 chart - Enter  with actual runway length 
available on both the run we^ Length, and Accelerate-Stop Distance scales. 
Make slope and wind corrections fman the respective reference lines. 
the two corrected distances intersect on the "web" portion of the chest, 

Bead c orrected rlJnm&v lemrth. 

Where 

Eea n/vR. and corrected ruzruay 1 endh. 

imun Tak eoff WeiRht. Field hrwth Lim its chart - Enter with the lesser of 
the corrected runway lengths from Step 2 o r  Step 3, airport pressure altitude, 
andtemperature. fie ad m s s  we i&tp 

alt i tude and temperature. 
Takeoff WeiRht. C l i m b  T,imits ch- - Enter with airport pressure 

Read KIQ 88 WeiRht. 

IF 200 MPH TIRES AFE INSDUED, USE: 
Maxbun Take off Weinht. Ti re  W e d  chart - E n t e r  with airport pressure alt i tude 
and temperature. Make wind correction. & ad PX089 mi@&. 

NOTE: If obstacles are present, proceed with Steps 7 through 10. 

.+ 
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e AIRPLANE FLIGHT M A N U A L  

j M A X I M U M  A L L  O W A B L E  T A K E O F F  W E I G H T  

N O R U L  TAKEOFF WEIGKC ANALY SIS 

C" READING PRDCEDURE (Continued) 

7. Takeoff C l i m b  chart - Enter with least gross weight determined by Steps 4, 5, 
6, structural limits, or  operational requirements, then proceed t o  temperature 
and airport pressure altitude. Read Second S e m e n t  gradient. Correct the 
gradient for  wind, i f  applicable, using Gradient Corrections chart. 

8. Obstacle Clearance (Close-in ob stacles) chart - Enter with obstacle distance 
fram end of takeoff distance required. Correct the distance for  wind. Pro- 
ceed vertically t o  zero-wind gradient available, from Step 7. 

(a) 
(b)  

If this exceeds obstacle height, obstacle is clewed. 
If obstacle height is  not exceeded, follow dashed field-length-trade 
guide l ines  t o  obstacle height. Read mad ient reauired f o r  obstacle 
clearance. This gradient accounts fo r  the shorter takeoff distances 
required when gross weight, i s  reduced. (See SLOPED RUNWAY EFFECT ON 
OBSTACLE CIEARAiJcE). 

9. Obstacle Clearance ( D i s t a n t  Obstacles) chart - Enter with obstacle distance 
fmm end of takeoff distance required. 
gradient available, from Step 7. 

Proceed vertically to wind-corrected 

(a) 

(b) 

I f  t h i s  exceeds obstacle height, obstacle is cleared. 
back down t o  obstacle height, then move l e f t  (horizontally) t o  wind- 
corrected gradient available. 
If obstacle i s  not cleared a t  wind-corrected gradient available, follow 
dashed field-length-trade l ines  t o  the obstacle height. 
heiRht and madient reauired for  obstacle clearance. 
required t o  zero-wind gradient, on the Gradient Corrections chart. 
OBSTACLE I N  THLFD S E W T ,  and OBSTACLE IN FINAL SEGMENT.) 

However, now drop 

Read m s s  heiRht. 

PJY, Sa 
Correct the gradient 

(See 
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V A X I M U M  A L L 0  W A B J , E  T A K E O F F  W E I G H T  

PJ- ub?wFF WEIGHT A N A L Y L  S 

CHART READING PRocEmTRE (Continued) 

10. 

11. 

12. 

14. 

m e o f f  Climb chart  - Enter gradient scale w i t h  the largest zero-wind gradient 
required f o r  obstacle clearance ae determined from Step 8 o r  9. 
airport pressure altitude, and temperature. J3e ad &rosa W e i K h t .  

Proceed t o  

Takeoff heeds chart - Enter with airport pressure a l t i tude,  temperature, and 
the  gross weight d e t e d n e d  by Steps 4, 5, 6, 10, s t ruc tura l  limits, o r  
operating requirements. Read VR. and v2. Re ad v1 at the WVR r a t i o  fmn 
S t e D  3. 
than VMCG), and the resul t ing VR m u s t  exceed the VMCA l imi t .  (See VR Less 
than VMCA Limit). 

The resul t ing Vl m u s t  exceed the minimum Vl (VMCG), (See Vl Iess 

Max- Brake Enerm Lim it &e& chart  - Enter with airport pressure altitude, 
temperature, and gross weight used i n  Step U. Correct f o r  runway slow. and 

This speed m u s t  exceed-Vl of Step 10. (See V l - G r e a b E  

Gross HeiKht  - Pressure Altitude Conversion cha;rt - Enter with gross height 
obtained from Step 9. Correct for-temperature and altitude. R e e d  ~ressure 
gltitudt? i n c m .  
erat ion and f l ap  retract ion should not be scheduled below t h i s  altimeter 

Add this value t o  the a i rpor t  pressure altitude. Accel- 

reading. 

Determine f l ap  retract ion and f i n a l  climb speeds from the F" R E T R A O N  
SPEED smEmLFl. 

.L 
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M A X I M  U M  A L L 0  W A B L  E T A K E 0  F F  W E 1  G H T  

' SIS WI-mm C W  P m W m  TAKEOFF WEIGHT ANAJY 

The following steps describe the procedure f o r  finding the m8xlmun allowable take- 
off weight when us- Improved C l i m b  Performance. 
with speed increase is considered under a separate pasagraph heading. 
"normal", refers t o  t h e  weights and speeds b e d  on no increase i n  takeoff speeds. 

Improved Obstacle Clearance 
The term, 

1. 

2. 

3. * 4. 

5 .  

Steps 1 through 6 of the No& Takeoff Analysis are unchanged. 

Maximum Takeoff WeiRht and SDeeds ( m e  d Climb P e r f o m c e )  chart - Enter 
the weight portion of this chart  w i t h  normal f ie ld  length and climb l imited 
gross weights. Follow the guidelines u n t i l  they intersect .  
section,  rem S as . Repeat, using tire speed and 
climb limited gross weights i f  200 MPH tires are instal led.  
weight and speed increase. 

A t  the in te r -  

U s e  lesser 

Takeoff weds  chart, - Enter this chart, as i n  Normal Analysis, w i t h  pressure 
altitude and temperature, and w i t h  the gross weight determined from stel, 2 

W w m e d  e CUmb Perf o m c  e )  c h e  - hter 
the speed correction portion with the VR, V2 and Vl speeds determined i n  Step 
3 above. 
above. 
G r e a t e r  than VMBE). 

above. Read VR. V2. and Vl f o r  the V l h R  r a t i o  in S t e ~  7 O f  Normal AnalvSiS. 

Follow the guidelines t o  the speed increase determined i n  Step 2 
Read Corrected VR. V2. and JQ . Vl must be Jesg than VMEE. (See VI. 

Determine flap-retraction speeds based on the V2 speed derived f r o m  Step 3 
above. 

4. 
FAA APPROVED 12-30-69 
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M A X I M U M  A L L .  O W A B L E  T A K E O F F  W E I G H T  

When the calculated o r  scheduled takeoff w e i g h t  i s  not field-length limited, Vl 
m a y  be raised o r  lowered t o  s u i t  operating conditions w i t h i n  the res t r ic t ions  
imposed by the available length, VMCG, VR, and VMBE. Even when takeoff 
weight is field-length limited, a mall reduction i n  V l  is available i f  the 
3-engine f i e l d  length requirement is  shorter than the all-engine requirement. 
This is  generally t rue  f o r  t h i s  airplane. 

The following additional Steps are required i n  the Normal Takeoff Weight Analysis 
to  determine the Vl limits: 

1. MaXimmTak eoff Weiaht (Field Lenah L imi t s )  chart - Ehter with airport 
pressure altitude, temperature, and actual scheduled takeoff w e i g h t .  Read 
corrected runwax lenRth reauired. 

2. RunwavLen&h and Vl Adlustments chart  - Ehter, i n  upper right portion of the 
chart, with the corrected ru1~8y length obtained from Step 1. 
runway length intersects  the  slope and wind corrected takeoff distance avail- 
able l i n e  as determined i n  Step 3 of the N o m  Analysis procedure, read min- 
imum Vl/VR. Where th i s  runway length intersects  the slope and w i n d  corrected 
accelerate-stop distance l i ne  as determined i n  Step 3 of the Normsl Analysis 

Where this 

procedure, readmaxim m Vl/vR. 

If either in te rsec t  occurs off the limits of the chart, use minimm o r  maximum 
values sham on the chart. 

3. Takeoff SDeed cha& - A t  the actual scheduled takeoff weight, and the Vl/VR 
r a t io s  determined i n  Step 2 above, read minimum V l  and maximum VI.. 
Choose a suitable, ekngle value of V1 between the limits determined i n  Step 3 
above. 
and vM23E 

4. 
The speed selected must be greater than VMCG, and less than the VR 

determined i n  Steps U. and 12 of the Normal Analysis procedure. 

+ 
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M A X I M U M  A L J . 0  W A B J , E  T A K E O  F F  W E I G H T  

Usually th i s  w i l l  only occur when the takeoff weight is  not field-length limited: 

w e o f f  SDeeds chart - Reed V 1  at  the field-length limited gross weight obtained 
from Step 4 of Normal Analysis procedure, and at the V 1 P R  ra t io  obtained from 
Step 3 of Normal Analysis. 
but not exceeding VR. 

Use a V 1  between VMCG and the maximrm V 1  so determined, 

If the minimum V1,  as determined by Steps 1 through 3 under SELECTION OF V1,  s t i l l  
exceeds the brake energy speed, the takeoff weight w i l l  have t o  be reduced: 

imum Brake &e rpN L i m i t  SDeed - Determine Avl, as defined on the chart. 
Reduce gross weight as indicated and redetermine VR, V 1  and V 2  for  the lower 
weight. 

VR LESS T" W m  

On t h i s  airplane, VMCG is greater than 1.05 VMCA; therefore, minimum VR is equal 
t o  VMCG. 
permit a V 1  equal t o  VR. 
wind-corrected accelerate-stop distance exceeds 4500 feet  on the Runway Length 

This .Implies that the available runway length must be sufficient t o  
T h i s  condition w i l l  be sat isf ied i f  the slope - and 

and V 1  Adjustments Chart. 

j PEW W O G  R 

P e r f o m c e  limited takeoff weights and takeoff climb gradients available can be 
Increaeed by scheduling takeoff with only one air conditioning pack on. Perfor- 
mance increments are  shown on the Takeoff With 1 A/C Pack On chart; these incre- 
ments are  applied t o  the weights and gradients obtained In  steps 4, 5 and 7 of the 
Normal Takeoff Weight Analyeis procedure, 
tracts from the gradient &red fo r  use in step 10 t o  find an obstacle limited 
weight , 

The gradient increment met be m- 

+ 
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M A X I M U M  A L L 0  W A B L E  T A K E O F F  W E I G H T  - 
Wet o r  icy runway conditions have the  same e f fec t  on takeoff f ield length require- 
ments as an inoperative anti-skid system; namely, reduced braking effectiveness. 
This makes the one engine inoperative condition c r i t i c a l .  

The operator must r e v i e w  the exis t ing rurnrey conditions, decide how much additional 
stopping distance is desired, then proceed w i t h  the folia steps to determine 
the changes i n  the field length limited takeoff' W e i g h t ,  and V1 epeed: 

1. 

2. 

hit Step 2 of the Normal Takeoff Weight Analysis procedure. 

J3unww Lenuth and VI. AdAustments char% - Determine n/vR as usual, except that 
the accelerate-stop distance m u s t  be reduced by an arbitrary amount equal t o  
the desired extra stopping margin before making corrections for slope and 
wind. A t  the  intersection of the corrected takeoff distance available and 
corrected accelerate-stop distance l ines  i n  the "Web" portion of the chart, 
p a d  corrected ruIIw&y le&h and Vim. 

3. Maximum Takeoff Wei&t chart  - Ehter the appropriate chart  with the corrected 
runway length from Step 2 above. Read rn ss mi&&. a 
- NOTE: If the Vl, determined by using the Vl/VR r a t i o  from Step 2 above, i s  

greater than the minimum Vl as determined under SEIECTJON OF Vl, no reduc- 
t i on  i n  f ie ld  length limited takeoff weight i s  necessary. 
use of minimum Vl i n  this case w i l l  give a greater stopping distance max- 
gin. 

In  fact, the  

+ 
FAA APPROVED 12-30-69 [PAGE 15.0-33 I SECT 



AIRPLANE FLIGHT MANUAL 

M A X I M U  M A  L L O W A B L  E T A  K E O  F F  W E I G H  T 

EXAMPLES 

Exemple l ines  shown on the charts do not necessarily ref lect  these examples. 

SCFUlTIVE EXAMPLE 1 

Given: biruort  Conditions 

1. 

2. 

3. 

4. 

5 .  

6. 

Runway Length Available = 12,000 ft. 
~ u n w a y  Slope = 0.5s ( U p h i l l )  
Airport Elevation (Pressure Altitude) = 2000 f t .  
Obstacles: 120 ft. high at  3400 ft. 

500 f t .  high a t  25,OOO f t .  

Atmosvher i c  C ondit ions 

Reported Wind (at 50 ft .)  = 10 kt .  (Headwind) 
OAT = 20°C ( @ O F )  

Aimlane Conditions 

Takeoff f lap position 10 
This ekample i l lus t ra tes  the general use of the charts, and the obstacle 
clearance charts i n  particular, and is  rest r ic ted t o  no& speed opera- 
tion. 
See example 5 for improved obstacle clearance with speed increase method. 
See chart reading procedure for chart t i t l e s  and methods of use. 

From Runway Length Corrections ( A l l  Engines) chart, corrected xunway length = 
12,070 f t .  

From Runway Length and V1 Adjustments chart, corrected runway length = 12,570 

From Maximum W e o f f  Weight (Field Length L i m i t s )  chart, using the lesser  of 
the corrected runway length fran Steps 1 and 2, f i e ld  length limited takeoff 
weight = 683,000 lb .  

ft. and Vl/VR = .970 

From Maxirmun Takeoff Weight (Climb. Limits) chart, climb limited takeoff weight 
= 649,000 l b .  

Frau MaxFnnua Takeoff Weight (Tire Speed L i m i t s )  chart, 200 MPH t i r e  speed 
limited takeoff weight = 743,000 lb .  Maximum Takeoff weight = 649,OOO lb. 

From Takeoff C l i m b  chart, using f i e ld  length limited weight of 683,000 lb ,  
second segment gross gradient a t  400 f t .  = 2.3O$ 
Using Gradient Corrections chart, gradient corrected for  wind = 2.37$ 

R 

(Continued) 

+ 
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AIRPLANE FLIGHT MANUAL 

H A X I M U M  A L L O W A B L E  T A K E O F F  W E I G H T  

EXAMPLES 

ILKJSTRATIVE EXAMP LE 1 (Continued) 

7. 

8. 

9. 

10. 

u. 

12 . 
13 

From Close-in Obstacle Clearance chart, second se-ent gross gradient required 
for  close-in obstacle clearance = 4.5046. Obstacle is not cleared with gra- 
dient available (uncorrected for wind). 
3400 = 1700 f t .  due t o  the decrease in f i e l d  length required for the reduced 
takeoff weight. 

R 

Change in reference zero = 5100 - 

In t h i s  distance, reference zero s h i f t s  1700 x .005 P 8.5 ft. (ver t ical)  
due t o  runway slope. 

The obstacle height is now 128.5 f t .  at 5100 f t .  fran reference zero and 
the required gradient is 3.08%. 

From Distance Obstacle Clearance chart determine gross gradient required and 
minimum gross height. 

Gradient capability (from Step 6) = 3.08% (corrected for  Kind = 3.175) 
Corrected obstacle distance = 25,000 + 1700 = 26,700 ft. 
Required gross gradient = 2.89$ ( l e s s  than gradient available). 
Distance frm reference zero t o  reach obstacle height of 500 f t .  is 

Minimum gross height for f lap retraction is 770 f t .  
23,300 ft. 

From Takeoff C l i m b  chart, obstacle limited weight = 638,500 lb .  at a gross R 
gradient of 3.08%. 

From Distance Obstacle Clearance chart, maxinnrm level-off height is 940 ft. 
Therefore extended f ina l  segment climb is unnecessary in t h i s  case. 

From Gross Height - Pressure Altitude Conversion chart, the pressure a l t i tude  
increment for  a gross height of 770 f t .  is 750 f t .  
pressure a l t i tude  for  level-off and f lap  retraction is 2750 f t .  

Therefore, the mlnlmum 

From Takeoff Speeds chart for  V l / v R  = .970 and 638,500 lb. 
VR = 152.5 kt .  V 1  = 147.5 kt .  V2 = 159 k t .  

Determine f lap retraction and f i n a l  climb speeds. 

+ 
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A P P R O A C H  A N D  L A N D I N E  

C h a r t s  on the following pages present approach and landing gradients, maxhum 
landing weights as limited by approach and landing performance, landing f i e ld  
length requirements, and landing weights for the maximum brake energy at which 
wheel thermal plugs w i l l  remain intact .  

The speed schedules shown on the Approach and Landing C l i m b  charts ere those at  
which the gradients were calculated i n  accordance w i t h  FAR 25.l=(d) and 25.119, 
and have no operational significance. 
shown on the Landing Field Length and Speed C h a r t s .  

The minimum landing approach speeds are  

The ICE CORRECTION on the charts accounts for lnaxinaun probable perforImnce effects 
of ice  remaining on the airplane surfaces without anti-ice protection. The cor- 
rection applies when operating in icing conditions during any part of the flight, 
unless the forecast temperature at  the destination airport  is high enough (above 
8°C or 46°F) t o  ensure that the ice  w i l l  m e l t  off prior t o  approach and landing. 

The Maxinun Landing Weight, Climb Limi t s ,  can be increased f o r  one air condition- 
ing pack on operation. 
pliance with FAR 25.1001 (c) at  the increased allowable takeoff weight. 

R 
This information is  included t o  permit a showing of cam- 

This information may a lso  be used t o  schedule higher allowable landlng weights R 
provided approach and landing procedures are modified t o  have only one air con- 
ditioning pack on prior t o  the point where a go-around might be initiated. See 
Normal Procedures. 

@ 
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e 16 .o A?PEKDIX B - BIIFFET CHARACTEIiISTICS 

The buffe t  frequency was estimated f o r  the  conditions l i s t e d  

i n  the t ab le  on Page 16.0-2.. These conditions include stall buffe t  f o r  

each flap detent  and compressi5ility buf fe t  f o r  ND and VD conditions. 

From t h i s  invest igat ion it vas concluded that: 

Average buffet  frequency = 3.0-3.5 CPS 

Buffet amplitude range = - 4;.lg--.6g 

For i l l u s t r a t i o n ,  f l i g h t  data is at tachsd f o r  t he  following f i v e  

conditions. 
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APPENDIX C - AUTOTHRO!PIZZ 

The block diagram on Page 17.0-2 is a simplified autothrottle 

block diagram for use In small perturbation 747 control simulation. 

This data is provided for information purposes and was not incorporated 

in the simulation. 
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18 .o APPENDIX D - AUTOPILOT 
This section contains a description of the automatic p i lo t ,  

f l i g h t  director, y a w  damper, and autothrott le systems f o r  the 747 

a i r c ra f t .  This data is  provided f o r  information purposes. The auto- 

p i l o t  and autothrot t le  were not incorpoxqted i n  the simulation. 
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This document provides a description of lthe A & a u a t k  ZU&, F l l g h t  Director, 
Yaw Damper, and Autothrottle @terns f o r  t h e  7h7 aircraft. 
block diagrannr, y-ktmiah, -8Cna tables bo -%e uperation af each of them 
systems as they are planned for -ion In t h e  &raft. 

Two autopi lots  give the f l i g h t  crew a choice of fail-safe systems, each of 
which can provide a l l  manual and path modes except LAND. 
channels are used t o  give nfail passive" control a t  low a l t i t udes  during the  
automatic landing sequence. hro separate dual-channel automatic p i l o t  pi tch 
t r i m  systems and two yaw dampers give a high l eve l  of system integri ty .  

It contains 

,,, 
Both autopi lot  
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I. 7h7 IVl'EGRATEll AUl'OPILUI' AND FLIGHT DIRECTOR 

A. GENERAL 

The S p w  SPZ-1 integrated a u t q i l o t  n i g h t  director system was  devel- 
aped for the Boeing 747. The autopi lot  is used for path o r  manual con- 
tral via t h e  e Irffee'i ad ftrrn k~&.-+ Flight d i rec tor  commands a r e  
provided and may be used t o  monitor autopi lot  operation, o r  t o  be 
tracked with the  autopi lot  manual mode, o r  t o  be tracked manually. 

The basic 747 is equipped with a dual autopi lot  system and a t r i p l e  
f l i g h t  d i rec tor  system. 
the  c i r cu i t ry  necessary to compute the  respective pi tch or  r o l l  auto- 
p i l o t  a d  f l i g h t  d i rec tor  comands. 
channel consis ts  of two computers: 

Each pi tch o r  r o l l  computer contains a l l  of 

Each autopi lot  or f l i g h t  d i rec tor  
one r o l l ,  and one pitch. 

The general autopilot  f l i g h t  d i rec tor  system layout and interconnects 
used on the basic Boeing 747 a r e  shown i n  Figure 1. 
sensors provide navigational and performance signals t o  the autopi lot  
f l i g h t  d i rec tor  computers. 

A dual se t  of 

Only autopilot  computers of channel A and B are connected t o  hydraulic 
servos. 
and cannot be switched i n  as an autopilot .  
serves both the  A and C computers while sensor group 2 supplies infor- 
mation t o  the  B computers. 

Computer C is used only f o r  computing f l i g h t  d i rec tor  c o m n d s  
The number 1 senaor group 

Instrument switching allows e i ther  the  p i l o t  o r  co-pilot to se l ec t  any 
one of t h e  three f l i g h t  d i rec tor  computer s ignals  f o r  display on his 
AD1 . 
The autopi lot  can be used as a single-channel system i n  the  navi- 
gation, cruise, and manual modes of operation. Either channel A o r  B 
can be selected f o r  these single-channel modes. 

For automatic landing only, f a i l  passive operation is obtained with 
the dual channel system. 
engaged f o r  t h i s  m o d e  of operation. 

Both A and B autopi lot  channels must be 

The cockpit location of the  controls and indicators  f o r  t h e  autopilot/  
Flight Director, a s  well as the other systems of the IEFCS, are shown 
i n  Figure IA. 

*Maneuvering control f o r  cer ta in  a i r l i n e s  will be via control 
wheel s teer ing instead of turn and pitch knob. 
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B. SYSTEM INTRODUCTION 

All components associateG w th each f l i g h t  axis of each channel are 
packaged i n  separate computer units. The elements which comprise a 
basic autopi lot / f l ight  d i rec tor  system are: 

I )  One mode selector  panel !+ . 
2) 
3) Two f l i g h t  mode annunciators 

4) 
5 )  Three accessory boxes 
6) Three r o l l  computers 
7) Three pi tch computers 

8) 

One f l i g h t  controller or optionally 3 force eeneors. 

One monitor and logic  uni t  

One automatic s t ab i l i ze r  trim unit  

1. Mode Select Panel 

The mode se l ec t  panel contains t h e  switches and logic  f o r  mode 
select ion and control of a l l  t he  autopilot/f l i g h t  d i rec tor  computer 
channels. Figure 2 shows the mode se l ec t  panel. The controls 
shown shaded i n  are f o r  optional modes. 

The engage switches are solenoid held in MAN and CWAND with 
locking provisions a t  OFF. 
p i tch  and r o l l  computer associated with that channel. Either 
channel A or B may be engaged i n  Manual or  Command by choice of 
engage switches. 
Manual or  Command position, the other switch is locked off and 
cannot be moved from the OFF posit ion except when LAND has been 
selected and a monitor check has been satisfactorily completed. 

' 

Each engage switch controls both the  

Once one engage switch has been placed i n t o  the  

The course se l ec t  switch may be placed i n  either the course 1 or  
course 2 posit ion without regard t o  which channel of t he  autopi lot  
has been selected. 
switch drops t o  t h e  dual posit ion when t h e  LAND mode has been s e l -  
ected. Course l posit ion feeds the No. l VOR/LOC receiver output 
and No. 1 course error  s igna l  t o  a l l  three A/P - F/D roll computers. 
and course 2 does likewise f o r  t h e  No. 2 VOWLOC'and No. 2 course 
error. In  the dual position, LOC No. 1 and Course e r ror  No. 1 are 
fed  t o  computers A and C while LOC No. 2 and course e r ror  No. 2 
are fed t o  the B computer. Figure 3 is a p i c t o r i a l  diagram of the  
above switching functions and indicates the  i so la t ion  and indepen- 
dence achieved f o r  s ingle  and dual channel modes of autopilot  
operation. 

It is solenoid held i n  both positions. The 
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Heading se l ec t  is accomplished f o r  a l l  three channels through a 
s ing le  s e t  knob which positions two synchros fed from two separate 
magnetic heading reference uni ts  t o  maintain heading isolation. 

The lateral navigation modes (INS, HDG, V O R h O C ) ,  as well as the 
landing approach control modes ILS and LAND, a r e  selected by the  
main mode selector switch. 
without holding o r  centering devices. A second selector  switch, .,,* 
a lso  rotary type, allows selection of t h e  Turbulence mode, V/S 
(ver t ica l  speed), U S  hold, o r  Mach hold. 
solenoid held i n  each mode select  position. 
may be selected alone o r  during the arm phases of ALT. 
and LAND. When used during the armed phases of another mode, the 
switch will drop to  OFF when the mode goes in to  t h e  capture phase. 

This is a simple rotary type switch 

This second switch is 
The V/S and IAS modes 

Select, IS, 

The switch will not hold i n  Turb. if the  autopilot  is not engaged. 
Also, i f  the  switch is moved t o  Turb while the a l t i t ude  se l ec t  is 
engaged, the a l t i t ude  se lec t  switch w i l l  drop t o  OFF. Further, 
i f  Turb. is engaged and ALT hold is selected, t he  Turb. switch w i l l  
drop t o  OFF. 

2. 

The Back Beam switch is designed t o  mechanically preclude accidental 
t u rn  on and is  solenoid held i n  the  ON position. 
i f  VOR/LOC is selected on t h e  mode selector  switch. 
on the mode se lec t  panel are the  ON/OFF switches a d  pi tch  trim con- 
t r o l s  f o r  f l i g h t  directors.  

The mode selection and mode compatibility interlocks related t o  the  
posi t ion of the  switches on the Mode Select Panel are shown i n  Table 1.. 
(Pitch channel) and Table 2 (Roll channel) f o r  both the  autopi lot  and 
t h e  F l igh t  Director. 

Flight Controller . 
The Fl ight  Controller which contains t h e  autopi lot  pi tch wheels 
and t u r n  knob is shown i n  Figure 4. The pi tch wheel a d  turn knob 
provide a t t i t ude  commands proportional t o  t he i r  -respective rota- 
t ions.  
t r i c a l l y  independent. 
are unclutched e l ec t r i ca l ly  from t h e  wheels during a l l  p i tch  path 
mdes. 

For customers who order the control wheel s teer ing op t ion the  f l i g h t  
control ler  is  not used. Instead three force transducers shown i n  
Figure 
control column and control wheel wi th  autopilot  engaged. 

It w i l l  hold only 
Also avai lable  

The outputs f o r  channels A and B of t he  autopilot  are elec- 
The potentiometers used with the  pi tch wheels 

a r e  provided t o  maneuver the a i r c r a f t  via the normal 
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3. Flight Mode Annunciation 

Dual f l i g h t  mode annunciators are provided on t h e  7117. 
ector  modes ard autopi lot  modes a re  displayed s ide  by s ide  on each 
annunciator panel as shown i n  Mgure b. 

Flight  dir-  

The basic modes annunciated are: 

o ALT SEL (Altitude Select)  
0 NAV (Navigation) 
o GS (Glide Slope) 
O F L A R E  
o GOAROUND 

I n  each mode the  annunciator displays an amber l i g h t  when the par- 
ticular mode is armed and switches t o  a green l i g h t  when t h e  mode 
is in i t i a t ed .  
mode as it w i l l  be displayed on the  mode annunciator. 

Table 3 shows each autopi lot  and Flight Director 

Also displayed on the annunciator panel a r e  t h e  autopi lot  and auto- 
t h r o t t l e  warning and disengage l igh ts .  ._ __-  - 

A press-to-test feature is included i n  the f l i g h t  mode annunciator. 
A l l  amber l i g h t s  are tes ted by depressing t h e  l e f t  had section of 
t h e  panel. All green l i g h t s  as w e l l  as the  red warning l i g h t s  
of the  autopilot  and autothrot t le  are t e s t ed  by depressing the r i g h t  
hand section of the panel. 

.- . - ... - -. - . . . . . . 

4. Monitbr and Logic U n i t  

The monitor and logic unit is a separate package which contains 
much of the  autopilot/Flight Director engage inter lock logic,  dual- 
channel monitoring logic,  mode annunciation logic,  and the  warning 
l i g h t  circuits. 
monitor and logic uni t  provides complete channel isolation. 

The physical and e l ec t r i ca l  amangement of the 

5. 'Accessory Boxes 

The accessory boxes are Boeing supplied uni t s  which provide the 
switching and interconnect functions necessary t o  in te r face  the  
autopi lot  and f l i g h t  d i rec tor  systems to other airplane systems. 

6. Pitch and Roll Commters 

The A/P - F/D pi tch  and r o l l  computers include the  computing and 
logic c i r cu i t ry  necessary to receive data from the  a i r c r a f t  sensors 
and produce autopilot  demo and f l i g h t  d i rec tor  commands f o r  a l l  
modes of operation. 
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7. Automatic Stabi l izer  Tr im Unit  

The automatic s tab i l izer  t r i m  uni t  (ASTU) contains the  computational 
c i r cu i t ry  necessary t o  provide automatic s t a b i l i z e r  trim whenever 
the autopilot  i s  engaged. The A S T U  contains two independent self 
monitored trim channels. 
w h i l e  the  other is i n  standby. Automatic t ransfer  is provided to 
the  standby channel i n  t h e  event that the t r i m  monitor detects  a 
malfunction. 

(he channel provides t r i m  operation 

8. Self-Test and Maintenance Monitoring 

Self-teat  of t he  p i tch  and roll computers, t he  automatic s t a b i l i z e r  
trim un i t  and t he  monitor and logic unit  is performed with a go/no-go 
readout by m e a n s  of the  Built-In-Test-Equipment (BITE). 

The BITE switches and l igh ts ,  located on the  f ron t  panels of each of 
t he  above units, permit the rapid i so la t ion  of a f au l ty  unit, while 
t h e  complete system is installed on the  airplane. 

A typical BITE tes t  i s  sham i n  Figure 4b. The BITE sets up input 
signala and sensors to adjust two or more signal path gains i n  the  
unit under tes t  (UUT) as required t o  achieve a n u l l  summation of the 
signal path outputs, If a l l  c i r c u i t s  are normal. The n u l l  condition 
is sensed BITE n u l l  detection logic. Simultaneouely, specific 
portions of t he  unit logic are addressed by BITE. The status of the  
unit logic circuits and the  output of the  BITE s ignal  n u l l  detector 
are combined i n  BITE logic t o  produce a go/no-go output t o  the BITE 
readout l igh ts .  

Maintenance monitoring has been included i n  t h e  system as a basic 
feature to help i n  isolat ing the cause of autopilot  warning or  dis- 
engagement during dual-channel autopilot  operation. 

The maintenance monitoring c i r c u i t s  and readouts are included i n  t h e  
Monitor and Logic U n i t .  
t he  Mni tor  and Logic Unit fron-t panel, above t h e  BITE readout l igh ts .  
The maintenance monitor readout consis ts  of four latching indicators  
which t r i p  t o  indicate that autopilot  warning o r  disengagement occurred 
for one of t he  following reasons: 

The readout is located i n  the top portion of 

1. 
2. 
3. 
4. 

Power lo s s  t o  channel A (single o r  dual channel operation) 
Power loss  t o  channe1.B (single o r  dual  channel operation) 
Pitch channel camout monitoring t r i p  (dual channel operation) 
Roll channel camout monitoring t r i p  (dual channel operation) 

The above faults are monitored and displayed permanently by the  
latched indicators, unti l  these are  mamally reset. 
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9 .  ILS Deviation Warning System (Optional) 

The Deviation Warning System is a dual system, monitoring the 
Captain's and F i r s t  Off icer ' s  navigation receiver outputs. 
Figure 4d) 

(See 

The system warns the p i l o t s  when the outputs of the navigation 
receivers exceed 20 ua from t h e  local izer  beam center l ine o r  75 ua 
from the Glide Slope beam centerline with a delay time of 2.2 
seconds. The warning system is i n  operation when the  autopilot  is 
engaged i n  the ILS or LAND mde and the  radio a l t i t ude  is  below 
500 f ee t  a l t i tude .  
a warning if the  receiver output exceeds e i the r  GS o r  LOC thresholds. 
If the nav. receiver s igna l  causing the  warning is reduced below 
the  detection threshold, the  warning l i g h t  will be turned off .  
However, below 200 feet a l t i t ude  the  system becomes latching and 
once the  warning system has been tripped the warning l i g h t  w i l l  
remain on even though the  signal error has been reduced below the  
threshold. 
monitors only LOC deviation signal errors.  

! % I  

From 500 feet  t o  200 feet  the  system provides 

Below Flare a l t i t ude  (53 f e e t )  the warning system 

The two monitor systems a re  independent. However, t o  provide 
greater  redundancy,the deviation warning s ignals  are cross fed 
such t h a t  if one monitor i s  tripped it w i l l  also switch on the  
warning l i g h t  dr iver  stage of the second monitor, thus illuminating 
all warning lamps associated with t h e  ILS deviation warning system. 

Confidence tests of the system can be performed e i the r  on the  
ground or i n  f l i gh t .  
monitored.. The tests are activated by proper mode selection and 
engagement of the A/P and F/D and t h e  deflection of the VHF NAV 
t es t  switch. 

The confidence tests are p i l o t  activated and 
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C. DESCRIPTION OF THE AUTOPILOT ACTUATOR SYSTEN 

When the  autopilot  is  engaged, autopilot  commands are coupled in to  the 
primary f l i g h t  control system via  pa ra l l e l  servo actuators. 
the control wheel and column, as w e l l  as the  control  surfaces, move in 
response t o  autopilot  cunmards., 

The lateral control system of the  747 u t i l i z e s  a D a i r  of hydraulic ,,,* 
cent ra l  control actuators which control the  hydraulic-powered surface 
actuators . \  These cent ra l  control actuators accept commands from either 
the  autopilot  o r  t he  manual control system. During a l l  manual o r  auto- 
p i l o t  operation, the  two cent ra l  control rctwtoxm are slaved together 
through a cross l i n k .  

Thus, 

The 747 lateral autopi lot  servo system is mechanized as shown i n  Figure 
5. 
t o  the  l a t e r a l  system. 

The pi tch axis autopilot  servo mechanization is similar i n  concept 

The mechanization of the servo makes the  system f a i l  sa fe  f o r  all 
single-channel operation and f a i l  passive for a l l  dual-channel (LAND) 
operation. 

1. Sinele-Channel b e r a t i o n  

Single-channel autopilot  operation is used i n  a l l  modes except 
LAM). 

-channel autopi lot  may b-e selected. 
p i l o t  servo actuator . ihtegra1 with the  cent ra l  control package. The 
servo actuator output displacements are proportional t o  the autopilo 
command signals. 
via a force  detent. 
t ral  control packages a re  driven from the engaged autopi lot  
actuator . 

I n  single-channel operation, e i ther  the  A channel o r  B 
The autopilot  drives an auto- 

The autopi lot  actuator dr ives  the  manual controls 
When e i ther  autopi lot  is engaged, both cen- 

Autopilot authori ty  i n  the l a t e r a l  axis  is stroke l i m i t e d  t o  the 
equivalent of twenty-five degrees of control wheel displacement. 
In the pi tch axis, authority is limited by reacting the force  
detent against  t h e  manual feel  pressure system. 

The p i l o t  can overpower t h e  autopilot  a t  any time by applying approx 
imately fourteen pounds at the control wheel in t h e  lateral axis 
and about twenty-seven pounds i n  the longitudinal axis. 
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2. Eng age Synchronization 

Synchronization loops are provided t o  eliminate engage trans- 
*& 

Zmwn -ths an7aplIn-t 18 diaengagml, the autopilot actuator is w- 
draulicaUg dewnmgized ml caged t o  the null position. The 
synchronizer loop around the servo ampUfier holds t h e  servo 
a m p l i f i e r  output near null. As soon as the autopilot is engag&, 
hydraulic pressure builds up first i n  the force detent mechanism 
moving the autopilot actuator, which is still not pressurized, 
to a position matching that of the control wheel. Since the 
autopilot LVDT is active, the voltage resulting from a change 
in autopilot actuator position will be fed back t o  the servo 
amplifier ami synchronized within 0.25 sec. 

Additional loop8 are included i n  the r o l l  autopilot and the  
pitch autopilot, t o  8ynchronize the at t i tude coxmnands. 

3. Dual-Channel Operation 

During dual-channel operation, both autopilot actuators are 
coupled t o  the .xnanual.controls via the i r  respective force detents 
ua shown i n  Figure 5. The force detents a re  mechanized t o  give 
the characteristics shown i n  Figure 6a. 

To reach equilibrium, the forces applied t o  the cross l i n k  must 
The forces applied t o  the cross l ink are  from the  

two force detents, f e e l  system and control system friction. Since 
the i n i t i a l  fome gradients of the detents a r e  steep, disagree- 
ment between the two autopilot actuator positions of more than 
appr0XimateI.y 0.9 aileron will cause one o r  both of the detentB 
to reach its maximum force level. 

- sum to zero. 

If one channel fails hardover, t h e  second channel and the feel 
systemwill keep airplane controls i n  the trim position. If the 
second channel should command i n  the same direction as the hard- 
over, the  surfaces will correctly respond t o  the second channel 
as i l lust rated i n  Figure 6b. 

Except i n  the case of rather precise agreement between autopilot 
channels, the resultant dual-channel autopilot command is the 
lesser of the two autopilot commands. 
can be concluded: 

(a) A hardover command resul ts  i n  a passive fa i lure  with negli- 
gible surf aces deflection. 

Several pertinent points 
_ _  

(b) If the two autopilot commands are opposing, the output is 
zero and the airplane remains i n  t r i m .  

06 30643 - RESTRICTED USE - See Notice on Cover 

+ 4. REVSYM A 



- -> _ .  
AP?ROXlMATLLY FLAT 
f O R C E  G R f l D l E N f  

. . . . . __ 

CALC 

CHECK 

. . .. 

1 
-- 

I 1 FORCE D E T E N T  A N D  S L R V O  O n -  

REVISED DATE 

li 

. .  . 

I I1 1 
C H A R A C f  E R I ST IC5 - kW 

TRIM NULL 

- _  ~ 

F I G .  6 I 

. .  

5 .  61 $E N E R A L  F O R C E  DETENT CHARACTERISTICS 



i 

. .  
. .  

(c) During normal operation, the airplane will track the 
autopilot command having the lesser value. 
p i lo t  f a i l s  passive, the resultant output is nearly zero. 
Thus, the dual-channel servo actuator system provides true 
@Fail Passive" operation for use in the WLmD mode. 

If one auto- 

The f l igh t  director and autopilot computation paths become separate 
just  prior t o  the autopilot path integrator as shown i n  the r o l l  axit). 
and pitch axis computer block diagrams. 
incorporated into the separate autopilot and f l i gh t  director computer 
circuits.  
and the associated submodes. 
i s t i c s  are sununariaed i n  Table 5 on page 38 f o r  the r o l l  axis and 
Table 6 on psge &a f o r  the  pitch axis. 

Command and ra te  limits are  

These l imits are switched as a function of the mode selected 
The Flight Director system character- 

A s  shown i n  the autopilot-Flight Director d e  charts (Tables 1 and 2 
on pages 1 7  and la ) ,  the f l igh t  director computes and displays the 
navigationaland vertical  path data even when the autopilot engage 
switches are i n  the OFF position. When the autopilot is off, the  
p i lo t s  can f ly  the displayed f l i gh t  director commallds using the primary 
f l i gh t  controls. 
director commands can be followed using the pitch wheel and turn knob. 
A l l  modes of the autopilot except turbulence are a l s o  provided for  the 
f l i gh t  director. 

When the autopilot is engaged i n  MANUAL, the f l i gh t  

There are two control modes which are exclusively f l i gh t  director modes 
These a re  go-around a d  back beam (optional). Go-around provides a 
wings leveling command i n  the =era1 axis and a fixed pitch at t i tude 
climb connnand i n  the pitch axis. The go-around mode is  ini t ia ted by 
the p i lo t  operating either of two go--urd switches located on the 
inboard th ro t t le  levers. 
autopilot engage switch t o  drop t o  the OFF position from either MANUAL 
or  CCMMAND. 

werating a go-around switch w i l l  cause the 

The back beam mode is  ini t ia ted by selecting the VOR./LOC mode, then 
placing the solenoid held back beam switch i n  ON. In  t h i s  mode, the 
f l igh t  director provides localizer back beam intercept, capture and 
track commands which can be flown by the p i lo t  using either the turn 
knob with the autopilot i n  MANUAL, or the primary f l i gh t  controls wi th  
the autopilot off. During back beam, any one of several pitch control 
modes can be chosen t o  provide f l i gh t  director pitch commands. 
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E. ROLL AVTOPILOT 

The lateral autopilot  computer block diagram is shown i n  Figure 11 
on Page 42. Gains, t ransfer  functions, special  gain programs, 
mode engage and switching logic  are summarized i n  Table 4 and 
Figures 8, 9 and 10 on Page 37and following. Finally, a block dia- 
gram of the  lateral f l i g h t  control system is shown i n  Figure 1 2  on 
Page 43 . !1. 

The r o l l  a t t i t ude  and r a t e  loops (see Figure 11) are basic f o r  
a l l  modes of operation. 
ing and s p i r a l  mode s tabi l izat ion.  

These loops provide both r o l l  mode damp- 

The r a t e  signals a r e  sensed by the  gyros i n s t a l l ed  i n  each r o l l  
autopilot  computer. 
Navigation System . Fixed a t t i t u d e  and rate gains of 

The r o l l  a t t i t u d e  s ignals  are from t h e r n e r t i d  

are employed 6,,, 03.2;:; and - 6, L = 386 
9 45 

When engaged i n  MANUAL, t h e  r o l l  autpi lotrespondeto bank commands 
inserted via the turn knob. When zero bank is commanded ( turn knob i n  
detent) ,  wings leveling occurs after which the autopilot  holds airplane 
heading. When engaged i n  COIEIIMAND, the p i l o t  has the  option of control 
by aw of the following modes: 
ILS, or LAND. 

Pri-or t o  t h e  autopi lot  engagement, e i ther  i n  the s ingle  channel o r  the  
dual channel mode, synchronization loops operate t o  eliminate auto- 
p i l o t  engage transients.  

1. Eng age Synchronization 

Heading Select, VOq/bcalizer, INS, 

In addition t o  the  servo amplifier output synchronization mentioned 
earlier (See page 24), a second loop (command synchronizer) holds 
the s m  amplifier input near zero by synchronizing the  attitude 
command, pr io r  to autopi lot  engagement i n  any single channel mode. 

A thixdloop, used only f o r  the dual channel mode, synchronizes 
t h e  a t t i t u d e  command by nulling the servo a m p l s i e r  input thmugh 
feedback to the l a t e r a l  path integrator  of t he  channel yet t o  
be engaged. T h i s  loop operates only after both.autopilot switches 
are i n  the  command posit ion and u n t i l  the second autopi lot  channel 
becomes engaged. 
mentioned command sgnchronizer loop is inhibited. 

During t h e  operation of t h i s  loop, t h e  previously 

2. Manual - 
The manual mode is engaged by placing t h e  autopi lot  engage switch 
i n  t h e  MANUAL position. The autopilot  cannot be engaged with t h e  
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. 
tu rn  knob out of. detent.  When the  tu rn  knob I s  i n  i t s  center de- 
t e n t  posit ion,  wings leveling occurs and t h e  au topi lo t  f l y s  t o  
hold heading. The heading reference is established by the Magnetic 
Reading Reference l Jn l t  (XRRU). 

The turn knob producee a bank angle crrmnnna pmportimusl to 
turn krwb diii2h?eme&,, 
a shaped pot w i t h  a deed-zone i n  the center equivalent t o  f 16" 
of knob rotat ion.  The maximum range of ro t a t ion  of the turn  
knob is iQ8' which ccuunands *3O' bank angle. 
rate f o r  the Manual Mode is fk0/sec. 
f o r  a 7 degrees/eecond rate limit. 

!2h turn knob output l a  generated by 

Maximum r o l l  
Provisions a r e  available 

When the magnetic heading clutch i n  the  MHRU is engaged, the 
heading e r r o r  synchro is clutched t o  a magnetic heading repeater 
and provides a heading e r r o r  s ignal .  
i n  detent,  the clutch automatically engages. 

When the tu rn  knob is  

Proportional and in t eg ra l  heading e r r o r  signals produce the 
bank angle command necessary t o  maintain the airplane.heading. 
The i n t e g r a l  of heading e r ro r  reduces heading e r ro r s  t o  zero 
i n  the  presence of t h rus t  assymmetry or  other l a t e r a l  control  
rystemmie-trim. 
t rue  airspeed t o  maintain consistent system performance through- 
out the fl ight regime. 

Both gains are scheduled as a function of 

Certain a i r l i n e  customers w i l l  have control  wheel steering 
incorporated instead of a t u rn  knob. The control  wheel s t ee r ing  
option will be usable a t  a l l  times when the  au topi lo t  is engaged 
in Manual Mode. 
I n  "Cwmand" r o l l  control  wheel steering is available i n  t he  
ann phase of lateral  psth modes such as LOC, VOR, or  INS. 
Thus the control  wheel s teer ing  w i l l  be avai lable  t o  establish 
the in te rcept  angle des i red  pr ior  t o  the  capture maneuver 
on these m o d e s .  A special switch l e  Included on the Mode 
Select Panel a8 shown i n  Figure 2a. 
CWS or  Heading Select  t o  be used f o r  t he  above mentioned 
a m  phases. 

I n  addition, when the au topi lo t  is engaged 

This switch allows either 

The r o l l  control  wheel s teer ing  block diagram is shown i n  
figure lla. 
an  in t eg ra l  path. 
ment or  "boost" path t o  minimize the veloci ty  e r r o r  o r  overshoot 
which results when force is abruptly removed f'rcm the wheel. 
Constant CUS gains are used over the speed range of the 747 
80 t h a t  l i g h t  feel  forces  are present a t  a l l  times i n  r o l l .  

Force on the control  wheel ccxnmands r o l l  rate via 
The in tegra tor  I s  bypassed wi th  a displace- 

Two electronic  detents  a r e  used. The lower detent ac t iva t e s  
t he  CWS mode and is equivalent t o  the tu rn  knob detent. The 
higher value detent I s  used i n  the au topi lo t  t o  disconnect 
path modes and drop the  engage switch from command t o  manual. 
This ac t ion  overrides these modes and provides the  CWS function. 
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3. Turbulence Mode 

The turbulence mode may be engaged at any time except when 
the nay. mode selector  is on I L S  or LAND. 

If the autopilot  engage switch is i n  COMMAND when the turbulence 
mode is engaged, the  switch w i l l  revert  fran CoMMAM> t o  MAlJuAL. 

The system configuration i n  turbulence is  ident ical  wi th  the  
MANUAL configuration except t h a t  the gains a r e  reduced by 
approximately one half and the heading hold signal is removed.''. 

4. Cawnand 

a. Heading Select Mode 

The heading se lec t  mod allows the p i l o t  t o  use the autopi lot  
t o  f l y  on a desired heading. 

The desired heading is selected by meana of the heading knob 
on the Mode Select Panel. 
engaged by placing the Nav. mode se lec t  switch i n  HDC and 
positioning the  autopilot  engage switch In  0. 

The heading eelect  mode is  

The camnand signal is t h e  Heading Selector e r ror  (instantaneous 
heading of the  airplane minus the  selected heading). 
gain is scheduled as a function of t rue  airspeed t o  maintain 
consistent system performance throughbut the f l igh t  regime. 

The a t t i t u d e  command l i m i t  f o r  the  Heading Select mode is 
*3O' wi th  the option f o r  change t o  f10" f o r  !US above 
500 feet/sec. 
t o  5-3 deg/sec as a function of the amount of heading se lec t  
error .  

The 

The r o l l  rate l i m i t  is variable fran 1.5deg/sec 

b. Localizer Mode 

Use of t h i s  mode requiree the following p i l o t  procedurea: 

(1) 

(2) 

(3)  

(4) 

(5) 

The autopilot  is in the  Heading Select mode u n t i l  the  
loca l izer  capture sensor operates &id the  capture mode is 
In i t ia ted .  
06 - 30643 - RESTRICTED USE - See Notice OR Cover 

Tune i n  the local izer  receivers. 

Dial i n  the runway heading wi th  the  courae selectors  
on the mode se lec t  panel. 

Position t h e  mode se lec t  switch in VOfi/LOC. 

Dial i n  the desired local izer  beam intercept heading 
displayed on the Heading Select window. 

Posit ion the Automatic p i l o t  engage switch in COMMAND. 
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After capture, the system switches t o  t h e  localizer on-course mode 
when the on-course logic is satisfied. 

The basic damping signal i n  the localizer mode is ground heading, 
obtained by summing drift .angle with course error. 

The use of ground heading is contingent upon receipt of a d r i f t  
angle valid signal (DAV) from the INS. If t h i s  signal is l o s t ,  
the roll computer automatically reverts t o  t h e  use of derived beam 
rate, washed out heading, and lagged roll f o r  localizer mode dampin&’ 
The beam displacement and integral parameters are the same f o r  t h e  dr i f i  
angle valid and non-valid conditions. 

The localizer system has three subnodes of operation; namely: capture, 
on-course, and on-course approach. The c i rcu i t  implementation of t h e  
system is such that it w i l l  automatically switch t o  the proper submode 
configuration when predetermined requirements are  satisfied. 

(1) LOC Capture 

The localizer capture is initiated when a summed combination 
of intercept angle and derived beam ra t e  becomes equal t o  or 
l ess  than the instantaneous beam error o r  when beam error is 
less than one degree. The exact capture and on-course logic 
and gains are  shown i n  Table 4. 

When the d r i f t  angle valid signal is present, the displacement 
conanand is the localizer beam er ror  and damping is provided 
by the derived ground he& ng si-1. 
valid signal is’ los t ,  the ground heading signal. is removed and 
derived beam ra te  and course error a re  substituted. 

. 
If the drift angle 

The WX: on-course submode is ini t ia ted when predetermined 
conditions of bank angle, beam displacement and beam rate are 
satisfied, as sumnarized i n  Table 4. 

The localizer on-course configuration is similar t o  the capture 
configuration, with the following modifications: 

a signal proportional to the integral of beam error is intro- 
duced t o  reduce the steady s t a t e  error i n  presence of t h r u s t  
asymmetry and lateral-mistrim conditions, 

a thirty-three second time constant high pass f i l t e r  i n  the 
g r o w l  heading and course error path washes out steady state 
errors due t o  INS and course error signals offsets, as w e l l  as 
heading errors due t o  crosswinds i n  the drift angle non-valid 
condition, 
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a signal proportional t o  lagged roll  is added f o r  increased 
damping i n  the drift angle non-valid condition. 

(3) LOC On-Course @roach 

Mechanization of this submode is similar t o  that of the on-courge 
submode when the drift angle is valid. When the drift angle is ’ * 
not valid, the washed out course error signal is removed to  i m -  
prove wind shear per€ormance. The beam displacement and integral 
gains are  scheduled l inearly with radio al t i tude t o  compensate 
f o r  beam convergence while the damping parameter gains are in- 
creased to improve close-in performance. 

The submode gains, command limits a d  engage logic are  summarized 
in Table b. 

C. VOR Mode 

The procedure f o r  the p i lo t  t o  engage this mode is identical  t o  tha t  
of the localizer except that the VOR frequency has to be selected 
rather than the LOC frequency. The VOR mode has three submodes; 
namely: capture, on-course, and over the station. The basic damping 
parameter is ground heading. 
the INS drift angle signal is removed, leaving the  course heading error 
as $he system damping signal. The displacement command is the beam 
error  f o r  both drift  angle vaUd and non-valid conditions. 
gains a re  scheduled as a function of TAS t o  maintain good performance 
throughout the f l igh t  regime. The system gains, limits and mode initia- 
t ion logic are  summarized in Table 4. 

If the  d r i f t  angle valid signal is l o s t ,  

System 

When the VoBi m o d e  is first selected ani the aircraft is outside 
the capture threshold, the autopilot is i n  the  heading select 
mde which steers the  airplane to  ths desired intercept angle 
established with t h e  heading select  control on the Mode Select 
Panel. The capture sensor is armed. 

The variable engage point logic used f o r  VOR capture is shown 
in Table. 4. 
degrees, the capture starts a t  beam error between 1.8 and 0.2 
dots. The greater the intercept angle, the ear l ier  the capture 
maneuver is init iated.  

A 34 degrees course cut l i t n l t  is provided. 

For intercept angles between 90 degrees and 10 
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(2)  On-Course 

The on-course submode is i n i t i a t e d  when the bank angle is  l e s s  
than 3 degrees and the  course e r ro r  is less than 15 degrees. 

The b e a m  displacement gain is reduced t o  one-half the  value 
used chxr3.x z a m e .  
t o  reduce the beam error in presence of t h rus t  asymmetry and 
l a t e r a l  control surface mistrims. A 200-second washout of t h e  
ground heading s ignal  is  also introduced t o  eliminate INS 
dr i f t  angle and course e r ror  s t a t i c  of fse t s .  
angle non-valid condition, t h i s  washout improves t h e  system 
performance under cross wind conditions. 

A beam integral signal is introduced 

,,,, 
I n  the d r i f t  

Maximum position and r a t e  commands are l imited t o  + 10 degrees 
and + 1.5 degrees/second respectively during the  VgR on-course 
subGde . 

(3) Over the  Station 

The VOR over-the-station sensor i n i t i a t e s  t h i s  submode upon 
detection of beam rates higher than 0.5 degrees/second. The 
system automatically rever ts  t o  the on-course mode, after 
passing the s ta t ion,  when t h e  beam rate signal has decreased 
below 0.5 degreedsecond f o r  20 seconds. 

During the  time that t h e  airplane is over the s ta t ion,  t h e  VOR 
beam s igna l  is removed and the autopilot  command s igna l  is 
e i ther  ground heading f o r  the drift angle val id  condition, o r  
course e r ror  f o r  d r i f t  angle non-valid condition. 
des i res  t o  make a course change while over t h e  s ta t ion,  he may 
dial  i n  t h e  change i n  course se t t i ng  and the system will track 
outbound on the  new radial .  

If the p i l o t  

d. INS Mode 

The autopi lot  may be used t o  capture and t rack any of the great 
circle routes t h a t  have been programed in to  the  INS computer. 

The INS mode is armed by placing the Nav. mode se lec tor  switch of 
t he  autopi lot  mode se l ec t  panel i n  the  INS position. Mgure 7 shows 
a typica l  control sequence. 
naut ical  miles off the desired great  c i r c l e  course, t he  autopi lot  is 
i n  the  heading se l ec t  mode, and steers the airplane t o  the  desired 
intercept  angle established wi th  the heading se l ec t  knob. 
for the  Heading Select mode to operate on those airplanes with 
remote set preselect  heading where the  heading error  s ignal  is 
developed i n  t h e  HSI; the  INS-RADIO switch must be l e f t  i n  RADIO 
posit ion u n t i l  the  INS capture point is reached. 
point is reached, t h e  INS mode is  in i t ia ted .  

If the a i r c r a f t  is fur ther  than 7.5 

In  order 

When t h e  7.5 mile 

Cross-track deviation and t rack angle error  outputs of t h e  INS are 
used t o  compute the desired steering command. 
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Control is similar t o  VOR control wi th  the following exceptions: 

(3) 

a. Since ti=- INS profides the equivalent of a non-convergent 
beam, the distance from destination does not effect  system 
performance. 

b. The damping e i g d ,  track rngle error, is not  SUSceptibh 
fo ~~.eea+rbd ;affsclx abA.ch w d  result i n  l a t e r a l  dis- 
placement from the  desired course. 

3 .  
INS Capture 

The capture maneuver is automatically initiated a t  7.5 nautical 
miles from the desired INS course. 
Wted to 30 degrees and bank rate is limited t o  4 degrees per 
second during capture. 
Table 4. A 25-degree course cut limiter is employed. 

The bank angle command is 

The system gains are s u m a r i z e d  i n  

INS On-Course 

The capture is complete and on-course control is ini t ia ted 
when the cross-track deviation is reduced below 1,070 feet and 
track angle is below 3 degrees, The same gains are  employed 
i n  the autopilot as during capture. The on-course sensor 
downshifts the bank and bank ra te  l imiters to 10 degrees and 
1.5 degrees per second respectively. 

Waypoint switching 

Automatic switching from one great c i rc le  courseto another 
is provided. Ch the INS systan Control and Display Unit, 
the  "Auto-Manualtt switch must be set t o  the I A U ~ O * ~  position 
to use t h i s  feature. If this is not done, the autopilot 
w i l l  overfly the waypoint a d  continue on the extension 
of the great circle. If the ttAutolt sequence is used, 
gwitching of the autopilot t o  the naxt route occurs a 
short distance before the waypoint is reached. 
It will occur a t  3.5 nautical miles f o r  cases where the angular 
change between successive courses is small. 
of the capture bank limits is provided automatically. 
When the on-course conditions are again satisfied, the reduced 
bank ard bank ra te  l i m i t s  are automatically reinstated. 

(See Table 4) 

Restoration 

e. ILsMode 

The IIS mode i8  identical to the  Localizer Mode for  the r o l l  autopilot. 
Olideslope control is armed by this mode a d  the autopilot continues 
t o  fly toward the  glideslope beam on either pitch attitude, ver t ical  
speed, al t i tude o r  U S  hold (optional mode) un t i l  a predetermined 
glideslope signal level is reached. (See pitch axis system description: 
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f. Land Mode 

The autopilot  LAND mode provides the Boeing 747 u i t h  a fail-passive 
dual-channel automatic approach and landing system. The LAM) mode 
features dual. ILS and f l a r e  coupling. 

I 

The LAND mode is properly selected when the following prerequisites 
are satisfied: 

1) 
2)  Both course controls s e t  t o  the runway heading .%. 

3) 

h) 
5 )  

Nav. Mode Selector switch in LAND 

Heading se lec t  control s e t  f o r  the desired intercept  
angle w i t h  the  loca l izer  
VHF/NAV receivers s e t  t o  t h e  proper local izer  frequencj 
Both autopilot  engage switches i n  the command posi t ion< 

Upon selection of t h i s  mode, single-channel operation, ident i -  
c a l  t o  that  f o r  ILS mode, i s  in i t ia ted .  Dual-channel operation 
does not begin u n t i l  a f t e r  the autopi lot  is on Loc. approach, 
glide slope capture is  completed, and the airplane is less 
than 1,500 f e e t  a l t i t ude  above the surface, 
synchronizes t o  the  controll ing channel u n t i l  it is engaged; 
a t  t h i s  point, t he  f lare computer is armed and equalization 
and monitoring of both channels begins. 

The second channel 

(1 ) Equalization 

IQualization is accomplished by taking t h e  difference of 
the cent ra l  control actuator and the  autopilot  actuator 
LVDT signals and feeding this signal  back t o  the  autopilot  
path integrator.  

The output posit ion of the central  control actuator w i l l  
be equal t o  the output posit ion of t h e  autopi lot  actuator 
having the least value (see Section C ) .  Thus, the channel 
having the greater command w i l l  be d i f fe ren t  from t h e  
cent ra l  control  actuator output by t h e  difference between 
the A and B autopi lot  commands. 

The channel with t h e  lower command signal receives no 
equalization signal since the difference between commanded 
and output position is  zero, w h i l e  the channel having the 
higher signal receives an equalization.that tends t o  
reduce i ts  output s ignal  t o  match that of the-control l ing 
channel. It should be noted t h a t  each channel has an 
independent equalization system and tha t  there are no 
cross t i e s  between channels. 

The equalization signal in the lateral axis is limited, 
so t h a t  ramp faults of re la t ive ly  low values may be detec- 
ted. The equalization s ignal  is a lso  gain scheduled as a 
function of radio a l t i t ude  from 1 t o  0.5. 
zation is decreased as  the airplane approaches touchdown. 

Thus, equali- 
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(2) Monitoring 

The monitoring systm on t h e  7h7 dual-channel autopi lot  
acts on the measared d m e  betumm tihe output psitic 
af each antopilwt actuator arri the output posit ion af the  
cent ra l  control actuator associated u i t h  t h a t  autopi lot  
actuator. 
shown in Figure 13. 
used i n  the equalization c i r c u i t  a l s o  feed the  monitor. 
Each channel has a pair of monitors: one f o r  pi tch and 
one f o r  ro l l .  
autopilot  channel disagrees with the  central  control  
actuator  output by a given amount f o r  a set length of 
time. These values are presently set a t  six degrees and 

A steady red cockpit 
warning l i g h t  is in i t i a t ed  any t i m e  a monitor is tripped. 
Thus, early warning of any potent ia l  problems is brought 
quickly t o  the p i l o t ' s  a t tent ion without disconnecting 
t h e  autopilots.  Should the warning l i g h t  be 'activated 
by noise o r  radio beam masking, it is not latched t o  the 
ON condition; and thus, goes out a t  the conclusion of 
these temporary disturbances. 

A block diagram of the monitoring system is,,. 
The two actuator  posit ion sensors 

A failure i.8 indicated by t h e  monitor if a~ 

v o seconds i n  the r o l l  channel. 
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F. PITCH AUTOPILOT 
A summary of Autopilot/Flight Director p i tch  axis charac te r i s t ics  is 
contained i n  Tables 6 ahd 7. 

The 747 autopi lot  aperates through a parallel servo system- 
actuator respome due t o  a conrmand from t h e  autopi lot  is a l so  fed bac.. 
to the cont ro l  column. The feedback path 113 t h e  PFimary elevator 
control system. A t  the frequencies which the  autopi lot  system normally 
operates, the control  column can be assumed t o  be d i r e c t l y  proportional 
t o  the elevator surface motion. 
functions f o r  t he  Auto i l o t  servo a d elevator power control uni t .  Thh. 
normal gain between sp column and 2 elev. i s  .b78 degrees of column 
per degree of elevator displacement about surface neutral .  The f u l l  
column to elevator curve is shown i n  Figure 23b. 

Thus all 

Figure 23a shows t h e  l inearized tranSfer 

Figure 4 is the block diagram of the  basic pi tch autopilot  control 
system. Pitch a t t i t u d e  and r a t e  loops are basic f o r  pi tch modes of 
operation. 
and damping. 
autopilot  computer. 
System (INS). Fixed a t t i t ude  and rate gains of ,-$$ ;;;5 6 Be and 

2.2 *& are employed f o r  f l aps  up f l i g h t .  
damping is increased from 2.2 t o  3.5 f o r  f l aps  down f l i g h t .  
rate is passed through a l / ( . l s+ l )  l ag  f o r  higher frequency suppression, 
a 1/( .Oss + 1) l a g  f o r  s t ruc tura l  mde decoupling and a washout 
t s / ( t s  + 1) where t = 2 f o r  f l aps  up and to provide r o l l  compensation. 
The compensation s ignal  (1-cos f )  is gain scheduled as a function of 
airspeed. 
When the  autopilot  is on, the automatic t r i m  system maintains pi tch 
trim of the  airplane. 
turbulence. When t h i s  mode is  engaged, pi tch t r i m  is not active.  
When engaged i n  MANUAL, the pi tch autopilot  responds t o  commands inser ted 
via the  p i tch  knob. When engaged i n  COMMAND, t he  p i l o t  has t he  option of 
control  by any of t h e  following modes: ALT. HOLD, ALT. SELECT, IAS HOLD, 
V/S (Vertical  Speed Control), MACH HOLD, ILS, o r  LAND. 

These loops provide both short  and long period s tab i l iza t ion  
The rate signals are sensed by gyros ins ta l led  i n  each 

Attitude s ignals  are from I n e r t i a l  Navi a t ion 

The p i t ch  

This is t rue  f o r  all autopi lot  modes except 

1. Engage Synchronization 
Before t h e  autopilot  is engaged, the output of t he  servo amplifier 
is fed  back t o  t h e  path integrator  a t  a high gain. 
t a in s  the output of t he  servo amplifier a t  zero i n  order t o  obtain 
transient-free elevator when the A/P is engaged. 
synchronizing path is opened. 
airplane a t t i t ude  which-serves as the reference f o r  a t t i t ude  hold, 
the  i n i t i a l  mode of the  A/P. 

This loop main- 

A t  engagement, the 
The integrator  hold c i r c u i t  tracks 

2. Manual 
The MANUAL mode is engaged by placing the autopilot  engage switch 
i n  the MANUAL position. 
no a t t i t ude  t ransient  when the mode is  engaged. 
a. PITCH WHEEL: If  the p i l o t  desires  t o  change the airplane 

p i tch  a t t i tude ,  the  pi tch wheel on the  f l i g h t  cont ro l le r  
is used. 
proportional t o  wheel displacement. 

Synchronization is provided so there is 

The p i tch  wheel produces an a t t i t ude  command 
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b. CONTROL WHEEL STEERING (CWS): (CWS is a l te rna t ive  t o  
Pitch Wheel.) 
t o  the column to inse r t  a c o m n d  signal  in to  the A/P t o  
change the airplane at t i tude.  
cessed a s  i n  Figure a a .  Force on the control column 
commands pitch r a t e  v ia  an in tegra l  path, t h e  gain of 
which is programmed with True Airspeed t o  give uniform 
performance over t h e  f l i g h t  regime. When the  force is 
removed, the path integrator is synchronized t o  the 

CWS enables the  p i lo t ,  by applying a force 

The force signal is  pro- 

airplane a t t i t ude  a t  the  time of force release. !$. 

When the A/P is i n  MANUAL o r  i n  COMMAND and not i n  any path 
mode, the A/P w i l l  be i n  the CWS mode. 
path mode and the  high detent force (19 pounds) is exceeded, 
the  path mode drops off and the  A/P drops t o  MANUAL except 
when i n  Altitude Hold. When i n  CWS and the deadzone (low 
detent)  is exceeded, the  automatic trim is inhibited. 
an a t t i t ude  of + 25 degrees is reached and the  p i l o t  applies a 
force i n  the  diTection t o  increase t h i s  a t t i tude,  t he  r a t e  
path is inhibited ( W E W E R  LIMIT CONTROL). 

If i n  COMMAND and i n  a 

Whenever 

3. Turbulence 

I n  a turbulent environment TURB. may be engaged on the  Turb/ 
Speed mode select  switch when the  NAV mode switch is not i n  
ILS o r  LAM). 
switched from COMM4NJJ t o  MANUAL and the  f l i g h t  d i rec tor  p i tch  
t r i m  control becomes. effective. The pi tch attitude and pi tch  
rate gains are reduced by one-half. The automatic s t a b i l i z e r  
t r i m  is off i n  the  turbulence mode. 

With TURB engaged, t h e  autopilot  is automatically 
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1) AUTOYATK: STMMJZER TRIM INHI8lfED D U R I M  TMES€ YOOES. 

SEE D I M R A M  1 M(I W WIN PROORAM. 
W E  GAIN PATH mLuOz8 THE & PATM f ILTER AS WELL A8 AN DEG 6c WLITUDL LIMIT. 

WlM WE RAD40 ALTIMETER, VALID SIGNAL PRESENT GAINS ARE PROGRAMMED AS PIER DIAGRAM ? WlM RADIO ALTITUDE. 
OTHERWISE. WEV ARE PKKIRAMMED WlM THE TIME BASE MOORAM Wow 111 DIMRAM 4. 
S€E DIAGRAM 3 FOR T M  WIN M 0 0 R A M .  

3) 
4) 

6) 
N m ron GLIDE SLOPS  RE, TRACU; rune GO AROUND ONLY. 

?, 1. 
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*UTOPILOT 
MODE 

ATTITUDE 
nom 

I 

SUBMODE VALUE UNITS PARAMETER SYMBOL 

ATTITUDE 6.18 OTHER DEGIDEG 

3.2 
GLIDE SLOPE 
AND FLARE 

&la FLAKUP 1.4 

FLAKDOWN 3.5 
OEGISEC 

DAMPING 

LIFT COMP eo/Il.coso) --- IBO * - 
PITCH KNOB &STROKE --- 1 OEGISTROKE 

I 

1oB 
.IS + 11 1111s + 11 I .05Stl l  

--L 
05s + 1 _ _ _  

__- 

r S + l  

AUTOPILOT PITCH AXIS 
1 GAIN piicn I 1 

CAS') 25% 

__- STROKE IS THE AMOUNT 
Y ) q  

KNOB CAN BE MOVED 
WlTHOUT REMOVAL OF 
HAND 

__- LIFTCOMP REMAINS 
UNCHANGED 

r - .35 SEC 

5 THIS MODE IS ALTERNA- 
TIVE TO PiTcn KNOB 

N R W - ' )  
LENCE 

&I& ___ STHE OEGIDEG ALL ABOVE 
GAINS ABOVE 

 CONTROL^^ 
WHEEL 
STEERING 
IOPTIONALI 

ALT nom 

ALT nom 
DISPLACEMENT 

AIRSPEED OEGIKT 

cws GAIN &I LB 0 OEGILB 

' cws INTEGRAL 8cIIFORCE --- .32 D- 

STICK FORCE --- 

LB 

PATH FILTER AND 
LIMITER ATB'& 

COMMON TO ALL 
MODES SHOWN 

MACH I MACHHOLO I &/MACH I --- I 120 I DEGIMACHNO. 

d 
b 

NO GAIN 
PROGRAM , 

I/ 
CAS2 COMMAND IS RATE d 

nom 
AIRSPEED 
noLo 
INTEGRAL 

I I I DEG 
- -  

HANNEL SLOPE 

QUALIZATION BeliA6. -_- DEt/SEC 
FLARE -102 OEG 

~ I A V  --- .05 INTEGRAL 

H c I A V  DISPLACEMENT 
- 

DISENGAGE mec -_- 20 0- 

OEG 

nom 
(OPTIONALI 

7.24 0- 
FLARE SYNCHRONlZATlON ___  

DEG 

GAIN I I I I 
MACH OcliMACH ,05 INTEGRAL 
INTEGRAL DISPLACEMENT H c I M A C H 

t ATTITUDE MEMORY _-_ Y) 0- 
SYNCHRONIZATION DEG 

11 
?I 
31 
41 

51 
61 
71 

I 

I 

i 

PROGRAM REMARKS SHAPING 

I 0 5 S + l l  

d 

1 31 _. 
,655 t 1 

1 1 COMMANDRATE I 
LIMIT 133 FT/SEC 

AS ABOVE BUT LIMIT 
MAY BE30 FTISEC FOR 
li '30'15 IN HOLD. 

12.5 FTISEC BIAS 

GAIN PROGRAMMED 
FOR LOSSOF VALID 

THIS PATH ALSO FEEDS 
TO THE PATH INTEGRATC 
AT 1/15 GAIN 

285.L.L 
2 8 S t l  6 5 S + l l C S + l  

I - -  
TID BIAS = 2 FTISEC ___ 

MINIMUM GAIN .a55 
___ 

RATE LIMITED 
TOB.lOEG/SEC I --- ' I 

d 
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A/P is in pi tch  att i tude hold arrri t h e  p i tch  knob is operative. 

a, Altitude Hold 

The altitude Hold mbde h o l d s t h e  airplane a t  the a l t i t u d e  
exis t ing when the  mode is engaged. 
e i the r  MANUAL o r  COMMAND. 'If the  mode is engaged with t h e  
airplane climbing o r  descending a t  a reasonable ra te ,  t h e  air- 
plane returns t o  and holds the engage a l t i tude .  

T h i s  mode can be engaged:in 

The A i r  Data Computer provides the reference s igna l  f o r  t h i s  
mode. This a l t i t ude  e r ror  signal is provided after clutching 
a mechanically nulled synchro t o  t h e  a l t i t u d e  s h a f t  a t  mode 
engage. Aircraft  a l t i t ude  rate (or  v e r t i c a l  speed) is a lso  
sensed a& provided by the  A i r  Data Computer. ' 

The block diagram and gains f o r  the Alti tude Hold node are 
included as par t  of Figure 1s. 

The a l t i t u d e  error  signal commands a t t i t ude  changes required t o  
maneuver the airplane toward zero a l t i t u d e  error.  
rate is added t o  improve damping. 
a l t i t ude  e r ror  removes standoffs. 
down a t  high speeds t o  about 1/3 of the-low speeds. 
Figure 16.) 

b. Altitude Select 

Alti tude 
Integral  control  on the 
The gains used a r e  programma 

(See 

The Altitude Select mode allows the p i l o t  t o  se l ec t  a desired 
f l i g h t  a l t i tude .  
feet from actual  a l t i tude ,  t he  p i l o t  also se lec ts  t he  desired 
mode of climb or descent. With these selections made and the 
mode engaged, the  autopi lot  maneuvers the airplane t o  smooth- - 
ly capture and hold the selected a l t i tude .  This mode is par- 
t i cu l a r ly  useful when a number of successive a l t i t u d e  changes 
are required. 

If the  selected a l t i t ude  is more than 1200 

Altitude Select has three submodes: arm, capture, and track. . 
(See Figures 15 and 17.) 

(1)  Arm 

I n  the aqn submode, t he  p i l o t  se lec ts  some other p i tch  
mode of the autopilot ,  such as ve r t i ca l  speed, IAS hold, 
or p i tch  knob, t o  canmard the a i r c r a f t  t o  climb or descend 
toward the desired a l t i tude .  In t h i s  submode, the a l t i -  
tude se l ec t  switch is engaged and the capture logic is 
armed. 

06 - 30643 - RESTRICTED USE - See Notice on Cover 
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( 2 )  Capture 

Capture is ini t ia ted when the a i rc raf t ' s  a l t i tude approach. 
8s the selected alt i tude t o  within 1200 feet ,  and the al-  
titude error ( i n  fee t )  is  less  than 15 times the alt i tude 
rate  ( in  feet/secb) as sensed by the coincidence detector. 
The detector uses course alt i tude and r a t e  data fran thg* 
CADC t o  determine the switching point. When the  detector 
is satisfied, it switches off the previously used climb 
or descent mode and in i t ia tes  capture. During capture, 
the f ine  al t i tude data from t h e  CADC and alt i tude rate 
information are  summed as indicated by the following con- 
trol equation t o  command the a i rc raf t  t o  maneuver and 
capture the selected altitude: 

A e r  = G m  (.006dh +.Oq K) 

where: G M  is the gain program with computed airspeed 
(unity a t  low speed) 

A e c  is pitch at t i tude comnd in  degrees 
A h  is alt i tude error i n  fee t  
I: is ra te  of climb in f e e t p e r  second 

This produces-a f l a r e  toward the selected at t i tude which 
is ra te  limited t o  reduce ltgt' forces if ini t ia ted f r o m  
steep climbs or descents. 

The track phase is ini t ia ted when the airplane approaches 
within100feet of the selected att i tude,  with a rate not 
exceeding 5 feet/seconds. 
follows : 

The control equation is as 

bee = GM ( ~ 2 9 a k  + .os I;) with the units defined as 
above. 

C. Vertical Speed - 

The vertical speed mode is selected'by t h e  "urb/Speed switch on 
the Mode Select Panel. 
wheel on the Mode Select Panel is synchronized t o  aircraft 

Pr ior  t o  selection, the vertical speed 
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vertical speed. 
follow-up t o  accomplish th i s  repeating function. won engage- 
ment of t h i s  modej t he  motor of this follow-up de-activates 
t o  pmvide the reference required t o  generate a ver t ica l  speed 
error signal. 
vertical speed, t he  caomnarad wheel is moved t o  es tab l i sh  a new 
Mumanee. .- varkiccrl speuad wheal lQ00 ft/miaute graduations 
between the U n i t s  of operation uhich are +too0 ft/minute to 

The block diagram and gains used f o r  the ve r t i ca l  speed mode are' 
shown i n  Figure 15. 
aystem response t o  command changes. Gain scheduling i s  included 
t o  allow good performance over the speed range of the  747. 

It is driven by an electro-mechanical servo 

Should the  p i l o t  des i re  t o  operate a t  a d i f fe ren t  

- 8 W  n/minat;e. 

An acceleration limiter provides smooth 

IAS Hold 

This mode gives the  p i l o t  automatic Indicated Airspeed hold 
capabili ty,  

A clutched synchro on the  computed &speed sha f t  of the  CADC 
provides an IAS er ror  s ignal  which is the difference between 
actual IAS and t he  U S  a t  the  time of mode engage. The e r ro r  
signal commands pi tch a t t i t ude  required t o  hold the  reference 
airspeed. The block diagram alld gains used are shown i n  
Figure 15. 
Mach Hold 

The Mach Hold mode provides the capabi l i ty  t o  automatically hold 
the  airplane Mach existing when the  mode is  engaged. The mode 
i 8  selected by the  Turb/Speed select switch on the Mode Select 
Panel. 
clutched synchro. The e r ror  signal commands t h e  airplane 
pi tch a t t i t u d e  required t o  zem the Mach e r ro r  signal. 
block diagram and gains a re  shown i n  Figure 15. 

The Mach error  s ignal  is generated i n  the  CADC by a 

The 

ILS Mode 

The pi tch axis control system f o r  dual channel automatic landing is 
shorn i n  Figure 19. 
is, glide slope capture and control. 
slope capture is armed and the  glide slope indicator l i gh t  on t h e  
mode annunciator panel is amber. 
a glide slope intercept path from above o r  below the  gl ide path 
can be flown on ALT. HOLD, ALT. SELECT, MANUAL, MACH .US, o r  V/S. 
When the  glide slope receiver is within f 30 mv ( f e d  of beam 
center, the  ve r t i ca l  beam sensor is tripped a id  gl ide slope capture 
begins. 
a 12.5 fps  bias, is switched into the path integrator  f o r  10 seconds 
t o  produce a pi tch angle approximately equal t o  that needed t o  f ly  
the  glide slope. 

The IIS mode uses part of one.channe1, t h a t  
Upon select ion of ILS, glide 

During t h e  gl ide slope arm phase, 

A sink r a t e  e r ror  signal, barometric a l t i t ude  rate plus 
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Normal acceleration, through a washout t o  eliminate steady s ta te  
accelerometer outputs and f i l t e red  through a 10 second lag to 
pseudo-integrate, is switched i n  for  beam damping. 
10 second pitch down, beam error i s  synchronized by a Limited 
integrator a t  the integrator's high rate. 
seconds, the sink ra te  error signal is switched off and glide 
slope control begins . 

During the 

A t  the end of the 10 

Beam error minus the synchronized signal stored on the rate-limited 
integrator is switched in, with t h i s  stored value bleeding down 
at the low ra te  of the integrator t o  give an easing on of the sig- 
nal. On glide slope, beam error i s  programed with radio al t i tude 
to  provide a nearly constant elevator deflection per foot of beam 
error. 
a radio altimeter failure, a time-based gain program is also pro- 
vided. (Figure 18-2). 

The gain programmer is shown i n  Figure 18. In t h e  event of 

g. LandMode 

The LAND Mode it3 shown i n  Figure 19. 
mode selector when dual-channel, f a i l  passive localizer, glide 
slope, and f l a r e  is planned. 
shown i n  Figure 20, 

It is selected on the NAV 

Sequencing during the LAND mode is 

_._ --. - ~ - - -  --.- - - - - - -  
Upon selecting of the LAND mode and with one channel i n  
C(MMAND, the autopilot is i n  single channel operation.. The 
d e  is the same as ILS except that the autopilot warning 
l igh t  f lashes  amber and the autopilot w i l l  automatically 
disengage a t  150 f t .  i f  the second channel is not engaged. 

The secolld channel i s  locked i n  CFF u n t i l  the automatic con- 
fidence test of the dual-channel camout monitor is completed. 
This takes about 1 second a f t e r  LAND is selected and the 
first channel is engaged i n  CCNMAND. Upon moving the second 
channel engage switch t o  C(MMAND, the flashing amber wanring 
l ight  is extinguished and the second channel is armed. The 
sgstem will operate i n  this configuration until the daal 
channel engage interlock logic is satisfied. 

The autopilot remains i n  single channel operation un t i l  a l l  
of the following conlitions are  met: 

LOC on-course 
Rad. Altitude l e s s  than 1,500 f t .  
Glide Slope control 
Rad. Altitude valid 

When these conditions a re  met, dual-channel operation begins 
and is annunciated a f t e r  a three second delay by an amber 
A/P FLARE ARM l igh t  on the Mode Annunciator Panel, The non- 
latching autopilot camout monitor gives the p i lo t  a steady 
red warning l ight on the Mode Annunciator Panel if a 
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camout exists (Page 61) i n  either channel f o r  two seconds. 
Interlocks f o r  t h e  LAM) mode are shown i n  flow diagram, 
Figure 21. 

(2 ) Synchronization 

When i n  LAND with  both channel engage switches i n  C(MMAND, 
but still  flying s ingle  channel, the  second channel actuator 
is i n  the caged position and its servo amplifier output is 
being nulled by the  path integrator by means of t h e  synchro- 
nization loop. A t  A/P FLARE ARM, t he  hydraulic pressure ' '- 
builds up first i n  the force detent mechanism moving the  
autopilot  actuator t o  a posit ion matching that of the ele- 
vator. The -mT signal generated when the autopilot  actuator 
is moved in to  posit ion is fed back t o  the  servo amplifier, and 
is nulled out by the  synchronization loop. 
then pressurized and the synchronization loop is opened. Since 
the  servo amp was held t o  zero, t h e  actuator does not move uti: 
it is commanded f r o m  the  autopilot. 

The actuator is 

(3) Glide Slope 

The gl ide  slope control l a w  f o r  each channel is the same as thal  
of IIS. 
slope control. 

f igure 19 shows a l l  switches i n  posit ion for g l ide  

During dual-channel operation, equalization is i n  effect, with- 
out signal i n t e r t i e  between channels. An equalization command 
proportional t o  the  difference, i f  any, between the autopi lot  
actuator and the elevator is fed back t o  t h e  path integrator.  
The equalizer signal t o  the path integrator  i s  limited. 
equalization gainfaprogrammed down as a function of a l t i t u d e  
since the  requirement f o r  equalization t o  reduce n u l l  o f f se t s  
is l ikewise reduced. 

The 

At the f lare  point, t h e  FLllRE l i g h t  on the mode annunciator 
changes from amber to green. The camout monitor remains active.  

Since t he  gain programmer is zero, beam error and t he  gain 
programmed portion of equalization are not applied during 
flare. 
mains on throughout f la re .  

The flare law: 

However, a small fixed gain equalization signal re- 

h S 1 
a m a h  s + 1  + a  s + l  2; e - i ) ) m + b + 2 ;  

commands an airplane descent rate, l i nea r ly  decreasing with 
a l t i tude ,  from the descent rate a t  f l a r e  to 2 feet/second. 
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The descent r a t e  is derived f r o m  t he  radio a l t i t u d e  
and verkical accelerometer signals. The descent rate 
er ror  is summed with f i l t e r e d  acceleration fo r  damping 
and then paased through d i r e c t  ard in tegra l  paths to 
produce an a t t i t u d e  command, A synchronizer loop main- 
tains the c o d  to zero until flare, 

The flare comand is l imited t o  7 . 9  nose up and .7p'$ - 
now down pi tch  attitude. 

( 5 )  Fail-Passive Actuators 

The autopilot actuators are located on the  two inboard 
elevator control packages. Figures 22 and 23 show the 
autopi lot  elevator control configuration. 

The feel  computer provides a centering force  f o r  all auto- 
p i l o t  and manual control commands. Feel force  is program- 
m e d  as a function of dynamic pressure and s t a b i l i z e r  posi- 
t ion  and provides authority l imitat ion to the  autopilot. 
The autopilot  actuators are t i e d  to the  main valve inputs 
through force limited detents. I n  single-channel operatioi 
only one detent i s  engaged and both main valves follow t h e  
engaged autopilot  actuator. 

Figure 5 shows a schematic of the  detents  and servo system 
mechanization f o r  the  r o l l  axis. 
similar. I n  dual-channel operation, both autopi lot  actua- 
tios are powered and t he  detents  are engaged, 
autopilot  actuator posit ions disagree, the  elevators 
will follow t h e  command nearer zero. The detent monitors 
associated with each autopi lot  channel measure the disa- 
greement of the autgpi lot  actuators with the output. 
disagreement of 6.0 
consequent p i l o t  warning l i g h t  after a one-second delay. 
Dual-channel elevator authori ty  is double t h e  single- 
channel authori ty  o r  approximately +lo, -30 degree8 at f in  
approach speed. The detent authority remains constant 
a t  27 pounds s t i c k  force, maxim um, A t  m a x i m u m  q condition: 
elevator single-channel authori ty  diminishes t o  + 1,s 
degrees elevator. 

Pitch mechanization is 

If the 

A 
elevator will give a camout and a 

- 
- - --- - _ _  - -  
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9. AUTOPILOT AUTOMATIC STABILIZER TRIN 

The autopilot  is provided w i t h  two separate s t a b i l i z e r  t r i m  systems. 
During single-channel cruise operation of t h e  autopilot ,  the A t r i m  
system is utilized wi th  the M A  autopilotJ1 m d  the  €3 t r i m  system is 
ut5lized with  the I l 3  autopilot". During dual-channel operation of 
the autopilot ,  both t r i m  system are capable of operation. One of 
the two is utilized and %he o-ther i s  armed and i n  a standby s t a t e .  
Suitable monitoring and logic is included t o  e f f ec t  an automatic 
t ransfer  t o  t h e  standby t r i m ,  should a malfunction occur i n  the 
act ive channel of trim. 

!$. 

The auto-trim un i t  drives the  s t ab i l i ze r  t o  reduce steady s t a t e  
elevator displacement from neutral  when the autopilot  is  engaged. 
This reduces t o  a low l e v e l  the t ransient  which occurs when auto- 
p i l o t  i s  disengaged. 
modes except Turbulence. 

Auto-trim is  obtained during a l1 ,au topi lo t  

The s t ab i l i ze r  has no d i r ec t  connection wi th  the  primary control 
system. 
as the  amount of elevator surface which must be held on the column t o  
maintain airplane t r i m .  When the  autopilot  is engaged the autopi lot  
commands the amount of elevator needed t o  maintain the desired f l i g h t  
path and airplane t r i m .  When the autopilot  is coxmanding an elevator 
posit ion greater than the  t r i m  threshold (Figure 24) the t r i m  system 
w i l l  drive the s t ab i l i ze r  u n t i l  the elevator required to maintain 
the  desired f l i g h t  path i s  reduced below .I85 degrees of elevator. 
The e f fec t  of automatic t r i m  as  seen on the  column is a smooth return 
of the  column t o  near neutral  as  the t r i m  system operates. 
of s t ab i l i ze r  t r i m  is  inversely proportional t o  the impact pressure 
( 

Thus, motions of the  s t ab i l i ze r  show up on the column only 

The rate 

). Thus, the column r a t e  of return is  similarly reduced. 

Autopilot S tab i l izer  T r i m  Unit (ASTU) channel is  shown i n  Figure 24. 
The arm and control c i r cu i t s  a r e  ident ical .  T r i m  is effected by the  
presence of d i scre tes  from both a r m  and control  when there  is hydraulic 
pressure t o  operate the brake pressure switch. When the elevator 
exceeds the t r i m  threshold f o r  f i v e  seconds, the  s t a b i l i z e r  i s  driven 
until the elevator decreases t o  0.185 degrees. The trim r a t e  and 
thresholds are variable with f e e l  pressure as indicated i n  Figures 24b 
and 24c. 
The t r i m  warning monitor is  activated 8.5 seconds a f t e r  a n  ac t ive  o r  
passive f a i l u r e  of the arm o r  control c i r cu i t s  o r  brake pressure switch. 
A warning is a l so  obtained f o r  an out-of-trim condition sustained f o r  
1 2  seconds. 
Dual-Channel Autopilot Eode (Autoland) I 

One auto-trim channel is  engaged i n  t h i s  condition; and i n  the event 
of f a i lu re ,  t h i s  channel is  automatically disengaged and the  other 
standby channel is  engaged by the changeover switches i n  the  b e i n g  
accessory box. Thus, " f a i l  operational" t r i m  is provided during 
automatic landing. 

I 

I 

Should a canout occur, the ASTU is inhibi ted from 
moving t h e  s t ab i l i ze r .  I 

1 
! 
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11. MACH TRIM SYSTEM 

!1. 

(SYSTEM NOT INSTALLED ON 747 AIRPLANE) 

Pages 63 - 68 deleted. 

lb6 - 36643 - RESTRICTED USE - See Notice on Cover 
I D6-30647 

REV SYM 



1 

i 

111. YAW DAMPER SYSTEX 

A. GENERAL 

The 747 direct ional  control system comprises dual rudders, each 
independently powered by a dual tandem hydraulic actuator.  Dual 
redundant yaw damping is provided on the 747 by incorporating an 
independent electro-hydraulic augmentation system with each rudder 
segment. 

Yaw damping s ignals  are connected t o  the  rudder actuators  i n  a series 
fashion such that the p i l o t ' s  rudder pedals are not displaced by 
yaw damper commands. This feature permits the yaw dampers t o  be 
bperative a t  a l l  times through take-off, cruise, and landing without 
in te r fe r r ing  with normal p i l o t  rudder control. 

?+ . 

A pref l igh t  cockpit operated confidence tes t  is provided to check 
each yaw damper system p r io r  t o  departure from the  ramp area. 
Disengage switches mounted on the p i l o t f s  overhead panel a r e  provided 
t o  enable the  f l i g h t  crew t o  shut off e i ther  yaw damper system should 
a malfunction occur. , 
rudder yaw damper system. , 

I n  addition t o  providing additional damping of basic airframe lateral 
d i rec t iona l  osci l la t ions (dutch ro l l ) ,  the  747 yaw damper system has 
an added feature designed t o  improve airplane response t o  turning 
maneuvers i n  f lap down f l i g h t  conditions. This system is called t h e  
"turn coordinator" and def lects  rudders proportional t o  r o l l  rate 
i n  a aturn coordinatingu sense, thereby improving r o l l  control  
response . 
Due to a favorable phase relationship,  the  turn coordinator feature 
has the added benefi t  of f u r t h e r  improving basic dutch r o l l  damping 
beyond t h a t  available f r o m  t h e  yaw damping mode alone. 

The mturn coordinatorcl system is used a t  flaps down condition only. 
An "easy ordoff" c i r c u i t  is implemented i n  the fiturn coordinatorn 
command path t o  eliminate t ransient  rudder kicks resu l t ing  from t he  

I 

Figure 27 is a p i c t o r i a l  diagram of t h e  lower 

I 

I 

I 

1 
I 
I 

I 
I 
, 

, 
~ 

1 
f l a p  switching should the aircraft not be a t  zero r o l l  a t t i t ude .  

The design objective is t o  provide addi t ional  dutch r o l l  damping and 
turn coordination with a system which provides no poten t ia l ly  hazard- 
ous failure conditions. 
Analysis ) . (See document D6-13647, IEFCS Fai lure  

I 
I 

I 
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B, SXSTEX DESCRIPTION 

Figure 28 is the  block diagram of the  7b7 dutch r o l l  damper and 
turn coordination system. Its. mathematical model is shown i n  
Figure 29. 

1. htChRol l I )amp lag s.lrmalR 
Dutch r o l l  damping I s  provided by a yaw rate (+) signal. 
A t  f l aps  down condition, additional bank angle signal is 
provided t o  increase system damping. 
a rate gyro, mounted i n  t h e  yaw damper chassis. 
is obtained f r o m  t he  Iner t ia l  Navigation system (INS). 
These signals are independently demodulated. 

'' * 
Yaw rate is sensed by 

Bank angle 

2. Band Pass F i l t e r  

A t  f l aps  up condition, the  yaw rate signal passes through a 
band pass f i l t e r  in to  the  servo amplifier. 
f i l ter  is composed of R-C components and operational amplifiers. 
The t ransfer  function of the f i l t e r  can be expressed i n  
Laplace form as the following: 

The band pass 

(2.723+1) (.2728+1) 

A t  f l aps  down condition, r o l l  a t t i t ude  s igna l  passes through 
a similar band p a s s  f i l t e r  and is smed with the  f i l t e r e d  
y a w  rate s ignal  i n to  the servo amplifier, T h i s  additional 
f i l t e r e d  r o l l  a t t i t ude  signal provides additional dutch r o l l  

- 

damping. 

The functions of the  band pass f i l ter  are: 

(1) To washout the steady yaw rate and roll attitude signals 
and t o  eliminate n u l l  o f fse t  of sensors. 

(2) To provide dutch r o l l  damping signals with minimum phase 
s h i f t  a t  dutch r o l l  frequencies, i n  order t o  achieve 
optimum damping. 

(3) To reduce high frequency signal amplitudes so as t o  
minimize possible coupling with s t ruc tura l  modes. 

The Bode and phase angle p lo t s  of the band pass f i l t e r  are 
shown i n  Figures 31 and 32. 

3. Dutch Roll Damper Gain 

At flaps down condition, the yaw rate and the r o l l  a t t i t ude  
6 R  (degree) 
nG3 and .O76 & (degree) gains a re  

egrees/sec) 2.5 p (d 
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A t  f l aps  up condition, the yaw r a t e  gain is 1.25 
6 R  (degree) 

root  loci plot. 

. For detail information, refer t o  Figure 33 
3 (deSree/a=? 

t. Turn#mldination 

A shaping circuit is used t o  derive a r o l l  r a t e  s ignal  from 
the  r o l l  angle input. The rate c i r c u i t  used has a transfer  

function of (. la2 

from r o l l  angle a t  turn  entry frequencies, but cuts  off a t  
frequencies above 1.4 cps i n  order t o  minimize the  e f f ec t s  
of gystem noise, 

I S  which yields a derived r o l l  rate s ignal  

The turn coordinator system operates a t  f l aps  down f l i g h t  
conditions only. Switching is accomplished by a f l a p s  switch. 

The system gain is 0.693 

An easy on-off circuit is implemented i n  t h e  f i l tered r o l l  
a t t i t u d e  signals path t o  eliminate t rans ien t  rudder kicks 
when the  r o l l  a t t i t ude  signal i s  turned off or on by the 
f lap actuated switches. 

60 Yaw mer E l e c t r o - m a u l i c  Servo 

The servo valve amplifier accepts dutch r o l l  damper, t u r n  
coordinator, and servo feedback inputs and provides an output 
t o  the electro-hydraulic transfer valve. The transfer valve 
controls motion of the  yaw damper actuator which is l inked 
t o  the  main power control un i t  valve v ia  a summing l ink,  
The electro-hydraulic transfer valve is supplied system 
pressure v ia  a solenoid operated shut-off valve when the  yaw 
damper is engaged. The yaw damper servo actualmr is self- 
centered by caging sprin-& when-the system is de-energized. 
This preserves the in tegr i ty  of manual commands when the  yaw dampe: 
is not energized. 

The maximum rudder rate which the  y a w  damper can command is 
controlled by the area of t he  servo actuator o r i f i ce  and by 
the  area of the  piston and is + 1s deg/sec a t  no load. The 
maximum rudder displacement is-controlled by the summing lever  
stops and is + - 3.6 degrees. 
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There are two feedback paths i n  the yaw damper. 
path d i rec t ly  feeds back y a w  damper actuator position. 
feedback is required so that yaw damper servo output w i l l  
follow commad inputs. 
actuator posit ion via a 8 in p a r a l l e l  with the  

normal. position feedback. when the yaw damper system is 
disengaged, #e %em0 a m p i i f i e r  Ontpnt is f e d  back through 
this l a g  to provide synchronization. 

The f i r s t  
This  

The second path feeds back y a w  damper 

m 

7. Self-Test and Confidence Test 

The yaw damper computer provides self-test c i r cu i t ry  f o r  the 
two categories of fault i so la t ion  testing: Line Replaceable 
U n i t  test (electronic components) and system test (electronic  
components plus the  actuator loop). The self-tests are per- 
formed by positioning the t e s t  switch and momentarily depressing 
the  press-to-teat  switch on t h e  yaw damper f r o n t  panel. The 
monitor l i g h t  on the f ront  panel w i l l  indicate  the  test  results 
(go or  no go). 

Confidence Test is a p i l o t  actuated and monitored system test. 
Channel confidence t e a t s  can be initiated singularly or simul- 
taneously by use of the  cockpit mounted test  switches. 
observing the upper and lower rudder surfaces posit ion indi- 
cator located on the  p i l o t ' s  instrument panel, the operating 
status of the  systems can be assessed. 

By 

The confidence test and self-test are interlocked t o  prevent 
test i n i t i a t i o n  i n  f l i gh t .  

Separate confidence tests are provided f o r  the  dutch r o l l  
damping and the turn coordinator functions. 

8. Performance 

Analog computer simulation and d i g i t a l  computer root  locus 
analysis were conducted t o  investigate yaw damper system 
performance. 
a t  all f l i g h t  conditions. The lowest augmented airplane 
dutch r o l l  damping r a t i o  is 0.30 at  the landing approach 
33 degrees f l a p s  down condition. System performance f o r  
various f l i g h t  conditions are summarized i n  root l o c i  p lo t s  
i n  Figure 33. 

Results indicate that the system performs w e l l  

9. Tolerance 

Phase s h i f t s  and gain variations affect  system performance. 
Root locus analysis were conducted t o  investigate t h e  e f fec t  
of tolerances on performance. The Bode p lo t  and phase angle 
p l o t  f o r  the nominal and the maximum time constants of the rud- 
der t o  sensors input t ransfer  function are shown i n  Figures 31 
and 32 respectively. The two f l i g h t  conditions, which describe 
the  lower and upper bound of t he  unaugmented dutch r o l l  frequency 
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were investigated.. They are the  landing approach 33 degrees 
f laps  down and maximum dynamic pressure conditions where t h e  
dutch r o l l  frequencies a re  0.12 cps and 0.20 cps respectively. 

The yaw damper system performance f o r  t he  above t w o  corditions 
is summarized i n  Figures 34 and 35. 
are within the design tolerances, the system performances 
as described by the envelope i n  the f igures  is satisfactory.  
The upper and lower bounds of the envelope a re  the  gain toler-  
ance limits while the l e f t  and r igh t  bounds are the phase 
angle tolerance limits. 

10. Failure Mode Design Features 

A t  f l aps  down condition, three sensed signals are used i n  the  
yaw damper. The yaw rate, r o l l  angles, and derived roll rate 
signals each provide an increment of dutch r o l l  damping. If 
failures occur i n  any of these signal chains such that one or  
more of the signals is not driving the  rudder, t he  remaining 
signals w i l l  continue t o  provide some dutch r o l l  damping. 
three of these s ignals  are washed out and thus  cannot command 
a continuous steady-state rudder position. 

If the  system components 

;, 

A l l  

A t  f l aps  up condition, r o l l  angle and derived r o l l  rate 
signals are removed by the  easy on-off c i r c u i t  and t h e  delayed 
f laps  energized switch. Monitoring c i r cu i t ry  is implemented 
t o  detect  f a i l u r e  of t h i s  f l a p  actuated switching. 
l i g h t  is ill\rminatedon the yaw damper control panel if  f l a p  
switching failure occurs. 

A red 

Any type of malfunction cawing a no-signal condition o r  a 
sustained large signal w i l l  not cause more than a modest 
t ransient  airplane response. 
limited by hydraulic system velocity and force limits, plus 
displacement stops effective a t  a l l  speeds. 

Control excursions are posi t ively 
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IV. AUTOTHROTTLE SYSTEM 

A. GENERAL 

The 747 is equipped with a single-channel autothrot t le  system. This 
system is designed to capture and hold a selected indicated airspeed 
during terminal area mneuvering, and approach and landing f l i g h t  
regimes by automatically positioning the thro t t les .  
f o r  indicated airspeeds up t o  400 kts. 
describe the system. Salient features  of the autothrot t le  are: ' $ -  

It may be used 
Figures 36 and 37 p ic to r i a l ly  

1. 

2. 

3. 

4. 

5. 

Clutches i n  the mechanical dr ive t o  the t h r o t t l e s  
enable t h e  p i l o t  t o  override the action of t he  system 
a t  any tine. I 

The system is  operable during manual f l i g h t  control 
o r  while t h e  Autopilot is engaged. 

The system limits the r a t e  of change of commanded 
airspeed so t ha t  t h r o t t l e  notions occur smoothly. 

Thrust changes following pi tch maneuvering are mini- 
mized, and the magnitude of t rans ien t  th rus t  changes 
a r i s ing  from wind gusts a re  l imited by a gust f i l t e r .  

A t h r o t t l e  re tard function, interlocked with the 
Autopilot Land M e ,  is  provided t o  automatically 
re tard the th ro t t l e s  during an autopi lot  flare. 

B o  SYSTEM DESCRIPTION 

A block diagram of the au to thro t t le  system is shown i n ' f i g u r e  38. 
mre detai led description is provided below. 

A 

1. Conrmand and Airsneed Error S i m a l s  

The system engage switch and the  speed control knob a re  s i tuated 
on the  AFCS Mode Select Panel. 

The Autothrottle computer receives an airspeed e r ro r  control 
s ignal  from the  Captain's airspeed indicator. 
difference exists between the pilot-selected airspeed command, 
indicated i n  d i g i t a l  form on t h e  AFCS Mode Select Panel, and the 
actual  captain 's  ai-rspeed, t h r o t t l e  action t o  'reduce- t h e  e r ro r  
is commanded. The servo-motor is geared t o  the t h r o t t l e  
levers  v i a  clutches which allow the  p i l o t  t o  eas i ly  override 
the system. 

Whenever a 
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2. 

3. 

4. 

Accelerometer, Attitude, and Elevator Signals 

The longitudinal accelerometer, which is  an in tegra l  par t  of 
the computer, provides r a t e  of change of speed information. 

The pi tch a t t i t ude  input, obtained from the  I n e r t i a l  Navigation 
System, cancels the a t t i t ude  component of the accelerometer 
output . 
Computation 

The computer u t i l i z e s  transformer coupling f o r  the A.C. input 
signals. A d i f f e ren t i a l  amplifier is used f o r  the D.C. radio 
alt imeter signal to provide isolat ion and noise rejection. 

.'1 c 

All A.C. signals a r e  demodulated pr ior  t o  shaping, f i l t e r i n g ,  
and error  leve l  detection. 
summed and modulated f o r  use i n  the A.C. power amplifier which 
dr ives  t h e  servo-motor. 
synchronized f o r  inputs other than airspeed error.  
diagram Figure 38. 

The processed D.C. s ignals a r e  

Prior to engagement, the system is 
See block 

The basic airspeed er ror  input s ignal  i s  processed through an 
acceleration l imiting c i rcu i t .  This  c i r c u i t  assymmetrically 
l i m i t s  the airspeed command ra te .  
signal is passed through an asymmetric gain program which reduces 
t h e  gain f o r  overspeed er rors  larger  than 2 k t  t o  .25 of i t s  
value. 
s a t e s  f o r  t h e  f a s t  deceleration of t h e  engine and the higher 
autb.Grity of the  t h r o t t l e  i n  the a f t  direction. 
is r - m e d  wi th  the compensated longitudinal accelerometer 
signal and passed through the  gust f i l t e r  to suppress t h e  e f f ec t s  
of a i r  turbulence on system act ivi ty .  

The r a t e  limited command 

This  gain reduction f o r  large overspeed er rors  compen- 

The IAE signal  

Thrott le Control and Limi ts  

Control of t he  t h r o t t l e  levers  i s  accomplished by a proportional 
plus in tegra l  servo configuration. The servo proportional 
response i s  obtained by integrating t h e  tachometer output. 

Switches a r e  provided t o  l i m i t  forward and a f t  t h r o t t l e  motion. 
The forward l i m i t  posit ion is  s e t  t o  avoid exceeding t h e  m a x i m u m  
allowable engine pressure r a t i o  o r  temperature; t h e  a f t  posit ion 
closely corresponds t o  the f l i g h t  i d l e  th rus t  value. Whenever 
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t he  t h r o t t l e s  are driven t o  e i t h e r  l i m i t  posit ion,  t he  
in t eg ra to r  16 put i n t o  a “hold” condition t o  prevent it 
from camputing an erroneous t h r o t t l e  posit ion.  
remains engaged and w i l l  drive the  t h r o t t l e s  out of &he 
l imi t  posi t ion when the appropriate signal is  developed. 

The system 

AD1 Signal 

The demodulated output from the  airspeed ind ica tor ,  f i l t e r ed  ,.,. 
by a %second lag, is  supplied t o  fast-slow indica tors  on the 
two At t i tude  Director Indica tors  i n  t he  cockpit. 

Airspeed Error  Warnlnq 

When t h e  Autothrot t le  i s  engaged, an airspeed e r r o r  greater 
than ten knots causes t h e  amber Fl ight  Mode Annunicator l i g h t  
t o  i l luminate.  

Disengage 

A p i l o t  can dieengage t h e  system by means of any of t h e  
f o l l a r ing  : 

(a)  

(b)  

!Fhe engage switch on the AFCS mode se l ec to r  panel. 

Disconnect switches on t h r o t t l e  levers 1 and 4. 

( c )  Go-around swltches on t h r o t t l e  levers  2 and 3. 

Flare  

I n  conjunction wi th  the Land Mode of the Autopilot, t h e  system 
provides automatic t h r o t t l e  retard during the f l a r e  maneuver. 
The conditions necessary t o  a c t i v a t e  thls function are tha t  
the Autopilot m u s t  have been armed fo r  flare, the Autopilot 
flare muet have canmenced, and the xadib  altimeter signal 
must be below the t r igger  a l t i t u d e .  The log ic  requirements 
prevent inadvertent operation of t h e  retard fbnction. 

- 

Test - 
Incorporated i n  the  computer i s  an automatic t es t  arrangement 
which can i s o l a t e  a fai lure  t o  the  cmpu te r  or*servo-motor 
without requir ing t h e  use of supplementary ground-test equipnent. 
This t e s t  is  accomplished by means of a ro ta ry  switch and a push- 
button switch located on the f ron t  panel of the  computer. The 
ro t a ry  switch is used t o  s e l e c t  t he  un i t  t o  be tested ( i . e . ,  the 
canputer o r  the servo-motor) and the  push-button i n i t i a t e s  
the tes t .  The ro ta ry  switch w i l l  remain i n  the selected 
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posi t ion u n t i l  it i s  manually returned t o  the  "OFF" posi t ion,  
The Autothrot t le  system cannot be engaged, and a steady red 
warning l i gh t  Bhms on the  f ron t  panel (and In  the  cockpit)  
when the  switch i s  not i n  t h e  "OFF" posit ion.  

The t es t  r e s u l t s  a r e  Indicated by lights located on t he  computer's 
f ron t  panel. A "test-in-progress" l i gh t  i s  illuminated on 
I n i t i a t i o n  of a t e s t ;  and a "go" l ight i s  il luminated upon 
auccessful completion. 
progress" l ight being extinguished without a "go" indicat ion.  

,t . 
A f a i l u r e  is  Indicated by the "test-in- 

The e q u i p e n t  funct ional ly  tests the e n t i r e  Autothrot t le  system 
I n  approximately one minute. 
In j ec t ing  test signals i n t o  the various computer inputs  while 
monitoring both the  Input and output of the feedback in t eg ra to r  
In t he  servo loop. If each of these monitoring devices y ie lds  
t he  proper indicat ion,  then the  tes t  s t e p  i s  completed and t h e  
next s t e p  I s  performed. If each tes t  s t e p  I s  successf'ul, the  
program w i l l  proceed t o  the last s tep  and y i e l d  a "go" indlca- 
t l o n  I s  withheld. 

The t e s t i n g  is performed by 
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19.0 APPENDIX E - REVISED SD4UMTIORi DATA 

, The data i n  t h i s  section contains revisions that Boeing 

recommends incorporating i n  the NASA simulation. 

REV LTR: 

E - 3 0 3 3  R t  

. 
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I. SUMMARY OF AREAS AND DIMENSIONS 

ITEM - VALUE - DIKZNSION 

2 Ft.  

F t .  
.. Wing Area (SI "500 

27 - 31 Wing Mean Aerodynamic 
Chord (MAC) 

Wing Span (b) 195.68 Ft. 

Wheel Base 
Wing G e a r  
Body Gear 

78.96 
88.96 

Ft. 
Ft. 

Wheel Tread 
Wing Gear 
Body Gear 

36.16 
12.5 

Ft. 
Ft. 

Effect ive Engine 
Moment h s  

Ft. 
Ft. 
Ft. 

PI . :  ( a i r )  
e.5 (ground) 

Outboard 
YE0 

*EO 

Ft.  
Pt .  
Ft. 

3 d l  (a i r )  
4.8 (ground) 

Note The t r a n s i t i o n  between the ground and a i r  values for t h e  effective 

engine pi tching ams, 2~~ and Z E ~ ,  is a function of the averaged 

main landing gear compressi-on r a t i o ,  7 . 

- 

For 0 rl * 1. zeo - z-, , ,~ + '7.f=€O 

=Ex = -rrs,rr + 7 - A Z r z  

where AZEo - =EocROUNO - zEo*,R = 1.7 FT- - 0.2 FT. AZEI = =eICROUNO - Z E I A , S  
A 

Z h i n  Landing Gear Oleo Conpression (incheb) 
tt-I 

and 

where n = nmber of mein l and ing  gears. 
- 
0 
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20 00 APPENDIX F - AIFPLANE RESPONSE TO CONTROL INPUTS 

Time histories of airplane response t o  control inputs are presented 

in  the following pages. 

CONTROL CONDITION 

Elevator C l i m b o u t  
Approach 

Aileron Climbout 
Approach 

Rudder Approach 

Brake Release and 
Acceleration 

Rotate and I n i t i a l  Climbout 

PAGE - 
20 00-2 
20.0-3, -4, -5 

20.0-6 
20.0-7, -8 

20.0-9, -io 

20 .o-ll 
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