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~‘ORE WORD

This report presents the results of work conducted by the  Boeing
Aerospace Company, P.O. Box 3999, Seattle , Washington 98124, on
the Integration of an Air Cushion Landing System into the
Australian Jindivik target drone. Contract number was P33615—
75—C—3088, Project Number was 2402, and the Task Number was 01.
The contract was conducted under the sponsorship of the Air
Force Fligh t Dynamics Laboratory. Project Engineers during the

course of the contract were L/Col. J. C. Vaughan , Capt. 3. R.

Cooper, G. J. Shumaker and L T .  Steiger (AflDL/FEM) .

The work reported herein was conducted between Aori]. 1975 and

January 1977. This report wa.9 submitted by the authors in
August 1977.
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CL Horizontal tail lift coefficient
C~~ H Roll moment c o e f f i c i e n t  slope

a due to side silo
C~ Roil moment coefficient slope

due to ailerons
CL Aerodynamic coefficient of lift

Aerodynamic pitch moment
coefficient

Cm Damping coe f f i c i en t  due to
horizontal tail

Cm Pi tch  moment slope due to elevator
Aerodynamic yaw moment coe f f i c i en t

C~~ Yaw moment coefficient slope due

to side slip
cp Center of cushion pressure

C1 Aerodynam ic side force c o e f f i c i e nt
C13 

Side force  co e f f i c i e n t  slooe due
to side s l ip

C ~ Pitch damping coefficient ft—lbs—sec/dec

C Roll damoing coefficient ft—ibs—sec /dea
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LIST OF A89F~EV TATI ~ NS ANt~ SYMB OLS (Co n t i n u e d )

SYMBOLS
Enaine gyro couple coefficient tt—ibs—sec/dea

d Deflection in.
0 Trunk element OGE diameter ft.
E Modulus of elasticity lbs/so , in.
F Force lbs.

Cable force lbs .
Drag force lbs.

P t Lift force lbs .
F t Perpendicular force on trunk lbs.

Parallel force on trunk lbs .
L o n g i t u d i n a l  Component of force lbs.

Ftd Trunk braking force lbs .
Engine thrust lbs.
Vectored t h r u s t  lbs.

F
? 

Lateral Component of force lbs.
F r i c t i o n a l  force  lbs .
Momentum factor for ‘jetted air at
trunk ground interface

g Acceleration due to gravity ft/sec2

Ha Aileron Hince Moment ft—lbs
Elevator Hinge Moment ft—lbs

hcg Height of aircraft center of
g r a v i t y  f t .
Aileron rotational moment of
inertia s l u g — f t 2

Elevator rotational moment of
inertia slug—ft 2

Aircraft roil moment of inertia slug—ft 2

I Aircraft pitch moment of inertia slug—ft 2

‘zz Aircraft yaw moment of inertia slug—ft
K Pressure drop K—factor -——

Roll Stiffness coefficient Ft—lbs/dec
K e Pitch stiffness coefficient ft—lbs/deq

‘1 L Aerodynamic lift lbs .
£ lenath ft. or tn.

Distance between aircraft CC and

xvii i
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L IST  (‘F ~B P R E V I ~~T I ’~~S ~ND SY~ PCLS ( C t ~~~u e d )

SYMBOLS

c e n t e r  of draa ft.
Roll moment ft—lbs
P i t c h  moment  f t lbs
Yaw moment lbs

is A~ r mass lbs
N Enaine compressor speed RPM

Engine comoressor maximum design

speed RPM

P Cable Tension lbs.
P1 Compressor inlet pressure psia
P25 Compressor outlet static pressure osia

Bleed air total pressure down—
steam of port osia
Trunk air pressure psig
Cushion air cressure

q Air flow velocity head osia
or aircraft pitch rate dec/sec

r Trunk side element inner radius ft.
Trunk side element out of around
e f f e ct r ad iu s  f t .

S Aircraft wine reference area sc. ft.
or stroke of trunk element ft.

SR Horizontal tail area so. ft.
T1 Compressor i n l e t  t e m p e r a t u r e
T2 Compressor outlet temperature
V Veloci ty f t . sec  or kno t s

Cushion volume cu ft.
V
~ 

Horizontal tail volume coefficient
V r ACTS trunk release velocity ft/sec

V~ Trunk volume cu ft.
V~0 Aircraft takeoff velocity ft/sec

V ,~ Velocity of aircraft parallel
to runway ft/sec

W Air flow rate lbs/sec
W

a A i r c r a f t  weight  lbs .
Bleed air flow rate lbs/sec

xix
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LIST OF ABPREV !ATIONS ~ND SYMBOLS (Continued)

SYMBOLS

Trunk weiaht lbs.
XH Di stance f rom a i r c r a f t  cg to

hor izontal tail ft.

Axial distance from aircraft cg
to t r u n k  e lement  f t .
Lateral distance from trunk
element lower attachment point
to a i r c r a f t  cen te r line  f t .
Lateral distance from trunk
element lowe r a t tachment  point
to center of f la t tened area f t .

I f Width  of t r u n k  element f l a t t ened
area f t .
Lateral distance from aircra ft
cg to trunk element lowermost
point ft.

y Lateral drift ft.

Distance between cg and ground ft.
za Vertical distance from aircraft

cg to trunk lowermost attachment
point f t .

2cg Vertical distance between
a i r c r a f t  cg and f l a t t ened  area
of trunk element ft.
Vertical distance between
lowermost attachment poin t  and
lowermost point of OGE trunk
element f t .
Vertical distance between
lowermost a t tachment  point and
lowermost point of trunk element ft.

Z Vertical distance between lower—
moat attachment point and lower-
most point ~f OGE trunk element
(used in ratio z0/Z~

) ft.

Aircraft angle of attack deq .
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LIST OF ABBREVIATIONS ~ND SY’~’9CLS (Continued ’

SYMBOLS
3 Aircraf t aerod ynamic side sliD dea .

Angle  of r e l a t i v e  wind  d i r e c t i on
rela tive to runway centerline dec .

or adiaba tic gas constant

5 Air pressure ratio

Ai le ron  de f l ec t ion  deg.
Elevator delfection deg .

S f Flap de f lec t ion  deg .
Aircraf t course angle relative

to runway c e n t e r l i n e  deg .

Ia Dynamic pressure ratio for

horizon tal tail

Temperature ratio
or aircraf t pitch angle dec .

ec Chord angle deg .

Auto  pi lot  set p i tch  angle  dec .
Horizon tal tail taper ratio

A Wing sweep angle deg .

Coefficien t of friction

Ut Trunk drag coefficient of

fric t ion
P Densi ty lbs/cu ft.

r Time sec .

• Aircraft roll angle deg .
Auto pilot set roll angle deg .
Skid contact roll angle deg .

A i r c r a f t  yaw angle deg .

xxi
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LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

SYMBOLS
Yaw gyro reference angle deg .

SUBSRI PIS
amb Ambient

c Cushion

eb Center of braking

f F la t tened
gc Gyro coupler
I ith element
1 Left side

o Non f l a ttened
r Right side

cam Ram a i r
t T r u n k
tv Th rus t vec tor
ws Wing tip skid

x Axial component

y Lateral component

SUPER SCRIPT
Differential with respect to time sec’~

xxii
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SUMMARY 

- —

This repor t describes progress in the development of an ACLS for

the Jindivik target drone in the period .Aori l 1975 to January

1977. The major activities in this time period were a series of

ground tests at the Avalon Field test facility of C.AF, the

testina of the retention/release system at NASA/LaRC, and the
runnina of wind tunnel tests of Jindivik with a deoloyed

recovery  trunk at the Australian Aeronautical Research

Labora tories. Boeirtc , as a tec hnical consul tan t to AFFDL ,
conduc ted de tailed analyses of the a i r f low sys tem and yaw
thrus ter direc t ional con trol sys tem , moni tored the ground tests,

simulated the approach and landing of Jindivik on the recovery
t r u n k ,  redesigned the retention/relea se system , and evaluated
the effect of the ACLS on the aerodynamic stability of J i n d i v i k .

Sec t ion 2 of this repo r t evaluates the performance of the
airflow system , compares test data and analytical predictions ,

and makes recommendations for improving the system . Section 3
-

$ 

presen ts an analysis of the performance of the yaw thruster

con t ro l sy s tem on both the takeoff and recovery trunk. The

effect of the ground controller (or ~batsman w) on the vehicle

directional control during a takeoff roll is assessed . Section

4 evaluates the aerodynamic stability of Jindivik with a

deployed recovery trunk , and makes recommendations for further
wind tunnel testing . The basic vehicle is unstable with a

deployed trunk , and hence modifications will be recuired .
Section 5 presents  the results of a s ix degrees of freedom
computer analysis of landing and slideout on the recovery trunk.

Forward pitching immediately following touchdown was determined
to be a po ten t ia l  problem a r e a .  Section 6 presents  the ana lys i s
and design of a positive retention/release system to replace the

current velcro design . The latter was found to be potentially
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unsatisfactory in that some separation occurred during ACTS
deceleration in the ground tests, and also because testing at
NASA/LaRC showed that inflight separation did not occur
uniformly and repeatably . Section 7 presents an overview of the
ground testing conducted at the GA? Avalon Field facil ity, and
Section 8 presents  the overall conclusions and recommendations
arising from this phase of the development of an ACtS for

Jiridivik.

xxiv
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SECTION 1

IN TRODUCTION

The role of RPV ’s in o e r f o r mj n q  com bat , reconna issance , and
elec tronic surve i llance for the Ai r Force is an ex pandi ng one ,
limi ted only by the abili ty to perform the var ious missions on a
cost e f f ec t i ve  basis using ava i lab le  technology.  This is
mot iva t ing  the exploration of technologies by which costs of
present RPV systems can be reduced or their mission roles
expanded in terms of ope ra t i ona l  f l e x i b i l i t y .  The f u t u r e
missions performed using advanced RPV systems will be largely
determ ined by the total life cycle costs of these systems.

A significant portion of the RPV life cycle costs is due to the
launch and recovery methods.  Subs t an t i a l  costs are a t t r i b u t a b l e
to disposable hardware such as rocket motors and high density

pre—pac ked parachutes. These costs are lowered when the launch

and recovery system permi ts  a reduct ion  in the number of
reauired vehicles and oersonnel due to reduced turn—around time
and simpler maintenance . A recovery system having posi t ive
vehicle control (as opposed to a parachute system) reduces the
ra te  of a t t r i t i o n  and hence the total number of vehicles
procured . Reduced launch and recovery costs also increase the

operational readiness of a sauadron by encourag ing mor e actual
• training flights and less simulator training .

There are many options available for launch and recovery.

Launch can be effected by catapult or rocket assist,
conventional self—propelled m’thods using wheels, air drops from
carrier aircraft , etc. The recovery options include mid—air
retrieval by helicopters , mid—ai r docking , parachute descent , or
skid landing on prepared runways . A highly desirable method of
launch and recovery would be a common system for both takeoff or
landing , which would be low in cost per sortie, reduce

/
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deoendence on paved runways , have a long l i f e , ar .d w h :c h  woul~
minimize we iche, volume , and ooerating penalty for the air

vehicle. ~ system ootentially offerin g these s~ ecif~ c

advantages over many other currently used lauch snd recovery

method s is now accepted to be that based on air cushion

technology.

The air cushion launch and recovery systems (~ CtS) , thoua~ iot

completely developed into a mature technology, hold great

prom ise in orov~iding the solution to existing costly or

complicated launch and recovery techrtiaues . It is perfectly

conceivable that with a reasonable amount of enaineering

developmental effor t over the nex t few years , ACtS could provide

landing or takeoff capability from unprepared terrain or dater,

be low in penalty to the vehicle performance, and crovide

substantially improved life cycle costs. This technoloav would

then be of great benefit to the definition of multi—mis sion

opera tional roles of future RPV ’s.

The Air Force Fl ight Dynam ics Labora tory (AFFOL) has reco gn i zed
the potential of ACtS technology, and has oioneered its

development through both contracted and in—house programs.

AFFDL has selected the Jindivik , an Australian tarce t drone

manufac tured by GAF , as a test vehicle for developing ACtS

technoloay for direct application to future RPV ’s, such as the

USA? MMRPV program .

The Jindivik ACtS includes many promising new ACtS concepts

which require testing . These include: -

o Use of the main engine as a source of air for the ACtS

o Incorporation of a hub driven fan to eugmen~ the f low ,

thereby p rov id ing  a match  between the high pressure low flow

source , and the low pressure high flow requiremen t of the
ACtS

2
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0 tlse of inexpens ive , inelastic trunk ma t ”rt als fc~r the ~CL5

• trunks
o Separate takeoff and lan dln~ trun ks, with th, takeoff tru n k

being jettisoned following takeoff , to elimin a te tb .  in~ l~ cht

retr action problem

o Raold braki ng capability orovided by the  recover” trun~
des ign , thereby reducinq land i ng field length

o Simple engine exhaust deflector system , using the Coanda

effec t on nozzle mounted end plates, to provide yaw control

durtn q ground operation

Many organizations have been involved in this phasø of the

developmen t of the Jindivik ACtS . AFFDL has been pr ime

con tractor with overall program direction and control. ~~~. F.

Goodrich has bui lt the trun ks , and Chandler—Ev ans the yaw

thruster directional control system. The latter has been te~ t.-~d

at NASA/LaRc . Tech Development Inc. has built the huh driven

turbofan. NASA/LaRc has tested the retent i~”n/re1ease system.

GAF has assembled the ACtS on the Jindiv ik test vehicle , and has

conducted the ground tests In Austr ali a . R~~ ina Aerosoac,

Company (BAC) has acted as consultants to AF~~L.

Th-~s report describes work conducted by BAC dur~ nc the period

Ap ril 1975 through January 1977. The major tasks origina lly

assigned to PAC were*

(1) To monitor the ground tests run by OAF

(2) To e v a l u a t e  GAF w i n d  t unne l  d a t a
( 3 )  To develop p l a n s  for  a f l i g h t  test  prog ram
(4) To e v a l u a t e  f l i g h t  test data obtained by CAF
(5) To determine any additiona l technology needed to

t r a n s i t i o n  the new technoloqy to a c u r r e n t  or
proposed USAF RPV .

Various developmental pro blems, typic al of a new technoloa y in~
described elsewher e in this report, wer e encountered by GAF
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d u r i n g  the ground tests. As a result , these tests were only

par tially complete when they were terminated in mid 1976, a year
behind schedule. Conseauently, it was not possible to complete

the required  analyses and p l ann ing  fo r  subsequent f l i g h t  t e s t i ng
in Australia within the time constraints of this contract.

S i g n i f i c a n t  progress  has , however , been made.  The yaw t h r u s t e r
dir ectional control system has been analyzed and tested , and

appears to work satisfactorily. The effect of the recovery
trunk on the aerodynam ic characteristics of the Jindi vik vehicle

has been determined , based on wind tunnel data supplied by GAF.

Recommend ations for further wind tunnel testing have been made.

A new retention/release system has been analyzed and designed

for the takeoff trun k , and six degrees of freedom computer

analyses have been run on touchdown and slideout on the ACRS

trunk.

I
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SECTION 2 
)

A IRFLOW ANALYSIS

2.1 SYSTEM DE SCRIPTION

Figure 1 shows schematics of the airflow system for the

Jindiv ik ACRS and ACTS . Air is bled f rom a tapping on the
de l i ve ry  casing of the Bristol Siddeley (now Rolls Royce Ltd .)

Vipe r 11/20 1 t u r b o j e t  engine.  The bleed a i r  f lows th rough  a
bleed port  fitting which oenetrates the vehicle fuselage , and
thence forward through a f lexi ble duc t moun ted ex ternally on
the fuselace. The ductina then reenters the fuselage , and the

flow splits at a Y junction . For the ACRS , one branch supplies

direct bleed air to the trunk , while the other b r anch  su ppl ies
air to the hub section of a hub driven turbofan . Motor
operated shutoff valves are installed in both l ines .
Overpressurization of the trunk is prevented by a relief valve
which  exhaus t s  to a m b i e n t .  For the ACTS, the valve in the line

supplying the ACRS trunk (*1 in Figure 1) is closed , and all

F~ the bleed air flows in to  the t u r b o f a n . The augmented a i r
exi ting the turbo fan is discharged through a transition section

- 
- in to the trunk. An approximate layout of the airflow system is

shown in Figure 2.

The Jindivjk airflow system has several significant innovations

in ACtS technology. I n t e g r a t i o n  of the system w i t h  the m a i n
eng ine  r e su l t s  in considerable  costs and weight savings over
systems w i t h  separate  air sources such as on the Buffalo CC— ll5

aircraf t. The use of a hub driven t u r b o f a n  r e s u l t s  in a
rela tively efficient match between the high flow , low pressure
demand of the ACtS , and the low flow , high pressure capability

- 
- 

of the Viper 11/201 engine. On the ACTS the cushion air is

supplied by inward facing nozzles ( 4 5 0 to the vertical) on the

5
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AIRCRAFT
I I ~LYDc~

- ii 1101 J•~~ FUSELAG E
TRUNK A1TAC)4M5

COMPRESSOR
OUCTING 

,
~ ISSURE

OuTEA covER

NO 1
ON VALVES No. 2

REUASZ
RING /I RECOVERY TRUNI(

SCAKES

ACRS 
______

- 

- 

SLOW NOZZLES IN FRONT ot~s miso NO NOZZLES IN AFT 1WO T14I50$ ACRS ONLY

COMPRESSOR

DROP AWAY
N~~ l 

HUB FAN~~~

_ _ _ _  
ACTS 

-

Figure 1 ACTS and ACRS A1rf~ow Schemati c
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t r u n k, rather than by d i r e c t  d i s c h a r g e  i n t o  the cush ion  vc lume .
There is considerable evidence to show that this reduces the

probability of flutter , which has in fact not been a problem on

the ACTS. The additional power recuired to compress the air t~~~

trunk pressure rather than cushion pressure is insignificant

when inward facing nozzles are used .

The two valves in the airflow system have , to date , been used

as on—off valves only. A modulating valve In the fan line

(valve $2 in Figure 1) could be used to control cushion
pressure, and hence the degree of braking , on the ACRS .

2.2 SYSTEM PERFORMANCE

2.2.1 Method of Analysis

The performance of the airflow system was determined usina the

Environmental Control System Simulator (ECSS) Comcuter Program
(Reference 1) . ECSS solves problems in the s teady s t a te
performance analysis of any fluid flow system . The program is

a r r a n ged in a form al low in g a series of sys tem componen ts to be

lin ked together to form a complete system. A description of

the program with listings of the appropriate subroutines

is given in Appendix A.

The upstream boundary conditions are the internal pressures and

temperature in the Viper 11/201 engine . Figures 3 and 4,
obtained from Reference 2, show the compressor p r e s s u r e  r a t i o
and tempera ture  rise . Figure  5 (Reference  3) shows the bleed
port pressure loss, expressed in the form of the r a t i o  of
engine internal static pressure ratio as a function of

corrected f low.

Pressure d rops in the remainder of the a i r f l o w  are d e f i n e d in
Table 1. The data are given in the form of K factors (K— ~P/q)

where the velocity head a is calculated based on the given

8
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T~ 9LE 1 SYFTE M PRESSURE t) ROP CH A RA CTERI STI CS

SECTION K EFFECTI VE AREA
FACTO R ( I N 2 )

BLEED PORT FITTING 1. 3.50

BLEED PORT FITTING TO SPLIT 1.07 7.07

SPLIT TO TRUNK (NO. 1) VALVE 0.18 7.07

NO. 1 VALVE 1.0 VARIABLE

NO. 1 VALVE TO TRUNK 1.02 7 .07
ACRS TRUNK OUTFLOW TO CUSHION 1.0 Cd A - 0.7 x 7.42

ACRS TRUNK OUTFLOW TO AMBIENT 1.0 Cd A — 0.7  x 2.42

ACTS TRUNK OUTFLOW TO CUSHION 1.0 Cd A ~ 0.8 x 57.7

ACTS TRUNK OUTFLOW TO AMB I ENT 1.0 Cd A — 0.8 x 28.9

SPLIT TO TURBOFAN (NO . 2) VALVE 0.4 7.07

NO. 2 VALVE 1.0 VARIABLE

NO. 2 VALVE TO TURBOFAN 0.4 7.07

12
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vali~e of effective area.

Fj a u r e  S shows the ~erformance of the turbofan , obtained from

Reference 4. Reference 4 also included data showing the
tur bine (or drive) flow for each test condition . Several

problems were encountered in trying to use this fan data for

ana lyz ing the sys tem ~er f o r m a n c e  n amel y:

1. Turbin e flow is normally c~~ re1ated by plotting

corrected flow (W ‘—O r~~--—~[)as a func tion of
pressure ratio. A single’~cur ve should be obtained ,

irrespective of turbine s~eed . However , when this

correlation was attempted , considerable data scatter

was observe d , as shown in Fi gure  7. The relationshio

between corrected flow and pressure ratio has a

significant impact on system ger formance . For

example , changing from the basic curve to the lower
limit curve of Figure 7 results in a hioher drive

oressure and hence , from F igure 6, in improve d
turbofan performance .

2. Figure 6 shows performance for drive pressures

ranging from 35 to 17.5 psia. However , in man y
cases, and particularly with the ACRS at part power,
lowe r d r ive pressures  are  obs erve d .

3. Reference 4 has no information on the performance of

the fan in the stall region .

As a consequence of these problems , f u r ther tests were run  on
the turbofan as reported in Reference 6.

The revised fan map, obtained from Reference 6, is shown as

Figure 8. This map covers the comolete range of drive
pressures. Furthermore, the turbine flow data shows an
excellent correlation as shown in Fi gure 9.

H 13
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The re1~ -ef valve in the ACRS t r u n k  car t  ~~~ adiu st~ d ~~~~‘ v a r y  ~~~
crackin g and full ~~en pressures. The ~hara¼ ’tertsttcs a~b t a t n ~~a~
by AFFDL ‘luring in—hou se droo test ing (Re~~ r enc~ 7 , Ptiur ~ 1 ) )

showed consider able scatter. For examo1 .~, a v a l v e  s t r c ~k e  ~ r
1.2 inches was achieved at pressures ra n otn - i between

approx imately 1.95 and 2.32 psig . The cracktnq press ure’ v a rteal

between approximat ely 1.45 and 1 .63  Osi a l . T’~e v a l v e  was
d,stgn.d fo r  a c r a c k i n g  p ressu r .  of 1. 71 p u g  (Reference 7,

Figure 10) . F i gu r e  33 of R e f e r e n c e  7 also ahows the valve

stroke v.rsus pressure characteristi cs to be very non— linear ;

at strokes between 1.3 and 1.5 inches , increas ing pressure ~1~es

not increase stroke. It is probable that the valve response ~s

a function of both pr~ ssure and rate ~f change ~‘f :~re55ure . rn

the absence of a more specir ic understandin g ~f the v a l v e
• c h a r a c t e r i s t i c s,  the area versus pressure curve ~t Ft~iure ~

was assumed for this analysis. The valve di schar ge c~ e tttctent

was assumed to be 0.9.

Trunk data for the ACRS and ACTS are summarized in Table ~~ .

- 

~
- 

The ACRS no:z1es discharge partially into the cushion and

thence to ambient, and partially direct ’Lv to ambient. The

basel i n e  ACRS a n a l y s i s  assumes ~0I of t h e  no:zles disch .iranno

to cushion pr essure , and 30% to am b i ent. The effect cf var ing

this assumption has been determined , as discussed later. A s

the ACTS nozzles are partially inward facing , the base line

assumption is that two thirds of the no:zles dtscharqe to

cushion pressure , and one third to ambient pressure. Aga~ n ,

the effect of varying this assumption has been determined . A

discharge coefficient of 0.7 is assum ed for  1 1~” diameter ACRS

nozzles , snd 0.8 for the l/4~ diame ter ACTS nozzles.

Wi th the ACLS In a non—hover condition , the cushion outflow l~
dependen t not only on cushion pressure but ~1so on the s u r f a c e
roughness , Reference 8 suqg•sta that ungrooved runways can be

characterized by an avera ge roughness aap of •O16~~, and ~ri~~ved

L~~~~~~~~~ 
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Table 2 ACRS and ACTS Trunk Data

LAB TEST
AFFDL—TR— ACRS *2 ACRS*3 ~‘CT~~ l
74—64 5X2027 5X2064 5X2024

CUSHION AREA (IN2) 2346 3812 3298 3988

CP FWD OF CC (IN) 9.0 5.95 4.15 5.95

AREA OF TREAD (IN2) 2200 2478 2364 2505

HOLES 1182,1/8” 394,1/8” 394,1/8” 1764,1/4”
dia. all dia. dia. die .
around fwd 1/3 fwd 1/3 45 ,A~ 86.6

OVERALL1 LENGTH (IN) 121.44 121.87 111.5 125.94

OVERA LL WIDTH (IN ) 53.3 66.6 55.8 67.6

TREAD MATERIAL Tire Tread Neoprene Natural Natural
( FWD 1/3) Rubber Rubbe r Rubber Rubber

TREAD MATERIAL Tire Tread Natural Natural ~“atura1(AFT 2/3) Rubber Ru bber Ru bber Rubber

CUSHION PERI METER (FT) 21.2 22.0 20.85 22.4

TRUNX VOLUME (F?3) 39.1

HOVER STRUCTURE HEIGHT 12. 14.3 11.0 12.5
(IN)

20
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Table 2 (Cont inued )

PERFORMANCE CHARACTERISTICS (REFERENCE 7)

HOVER P~ (PSIG) 1.39—1.93 1.8—2 .1 0.93—1.3

ROLL STIFFNESS 36— 70 9 8( st a t i c)  3 1( dynami c)
(FT LB/DEG ) 90 (dynamic)

ROLL NATURAL DAMPED 0.21—0.29 0.33 0.19
FREQUENCY (CPS)

ROLL DAMPING RATIO 0.057—0.069 0.081 0.17

ROLL DAMPER COEF— 3.7—4.4 7.05 8.9
FICIENT (FT—LH—SEC/DEG ) -

PITCH STATIC STIFFNESS 980 1030
(FT-LB/DEG)

PITCH DYNAMIC STIFF— 953—1370 1250
NESS (FT—LB/DEG)

PITCH NATURAL DAMPED 0 .87—1.05 1.00
FRE QUENC Y (CPS)

PITCH DAMPING PATIO 0 .038— 0 .051  0 .062

PITCH DAMPER COEP- 17—20 25
FICIENT (rr—LB—sEC/
DEG)

HEAVE STATIC STIFFNESS 725—870 775—1060
(LB— IN )

HEAVE DYNAMIC STIFF— 800—1350 1095
NESS ( LB/IN)

HEAVE NATURAL DAMPED 1.7—2.2 1.94
FREQUENCY (CPS )

HEAVE DAMPING RATIO 0.18—0.35 0.266

HEAVE DAMPER COEF— 31—65 57.5
FICIENT (LB—SEC/IN)

Li 21
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runways by a gap of .063” . The corresponding cushion oressur .~
versus flow characteristics for ACRS *3 are shown in Fiqure 11.

It  is shown la te r  that because of the flat fan pressure rise

versus  f low c h a r a c t e r i s t i c s, the a s s u m p t i o n  of the 3vera~~ ~ ao
in non— hover conditions is not very critical.

The a i r f l o w  system pe r fo rm ance d iscussed below inclu des on e
further correction to the data assumed in the Reference 5

analysis. Ground testing of the Jindivik ACtS in Au3tr alia

showed the engine static pressure , obtained by measurin g port
pressure at zero flow , to be less than en gi ne man u f a cture r ’s

data as shown in Figure 12. Although the test data is from cne

engine only, and is not necessarily typical of the averace Viper
11/201 engine , it has been used in the analysis. Experienc e has

shown that engine pressures less than manufacturers ’ b rc ch ur e

- 
- value s are the norm rather than the exception.

2.2.2 ACRS Airflow System Performance

Fan of f Performance — During touchdown and slideout it is

currently envisaged that the ACRS will operate with the f~n

valve closed . Figure 13 shows trunk pressure on a standar-3 day

as a func tion of engine relative speed . The trunk pressure

increases rapidly until the relief valve crackina ooint is

reached , at a engine  r e l a t i v e  speed of 52~~. Above t h i s  p o in t
the increase of trunk pressure with speed is auite modest.

Figure 14 shows the thrust of the Viper 11/201 eng ine  as a
function of relative engine speed and Mach number on a standard
day (Reference 2). Assuming that a trunk pressure on the order

of 1.8 psig is required to give adequate trunk stiffness .

Figures  13 and 14 show that the maximum r~~ u ired re la t ive en gi ne
speed is 52% and resulting thrust is on t t  order of 200—350

pounds. The approach engine  speed is expected to be around 54

to 58% , and thus trunk stiffness will be adeauate at touchdown .

The thrust level of 200—350 pounds during slideout will not

significan tly affect braking performance.

22
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F i g u r e  13 shows that the trunk pressure at 100% nominal enaine

speed is 2.1 psig , corresponding to a relief valve opeing of 42%

(Figure 10). Thus there appears to be adecuate margin in the

relief valve to handle dynamic pressure fluctuations during
touchdown and slideout.

The cushion pressure genera ted during fan off operation is very

small, since the in f low is only 21 lb/m m at 100% engine speed ,
and the cushion cavity is vented through the fan. Hence , Figure
13 is applicable to rough or smooth surfaces, or for ou t of
ground effect operation .

Fan—On Performance — Numerous conditions of ACRS operation with

the fan on have been analyzed . The baseline conditions can be
summarized as follows :

o Cushion Rover Pressure  — 0 .65  psig
o Standard day

o Trun k discharge coefficient — 0.7
o 50% of trunk nozzles discharging to cushion , 50% to

ambien t
o Rough runway as in Figure 11
o Relief valve characteristics as in Figure 10
o En. -. ie bleed pressure as in Figure 12
o ‘ :i~ed f~n map as in Figure 8
o Bot~. ‘ralves f u l l y  open

Figures 15 and 16 show the performance of the baseline system .
Figure 15 shows trunk and cushion pressure , and it can be seen
that a hover condition is not reached until engine speed is

close to nominal. Assuming again that a trunk pressure of 1.8

psig is recuired for adequate pitch and roll stiffness, a

r e l a t ive  engine speed of approx imate ly  80% is required . This
can be contrasted with Figure 13, which shows that the same
trunk pressure is achieved at 52% engine speed with fan off.

27
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From Figure 14, the thrust at 80% speed is in the range of

900—1200 pound s, which is cons idera b ly above aoproach powe r .
Thus a fan—on landing is not possible with the baseline system .
Figure 16 shows engine (internal) pressure , and pressures at
various ooints in the system ducting . It is evident that the
system pressure drops are very significant, and particular ly the
bleed port and bleed fitting oressure drops . This suggests that

system pe r formance  could be impro ved by reduc ing the se losses ,
as discussed in Section 2.4.

The cush ion pressur e r ecui re d for hover is a func ti on of ve hi cle -

we ight, c.g. location , and the cushion area. As shown in Table

2, the latter auantity has varied in the ACRS trunks tested to

date . Figure 17 shows the effect on trun k and cushion pressures
of varying the assumed hover pressure between .55 psig and .75

psig . The trun k pressure is essentially unaltered . At the

lower l im it of hover or e s su re , the vehicle reac hes a hover
condition at a relative engine speed of about 90% , and at the
upper limit the required speed is about 95%.

Th e basel ine system per formance  of Fi gur es 15 an d 16 assumes
cus h ion ou tf lo w charac ter is tics corres pon d in g to the w roua hN or
grooved runway surface of Figure 11. Figure 18 shows the

performance assuming a ~smoothN or unarooved runway surface .
Some increase in trunk and cushion pressures is observed , and a

hover condition is reached at a slightly lower engine speed .

The overall effect is, however , compara tively m in o r ,  and this

can be explained by the relative flatness of the turbofan

pressure versus flow characteristic in this region .

Two further assumptions incorporated into the analysis need to

be investigated and their effects determined . The assumption in
the baseline analysis is that half the trunk nozzles discharge

to cushion pressur e, and half to ambient pressure. If, as an
extreme case, it is assumed tha t all  the trun k f lo w goes in to
the cushion , the resul t is tha t tr u n k  pr essure  is increased,
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because of the higher back ~ressure. Cushion pressure is also

increased , because of the higher inflow . Results are shown in

Figure 19 and comparison with Fioure iS  indicates that th’?
effects are comparatively small. Figure 20 shows the effect of

increasing the trunk nozzle discharge coefficient from 0.7 to

0.8. This increases trunk outflow , and trunk pressures are

affected to some extent. For examole , at 60% relative enaine

speed , trunk pressure decreases from 1.09 psig to 0.96 psig .

Cus hi on ores sure , on the other hand , is essentially unaltered .

The fan—on operation Out of ground effect of the ACRS airflow

system is of in teres t , since this is a condition which is

convenient to test in order to compare test and analysis. Trunk

pressures  are reduced , and are virtually identical with those

shown in Figure 20. It should be noted that at an approach

engine speed of 60%, the trunk oressure is less than 1 osia ,

wh ich mi ght no t even be hi gh enough to deploy the trun k

satisfactorily. This confirms that with the current system ,

approach should be in a fan of f  cond i t ion , when the

corresponding trunk pressure is above 1.8 osig (Figure 13)

The performance of the system is relatively unaffected by

ambient temperature. On a MIL—STD—2lOA Rot Day, trunk pressures

are typically .05 psig lower, and cushion pressure .02 psig
lower. A potential problem exists with trunk and fan  b e a r i n g
over t empera ture  d u r i n g  prolonged Hot Day h i gh power opera ti on
on the ACRS. Bleed air temperatures for various enaine speeds

and thrusts on a Hot Day at zero forward speed are as follows :

RELATI VE SPEED THRU ST BLEED TEMPERATURE S (0F)
POUNDS ENGINE FAN OR TRUNK INLET (ESTIMATEQ

80 1050 312 291
87 1440 348 32 4
100 2230 407 377

33

—

~

—-

~

---

~

_- ~ — - -  ~~~~~~~~~~~~~~~~~ — -~~~~ iii~~



~~~~~~~7— - ~
---r--”~~ 

.,—w-~~~~~

2.0 
t

~~~~~~T I : ~~~~~i11III~~~~~~~~~~~~~~~~~~~

1.8 - - 

TRUNK f~ Z2f Z M~~~~~~~~R~~ ~~ f - - -

• Ct$HI0 * PRES SIP E 
- /

1.6 -a.-
- 

-

1.4 -- -

1.2 —- —- - - — — - -- -- -. - - -— - .- - - - - - - 
- 

~~~~~~~~~~~~~ 
___ —-- - 

w - -
_ —-a.- - - --- -a. -.- -a.-- 

- 
- -—-- -  -.-- - - -  -

‘a.,, -

1.0 - -  -- -- - - -
~~~~~~~~~~~

- - - -  -

- -  

~ .8 --- - — - - - - -•  -- - -  r - - ~~~~~~~~ 
-

0.4 0.5 0.6 0.7 .9.8 0.9 1.0
ENGINE RELATIVE SPEED N/N0 ~~~~~~~~~1

Figure 19 AC~ Trunk and Cushion Pressures - Effect of
Trunk Nozzle Back Pressure

34



- a.-~~~~~~~~~— 

~~~~~~~~~

:i :. 
‘i:i~:::~-I~i:i::L~i

1.6 
1*i NO~~ .E OfScMR6E 

- - -

CO~~?YC!E1T • 0.8 - 

- 

/

1.4’- - -- - - - -_ .- - - -  -

1.2 — - - - -- - -- - -- - 

- 

- - -  - - -  -

‘.5 
- . - --  ----- - - - -— a .-  -a.-

VI 
. :  -

~ 1.0 —- - -—-- •- - --- •- -— •-  -- a . --  

-

.8 — - -  - -
~~ 

- - - -  - - - - - - - - - - - -  - I

0.4 0.5 0.6 0.7 0.8 0.9 1.0

ENGINE RELATIVE SPEED N/ND v’518•7
Figure 20 ACRS Trunk and Cushion Pressures - Effect of

Nozzle Discharge Coefficient
35

~



—- 
~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 

- 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J- ~~~~~~~~~~~~~~~~ ~~~~~ 
--

Tech Development Inc., the supplier of the turbofan , recommen d s
a maximum turbine air inlet temperature of 375°F. The bearin gs

are  capable of opera t ion up to 380°F for ten minutes. B. F.

Goodrich , supplier of the ACRS trun k , specify an int ermittent

(20 to 30 minutes) temperature limit of 250°F — 300°F. As the

ACRS is designed for touchdown , slideou t and taxi  on ly ,  r e la t iv e
engine speeds above 80% are reauired only intermittently, fo r
example to overcome breakaway drag at start of taxi. Thus fan

bearing temperature should not be a problem . ACRS trunk

ma ter ia l  temperatures will be substantially below trunk inlet
air temperatures because of the comparatively low flow rates
(1 lb/sec at 80% engine speed , 1—1/2 lbs/sec at 100% engine

speed) ,and the large volume and surface area of the trunk. Thus
because of the intermittant nature of the high power setting

operation on the ACRS, trun k temperatures should not exceed

250°F during operation in ground effect.

The airflow system ducting is supplied by Arrowhead Products and

H. K. Porter. Upper temperature limits are 450°F or higher (at

60 psig ), well above maximum air temperature at the engine bleed

port.

2.2.3 ACTS Airflo w System Performance

Numerous conditions of ACTS ooeration have been analyzed . The
baseline condition can be summarized as follows :

o Cushion Rover Pressure a 0.7 p si g
o Standard Day
o Trunk discharge coefficient • 0.8
o Two—thirds  of trunk nozzles discharging to cushion ,

remainder to ambient
o Rough runway as in Figure 11
o Engine bleed pressure as in Figure 12

o Revised fan map as in Figure 8
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o ACRS trunk valve (Number 1, F ig ur e 1) f u l l y close d
0 F an valve fu l ly  open

The higher hover pressure assumed for the ACTS is based on the
fact that the vehicle will be heavier at takeoff than at
landing . The higher trunk nozzle discharge coefficient (0.8

versus 0.7 for the ACPS) results from the larger hole size (1/4”
diameter versus 1/8” diameter for the ACRS). The assumption of
two thirds of the nozzles ‘seeina ” cushion pressure and one
third ambient pressure is somewha t ar b i tr a r y ,  but appears
reasonable as the ACTS nozzles are inward facing at an angle of
45 0

As with the ACRS ana lys i s ,  the e f fec ts of the var ious
assumptions have been investigated parametrically, and sim i lar
trend s are observed . The effects of various oaraxreter changes

are summar ized in Fi gures 21 and 22,  showing trun k and cushion
pressures respectively. The figures show the baseline
assumptions to be the most conservative , in tha t they resul t in
the lowest trunk and cushion pressures. Vehicle hover is

achieved at engine speeds between 68% and 78%, which is
satisfactory. A maximum hover pressure of 0.8 psig, whic h
correspond s to a vehicle weight of over 3200 lbs , could be

reached at an engine speed of 80% with the baseline system .
Insufficient test data are available to assess the adequacy of
the trunk pressure in terms of providing adeauate pitch and roll
stiffness. It should be remembered that the parking bladders
also contribute to the ACTS trunk stiffness.

2 .3  COMPARISON OF TEST AND ANALYSIS

During ground testing of the Jindivik at the Government Aircraft
Factory facility at Avalon Field , some pressures in the airflow
systems were recorded . During initial testing on the ACTS and

ACRS in October, 1975, some trunk and drive pressures were

recorded . However , considerable difficulty was experienced with
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the transducers, and the recorded pressures were not reliable.

During subsequent testing in May and June of 1976 , sys tem
pressures were recorded first on ACRS $3, and then on ACRS *2.
Measured values of engine bleed port pressures, already shown in
Figur e 12, were used in the system analysis of Section 2.2.

Figures 23 and 24 compare test data on ACRS $2 and #3 with the

baseline analysis. Figure 23 shows trunk and cushion pressures ,

and Figure 24 shows drive pressures. From Figure 23 it can be
seen that trunk pressures are similar for the two trunks , and

agree well with analysis. Furthermore, measure d cus hi on
pressures are similar for the two trunks , and aaree well with

anal ysis except at low eng ine speeds , where measur ed va lu es are
less than analysis. The probable reason for this diveraence is

that at low engine speeds, and hence at low trunk pressure (<0.7
psic~), the creases in the trunk are not fully straightened out ,

resulting in additiOnal flow areas under the trunk to vent the

cushion pressure.

Figure 24 shows a substantial difference in measured drive

pressures for ACRS #2 and #3 trunks. The test data for ACRS $2

an d analysis  ar e in r easona ble ag reemen t , al thou gh the
divergence increases as engine speed decreases. Once again this

can possibly be explained by trunk creasing which lowers the

bac k pressure  on the tur b ine , and hence reduces drive pressure.

The measured drive pressures for ACRS $3 are not only

inconsistent with test data for ACRS $2 and with analysis , but

also with the fan data of Figure 8. A comparison of measured

cushion pressures for ACRS #3 with the maximum outlet pressure

nbtainable from the fan is as follows :
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ENGINE RELATIVE DRIVE PRESSURE MEASURED MAX IMUM F . N
SPEED % PSIA CUSHION CUTLET PRESSUR?

PRESSURE PSIG (from mao)
- 

PSIG
40 14.9 .07 —

50 15.1 .15 .08

60 15.3 .24 .11

70 15.55 .31 .17

80 15.8 .35 .22

The measured cushion pressures are substantially above the fan
outlet pressures at the stall point , which generally are the

maximum obtainable outlet pressures. Thus, there is

considerable evidence to suggest that measured drive pressures

on ACRS $3 are in error.

In conclusion , acreement between test and analysis on the ~CRS

aDpears cood , and thus the analytically calculated performance

f i gures  at hi gher engine powers , not tested to date, can be used
with reasonable confidence. Test data is still required to
validate the ACTS airflow model.

2.4 SYSTEM EVALUATION

The lack of ground test data on the ACTS make it difficult to

evaluate the adecuacy of the system with confidence . Hover
pressure is achieved at an engine r e l a t ive  speed of 80% , which
is satisfactory. The major concern is whether trunk pressures
are high enough to provide sufficient pitch and roll stiffness,
particularly during deceleration on the ACTS. This question can
only be resolved by future testing .

with the current ACRS system , and assuming that a trunk pressure
of aporoximately 1.8 psig is reauired to give sufficient pitch
and rol l  s t i f f n e s s, the minimum engine speed for fan—on
operation is around 77%. The corresponding thrust is between
750—1000 lbs. Such a thrust level is higher than that
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anticioated durinq aooroach, and certainl y unacceptably hi gh fcr

slideout. Thus approach and slideout are currently envisaged as

being with the fan ,ff.

A current concern about Jindivik is the high drao loads, and

resultin g pitch moments, which would occur during a fan—off

landing . As discussed in Section 5 , the Jindivik landing system

is unlike any ACLS that has been tested to date , in that there

is no cushion pressure to absorb part of the vertical load and

only part of the trunk is lubricated . Imposition of the high

drag loads , and resulting forward oitching moments, on a system

with limited pitch stiffness, could cause unacceotable pitch

oscillation and contact of the fuselage with the ground .

For demonstration landings, an obvious way to alleviate this

problem is to select a low friction surface such as wet qrass .

The al ternative approach is to mod ify the airflow system to

perm it fan—”n landings. Referring to Fioure 16 , it can be seen

that the major contributors to pressure drop in the system are

the bleed port and the bleed port fitting . The pressure droo in

the latter can certainly be reduced by an improved design .

System pressure drops can also be reduced by replacing the

f l e x i b l e  d u c t i n g  r u n n i n g  ex te rna l  to the J i n d i v ik  fus ela ge with

~~~oth ductirtg . Fi~~ re 25 shows trun k an d cushion pressure ,

dssuming a bleed port fitting ~ factor of 2, based on an area of
7.07 scuare inches. The figure also shows the effect of

turbofan valve angles of 90° (full open) , 45~~, 30° and 00 (ful l
closed). As the turbofan valve is closed , trunk pressure is
increased at the expense of cushion pressure. Assuming a
recu irement to maintain a trunk oressure of at least 1.8 psig at

an engine speed of 60%, the fan valve angle can be set a t 45 0

This aives art ecuilibrium cushion pressure of 0.2 psth,

resulting in significantly lower drag and pitchinc moments. ~n
alternate aooroach is to control the fan valve anale as a
f u n c t i o n  of eng ine  speed . F i g u r e  26 shows a s u i t a b l e  con t ro l
law for the val ve , and Fioure 27 the resulting trunk and cushion
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pressures. Figure 16 indicates that the second ma jor

contributor to system pressure drops is the engine bleed port.

Bleed port losses could be substantially reduced by using a

Vipe r 522 cen ter sec t ion , giving a choked corr ’~cted flow at the

por ts of 2.7 lbs/sec 0R 1/2 ,as opposed to 1- 5 for the Viper
psia

11/201 center section . With the Viper 522 center section cort

cha rac te r i s tics , and the improved bleed port fittinq , trun k

cushion pressures are approximatel y as shown as Figure 28. W it - h

the fan valve f u l l y  open , the calculated trunk pressure is 1.81

psig and cushion pressure .34 psig at an engine speed of 60%.

Thus fan—on approach , landing and slideout would be possible.

During fan off operation, a maximum trunk oressure of 2.19 psi~
is achieved and the relief valve still should have adequate

margin to absorb pressure transients.

The Viper 522 center section also benefits ACTS airflow

performance. For example at an engine speed of 70%, trunk

pressure is increased from .5 to .8 psig , and cus h ion pr essure
from .4 to .7 psig (hover condition)

The Viper 11/201 manual  recommends tha t bleed flows “should not

exceed 6 1/2% of the air  mass flow , but higher bleeds can be

accommodated ”. Figure 29 compares bleed flows for the ACRS

(fan—on and fan—off) and the ACTS with this limit . Highest

flows are with ACRS fan—on operation . With the baseline system ,

the recommended bleed extraction rate is not exceeded . With the

new center section , the bleed flow at a relative speed of 100%

is 237 lb/mm . This is 9% of the Vipe r 11/201 core flow , but

only 7.5% of the 522 center section core flow. Thus

overbleeding is unlikely to be problem with a new center

section.

In conclusion , there is the potential for considerable
improvement in airflow system performance . Redesign of the
bleed port fitting and system ducting prod uces a worthwhile
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improvemen t at minimum cost. Incorporation of a new center
section in the Viper engine is a major change , but would permit
fan on landings, controlled braking , and ACRS tax i ~t reduce d
engine speeds.
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SECTION 3

YAW THRUSTER CONTROL ANALYSIS

This section contains a description of the Jindivik yaw control

system and its performance under static and dynamic conditions

at high engine power settings for the ACTS and ACRS . The

response of the vehicle to disturbances generated by side wind ,

gusts and runway crown is evaluated .

3.1 YAW THRUSTER DESCRIPTION

The J ind iv ik  au topilo t , cons isting of ro l l ,  p itch and yaw gyros ,
positions the elevator and ailerons to maintain the flight

attitude . The Jiridivik has no rudder; turns during flight are

performed throu gh ro~.1ing maneuvers initiated by the ailerons.

The Jindivik normally utilizes a tricycle trolley for launch .
During launch , the yaw gyro commands bypass the ailerons and

instead control the trolley front wheel steering angle. The

autopilot does not sense lateral drift . The “ba tsman ” located

on the runway centerline sights the J’indivik through binoculars

and steers by rotating the yaw gyro reference angle by radio
control. The autopilot senses an error in the yaw angle and

commands a steering adjustment. The maximum rate of reference

angle change is 10 degrees per second . The difference between a
gyro reference angle and the actual  aircraft attitude is called

the reference angle error. The maximum re fe rence  anole error is

30 degrees.

A t liftoff the Jindivik separates from the trolley, an d yaw
control is transferred to the ailerons . Control of the aircraft

during flight is also achieved by resetting the gyro reference

angles.
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For taxi or takeoff on the ACTS or taxi on the ACRS , yaw control

is provided by yaw thrusters , as shown in Figure 30. The

mechanism (Figure 31) consists of a solenoid valve that opens

and closes an air passage between the exhaust side and the

ambien t air side. When the solenoid valve is closed , the jet

stream reduces the pressure on the turning wall , an d henc e the

~et stream becomes attached to the turning wall (the Coanda

effect). When the valve is opened , the vacuum is relieved and
thus the jet stream becomes detached from the turning wall.

Operation of the yaw thrusters is controlled by a Pulse Ratio

Modulator (Reference 9) , whi ch  receives the re fe rence  ang le
error as an input from the yaw gyro. The Pulse Ratio Modulator

will provide for modula ted vectored thrust by oscillating the

solenoid valve at 3 Hz. The maximum lateral force of the
vectored thrust is 110 lbs at takeoff thrust.

3.2 SYSTEM PERFORMANCE

The purpose of the yaw thruster control system is to provide a

means of directional control for the ACLS equipped Jindivik. As
the thrusters operate by diverting part of the engine thrust , it
is apparent that the control system will be ineffective during

cond itions of low engine thrust , and in par t i c u l a r  d u r i n g

braking on the ACRS and ACTS. In this section , the per formance

of the system is evaluated for both trunks for engine speed

ranging from 60% to 100%, corresponding to taxi and takeoff

conditions. The effectiveness of the system is determined for

various disturbances such as side wind s (steady and gusts) and
runway crown effects.

For the system performance analysis, certain assumptions,

described in detail in the following sections , were made
concerning ACPS and ACTS trunk and cushion pressures as a

function of engine speed. Initial ground testing in Australia
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showed actual trunk and cushion pressures to be substantially

lower, as discussed in Section 2. Thus , the analysis reported

herein is not directly applicable to the vehicle configuration

tested in Australia , since the higher trun k an d cus h ion
pressur es assumed for  the analys is  r esul t in trun k dra gs low
enough to be comparatively unimportant. Various recommendations

have been made in Sections 2 and 8 of this report for ways to

improve the performance of the airflow system . It will be

necessary to adopt some or all of these recommendations to give
satisfactory vehicle performance, and trunk and cushion
pressures will be improved over values experienced in Australia.
When test data on the improved system becomes available, it will
be ~ossible to assess the applicability of the results in this

section by comparing trunk and cushion pressures with the values

assumed for this analysis. If there is still a sign i f i c a n t

discrepancy, the analysis should be updated to reflect the
la test airflow system performance .

3.2.1 Method of Analysis

The effectiveness of the thruster system was investigated
through both steady state and dynamic analyses. In the steady
State analysis, a disturbing force such as a side wind is
defined . For the vehicle to be at steady state , both lateral

forces and moments must be in balance. The analysis determines

the percentage of available side force from the yaw thruster ,

and the vehicle yaw angle , at which such a balance is achieved .
The analysis is then repeated first at d i f f e r e n t engine speed s
(or thrusts) and vehicle speeds, and then for different

disturbances. In the dynamic analysis , the directional control
per formance is evaluated during a vehicle run such as a takeoff
roll. The criterion of performance is the vehicle drift from
the runway centerline . The dynamic analysis introduces another

variable, namely the response of the ~hatsman ” who controls the
yaw gyro setpoint . The batsman is assumed to respond to lateral

drift and not to vehicle heading . The two pa rameters
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determining the role of the batsntan are assumed to be the drift

at which the batsman starts to respond (i.e. the deadband ) , and

the amount by which he resets the heading for a drift exceeding

the threshold (i.e. the gain) .

The evaluation of yaw thruster effectiveness, both steady state

and dynamic,  was accomplished us ing a four  degrees of f r e e dom ( 4

DOF) computer program (Reference 10). The degrees of freedom

are longi tudinal and la teral mo tion , yaw and roll. Yaw must be

included as a degree of freedom because the aerodynamic si de
force is potentially the highest force acting on an a i r c r a f t

during slideout and taxi, and is extremely sensitive to the
angle of aerodynamic sideslip B . Roll is required to include

wino tip skid and asymmetrical trunk drag influences.

For opera tion on the ACRS at low eng ine power sett ings such as
in taxi  opera t ion , the vehicle pitch angle will inf luence  trun k

drag as only the forward one third of the trunk is lubricated .

Consecuently for ACRS analysis, the pitch angle was calculated

on a quasi steady—state basis. As trunk drag was considered to

be significant only for the low engine power (and hence low

speed) cases, the effect of elevator moments on the pitch angle
was not included . Pitch angles were not determined for the ACTS

analysis.

Forces and moments acting on the vehicle are shown as Figures 32

and 33 respectively, and include the effect of the following :

o Crosswind velocity

o Vehicle moments of inertia

o Trunk induced forces and moments

o Wing tip skid induced forces and moments

o Yaw thruster forces and moments

o Taxiway crown or slope
o Engine thrust
o Engine gyro coupling effects
o Aerodynamic forces and moments (including ailerons)
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9a~ ic vehicl e data assumed frr the analysi s ~s summart :ed in

Table 3.

The eaua tlons expressina the torce~ and moment- s acting on the

veh icle are derived In the following paraaraphs .

ACTS Trunk. The frictional drag “If  the 1~CTS trunk which Is

assumed to have a uniform coefficient of friction fore and aft

is given by~

~td 
u
~~

A
~
P
~ 

(1)

where the ACTS trunk pressure Pt versu s en oln e  RPM i s shown i n
Figure 34. The — RPM relationsh ip was determined by  the

a irflow system analysis of Reference 5. As discussed in Secti1~n

3.2 , the assumed tr u n k and cus hi on pres su res in thi s ana l ysi s
are higher than values observed durin g the ground tests. They

ar e al~~ h igher than values calculated in Section 2, SLf l C C th~ sø

calculations were updated following the ground teSts. The
trunk—around reaction force A tPt in ecuation (H is net force cC

the aircraft weight , W3, aerodynamic lift , LI, and the force of
air cushion lift , P A .  The flattened area of the trunk is

C ~- -

thus

Pi t (Wa — LI - PCA c)/P t ( Eo u i l ib r ium )  ( 2 )

The cuahion area Is assumed cons tan t and the cushion a i r
pre ssure is assumed to vary with enGIne RPM and th. aircraft

w.t~ h ?—l1f t differential as shown in Figure 35.

I
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TABLE 3 — AIRCRA FT DATA

WEIGHT 3400 LBS

MOMENT S OF INERTIA
1xx (R0L~ ) 2414 SLUG—FT~1zz (YAW) 4082 SLUG—FT

CC HEIGHT S
ACRS 2. 8 FT
ACTS 3.1 FT

MAX ENGINE THRUST 2500 LBS -

ENGINE RPM FOR TAKEOFF
0 KNOTS 87%
40 KNOTS 100%

ENGINE GYRO COUPLING COEFFICIENT 21.8 FT-LB—SEC/DEC

WING TIP SKID AND W ING ROLL
STIFFNESS 6300 rr—L?—DEG

WING REFERENCE AREA 76 SQ. FT.

WING SPAN 18 FT.

ACTS TRUNK
CUSHION AREA 3988 SO. IN.
ROLL STIFFNESS 31 FT—LBS/DEC
PITCH STIFFNESS 1000 FT-LBS/DEC- 

- 
ROLL DAMPING 8.9 FT—LB—SEC/DEC

ACRS TRUNK
~ CUSHION AREA 3812 SQ. IN.

ROLL STIFFNESS 98 FT—LBS/DEC (STATIC)
90 FT—LBS/DEC (DYNAMIC)

PITCH STIFFNESS 1030 FT-LBS/DEC (STATIC)
1250 FT—LBS/DEC (DYNAMIC)

ROLL DAMPING 7.05 FT—LBS-SEC,’DEG

95 FT—LBS/SEC USED IN ANALYSIS
1030 FT—LBS/DEG USED IN ANALYSIS
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The center of braki nc for the ACTS trunk is assumed to vary with

the flattened trunk area as ShOwn in Figure 36. With the

aircraft cg be ing 0.5 feet aft of the trunk center of pressure ,

i t was assume d tha t as A t a pp roaches zero , the center of brakinq

moves about 4 feet aft of the cg. This is the distance between

the aft end of the trunk and the aircraft cg.

The coefficient of friction for the ACTS trunk is deoendent on

the air lubrication or trunk air flow rate. The trunk air flow

ra te versus engine RPM is assumed to be defined as shown in

Figure 37 , and the coef f i c i e n t of fr i c t ion for wet and d r y
runways versus air flow rate is assumed to be as shown in Figure

38.

The trunk drag will induce a yaw moment given by:

— Ftd 1cb Sin (~ +~ ) (3)

Where Z b is the distance between center of braking and center

of gravity .

The trun k wil l  induce an add i t ional ya w momen t when in a ro l l ed
att i tude,  g iven by :

Cos (~ +~ ) (4t

The trunk drag induced rolling moment is given by:

Mx • Ftdhcg 5i~~~~~~ (5)

Th. trunk stiffness will induce an additional rolling moment

given by:

M~ — (K ,) t 4 (6)

The rolling motion is damped by:
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Where (C
4
)t is the trunk roll damping coefficient.

It should be noted that the drag induced rolling moment

(Eauation 5) is normally greater than the yaw moment (Eauation

3) because h
~ 

is approxima tely 3 ft. and is usually larger than
tcb.

ACRS Trunk. The forward third of the ACRE trunk is lubricated

by trunk air flowing out of small holes at the trunk ground
interface . The aft two thirds of the trunk has a brake tread

which provides high fric tion for deceleration . The lower

coefficien t of friction on the forward oortion causes the center

of drag to be aft of the cg and thus directional stability is

provided . The c o e f f i c i e n t of f r ic t ion for  the af t two th i r d s is
assumed to be 0.9 and 0.3, respectively, for dry  and wet
runways . The coeffic ient of friction for the forward portion is

dependent on the air flow rate . The trunk air flow rate versus
engine RPM is assumed as shown in Figure 39, and the coefficient
of friction for dry wet runways versus air flow rate is assumed

to be as shown in Figure 40.

The assumptions for cushion pressure 
~~ 

for  the ACRS trun k is
given in Figure 41. The center of braking on the aft and

forward portions of the ACRS trunk were assumed to vary with the
aircraft pitch angle as shown in Figure 42 and 43. The
assumption for the percent distribution of the flattened area
for the forward and aft portions of the ACRS trunk is shown in
Figure 44.

Assumin g that in the calculation of pitch angle the distribution

between forward and aft flattened areas correspond s to the 00

pitch point  of Ficure 44, the pitch angle e Is aporoximated

(Figure 45) by:
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In the above ecuation the factors .68 and .32 are the relative

non—lubricated and lubricated trunk areas, and were obtained

from the appropriate drawings .

The yaw moment due to trunk drag is given by:

— 
~t
)af t tA t)af t cb)a f t~~~ t

)fwd tA t)fwd~~c&fwd ]

x sin(!4r4~-ç) (9)

The remaining yaw and roll moment terrns ~r e the same fo r  the
ACTS and are given in equations 4 thrcuah 7.

Wing Tip Skid. The wing tip skid ind uces a rolling moment given

by:

a — 

~~~~~ ~~~~~~~ 
(10)

for roll angles • greater than the skid contact roll angle 
~

An addi tional rolling moment is induced by the wina tip skid

frictional forces, but is small compared to the above term .

Similarly, a yaw momen t is induced , given by :

— 

~~~~~ ~~~~~~~~~~~~ ~~) u,,,5 Cos (~j,+ç) (11)

The skid friction is given by:

F 2 ( n ) (~ +~p— ws — sc U wg ( 12)

This can be resolved into longitudinal and lateral components

given by:
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— F Cos (~ +~ ) (13)

F a F Sin (~ +~ )y

Yaw Thruster. The yaw thruster produces a yaw moment given by:

— Ftv Zt,., (14)

where is the distance between the thrusters and the cg. The

yaw thrus ter force can be resolved in to long i tudinal  and la teral
componen ts given by:

Fx 
a Ft Sin ~

(15)

Fy
a F

tv Cos .b

The vectored thrust Ft~ 
is determined by the demand from the yaw

gyro reference angle error, and the maximum availa ble vec tored
— 

thrus t and the resulting thrust loss versus engine PPM are shown
respectively in Figures 46 and 47. The engine thrust for

various Mach numbers, and at differen t engine RPM , is shown in

Figure 14 (Reference 2). In the analysis the percentage drop in
engine thrust due to a higher Mach number is evaluated and

applied to the vectored thrust and drag data of Figures 46 and

47.

I- -

The yaw gyro demand for vectored thrust was simulated by the
assumed control relationship of Figure 48. Although the

autopilot will sense directional errors , it will  no t sense
lateral drift from the runway centerline , this function being
performed by the batsman located at the end of the runway . The
batsman control , namely shifting the yaw gyro reference angle,
was simulated by the assumed relationship ghown on Figure 49.
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Engine. The enoine thrust can be resolved into longitudinal and

lateral components given by:

Fx~~~
Fth Cos i

~
(1
~~
)

Fy~~~
Fth Sln ’1

~

~he engine gyro yaw moment is given by:

M 
~
(C
~,
)gc ~

) (17)2 D

where (C.~
)gc is the engine gyro couDling coefficient.

Aerodynamics. Aerodynamic forces and moments are calculated
from coefficients obtained from Reference 11. The coefficients
of lift CL? drag CD, aero side force C.,~,, aero yaw moment C1,, and
aileron rollin g momen t C~ are shown in Figures 50 throuqh 54,

respectively. The aerodynamic roll coefficient is constant and
ecual to 0.00125.

A ileron Controls. It is assumed that the roll qyro acts to

main tain roll stability of the vehicle. Thus, the ailerons will
exert a roll moment as recuired to attemot to maintain zero roll

angle up to a maximum value determined from the rolling moment

j coefficient of Figure 54. The dynamics of the roll gyro system
are not included in this analysis .

Steady State Analysis Method. Steady state analysis were
conducted to determine the force balance limitations of the
thrust vector control system . These analysis were conducted by
using the dynamic program in a non—integrating mode. For given
boundary conditions such as cross wind or runway crown and the
aircraf t conditions of longitudinal velocity and engine RPM , the
percen t of vehicle crab and available vectored thrust were
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var ied .

The steady state condition for taxi or takeoff assumes that the

veloci ty or acceleration is parallel with the runway center lirte.

The lateral linear and rotational veiccitie s are zero. The

problem is thus to find the recuired crab and vectored thrust ,

both expressed as Dercentaces, to halance out the lateral side

forces and yaw moments . The method is illustrated graphically

in Figure 55 , which shows lateral side forces (solid lines ) and

yaw moments (dashed lines) plotted against vectored thrust for

various amoun ts of crabbing .

A computer subroutine was written to store the total lateral

force and yaw moment for variations in crab and vectored thrust.

These data points are shown on the figure. The sample case

presented does not consider trunk frictional moments , and is

thus fairly linear. The computer steps of the techniaue are as

follows:

(a) Search the stored data for the oercent crab giving positive

and negative lateral forces (e.g., solid lines at 0%

crabbed and 20% crabbed )

4
(b) Search for the first positive yaw moment along the line of

the largest of the two crab angle lines (e.g., point f)

Cc) Write linear ecuations of the lines intersecting coints :

1) a and b (Equation (1))

2) c and d (Eouation (2))

3) e and f (Equation (3))

4 ) g and Ii (Eauation ( 4 ) )

Cd ) Solve Equations (1) and ( 4 )  for point I

Ce ) Solve Equations (2) and (3) for point ~

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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)(f) Write equation for line intersecting points i and ~
(Equation (5))

(g) Solve Eauation (5) for intersection with abscissa for the

reauired percentage of available vectored thrust. (Point k)

(h) Interpolate for the percent crab of point k between

Ecuations (1) and (2) . This is the percent crab angle

recuired for steady state .

The pro cedure  is then re peated for  any r e cu i re d r ange of
aircraft velocities , engine speeds and side wind velocities.

3.2.2 Steady State Performance

The stead y scate an alysis determin es the percen tage of avai la ble
thrus t and the yaw angle requ i red to keep the a irc ra f t on the
runway centerline during various crosswind conditions. Values

were determined for var ious  veh icle veloc ities and engine powe r
conditions. Crosswinds of 10, 20 and 30 knots were used , and

engine speeds of 60% to 100%. A summary of steady state

analyses conducted is presented in Table 4. Only analyses that

prov ided si gn i f i c a n t da ta are presen ted and d iscussed in this
report. The right hand column also gives a cross reference to

figures contained in this report. These analyses were conducted

for the purpose of determining the force balance characteristics

and limi tations of the thrust vector control system on the
ACTS,/?CRS Jindivik in conditions such as side winds, and with a

runway crown angle. The effects of wing tip skid friction and

symmetrical trunk drag due to the aircraft being in a rolled

attitude are also included in all except the first three runs.

For each steady state case , the reauired vectored thrus t as a
percent of the maximum available, and the required yaw angle,

are plotted versus engine speed for aircraft velocities ranging

from one knot to 120 knots. 
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TABLE 4
ThRUST VECTflR CONTROL SYSTEM

STEAOY STATE ANALYSES RUN P~ TRIX

~~ ~o NONE DRY NONE • 56

2 fli ER • 
_ _ _

fil ER 30 • 58

5 . 20 
_  

60

6 S 61

..L_ _ 
_ _  

20 
_ _  _ _

9 • 30 DRY

10 • 10 WET

11 10 WET NONE 
_____

SKID
12 

____ 
10 DRY GAP 3” 

____ ____

13 
_____ 

20 3” 
_____ _____

14 • 10 6~ 64
___  ___  ___  ___  — —  SKID —

15 20 NONE r~AP 6”

16 
_ _ _  _ _ _  

10 2 _~~~~~N0NE — —
SKID11 10 

~ (~ p 3 $
SKI D — —

18 20 2 — 
t.AP 3” — 

63

19 
_ _ _  

20 2 NONE — —SKID
20 

_ _ _  _ _ _  
10 2 

_ _ _  

GAP 6” — —
21 • 20 2 DRY
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It should be emphasized that these cases are steady state in the

sense that lateral forces and all moments are in balance; the

vehicle may be accelerating (or decelerating ) in the forward

direction.

ACTS System. The steady state reauirements for vectored thrust

and yaw angle for conditions of 10, 20 and a 30 knot side wind
are shown respectively in Figures 56 throuqh 58 for ACTS. These

thre e cases do riot include the yaw momen t ef fec ts resul tin g
from wing tip skid and trunk draa . These three cases present

the yaw thruster effectiveness in reacting only the aerodynamic

forces and moments. Note that in a 10 knot side wind , there is
sufficien t vectored thrust. The maximum yaw thruster

requirement is 79% at vehicle veloc ity of 40 knots arid engine

RPM of 60%. In the 20 knot side wind condition , Figure 57 shows
that at engine RPM ’s less than 75%~ there is insufficient thrust

for vehicle veloc ities less than 60 knots . In the 30 knot side
wirid condition , 95% engine RPM would be required to provide

sufficient vectored thrust for the range of vehicle velocities .

The effect of the low levels of trjnk drag considered in this

analysis or of wing tip skid induced moments is generally to

reduce the level of vectored thrust recuired to react the

aerodynamic yaw moment in side wind conditions. Trunk drag and

wing tip skid friction provide directional stability to the

aircraf t and thus less vectored thrust is reauir to prevent

the aircraft from weather—cocking in a side wind .

The effect of wing tip skid friction and trunk drag induced yaw

momen ts is included in the results of Figures 59 through 61
which are for 10 , 20 , and 30 knot side winds respectively. The
effect of skid and trunk drag in the 10 knot side wind condition
is to reduce the reauired vectored thrust from 47% to 31% for an
engine RPM of 60% and vehicle veloc ity of one knot. It can be

seen that for a 20 knot side wind the yaw angle reauirement is

h igher , and thus the rolling moments due to drag are higher.

8].
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r

For the side wind condition of 20 knots , the effect of trunk

drag and skid induced yaw moments is shown by the difference

between Figures 57 and 60. The recuired vectored thrust at an

engine RPM of 70% is decreased from 100% to 70% at a vehicle

speed of 1 knot.

The e f fec t of the runway cro wn on the deman d of the th rus t

vector control system is shown in Figures 62 and 63 for 10 and

20 knot side wind conditions. It is assumed that the aircraft

is on the down side of the runway, arid that the crown slope is

2%. This assumption results in a force ecual to 2% of the

aircraft weight assisting the force of the sidewind . It can be

seen tha t because of the run way cro wn , larger yaw angles are
recu ired . Because of the higher yaw angles , the induced yaw

moments caused by trunk drag are also higher. In the 10 knot

side w ind case of Fi gure  62 a t lower engine RP M ’s, the vectored
thrust is required to assist the aerodynamic yaw moment in order

to overcome the yaw moment due to skid and trunk drag . In

Figure 63 the aerod ynamic moment predominates over the moment

induced by t run k dra g , and thus the thrust vectoring acts to

coun ter the aerodynamic mom en ts over the whole ran ge of
cond itions.

j
In traversing slopes wi th side win ds, F i oures  62 and 63 in di ca te
that yaw thruster control capability is very limited . Sloping

surfaces (other than runway crowns) will also in general be

rough and hence accompanied by lower cushion pressures and

increased trunk drag . Further analysis of such conditions is

recommended.

ACRS System. Similar steady state analyses to those discussed

above for the ACTS were also made for the ACRS . In general ,

li ttle difference was observed between ACTS snd ACRS results.

One reason for this is that only hover conditions were

considered , as discussed previously. Figure 64 shows typical

resul ts for the ACRS with a 10 knot side wind 4 whi ch can be
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compared wi th , and is similar to , Figure 59 for  the ACTS .

Figure 65 shows the ACRS in a 10 knot side wind and 2% crown ,

and can be compared to Figure 62 for the ACTS.

3.2.3 Dynamic Performance

A summary of the dynamic analyses is given in Table 5. Takeoff
runs were simulated on the ACTS and ACRS trunks in 10, 20 and 30

- • knot side wino conditions. The yaw thruster performance was

evaluated in various simulated conditions such as wind gusts,

wet and icy runways, runway crown angles and sudden yaw

perturbations .

A oarametric study of the yaw rate gyro output gain and the

batsmari yaw control was also included . Taxi simulations of 25

second duration for various lower engine RPM ’s were also made.

In the simulations of the ACTS/ACRS Jindivik takeoff , it is

assumed that the aircraft is tethered and aligned with the

runway cen ter l ine  and released at an eng ine RPM of 87% , and th-~t

the engine RPM increases to 100% after 3.5 seconds. In 3.5

seconds the a i rc ra f t will attain a veloc ity of app roxima tely 50
knots. It is assumed that the aircraft weighs 3400 lbs., and

that the thrust at nominal engine speed is 2500 lbs.

ACTS System . Figures 66 throuoh 68 show the net yaw moment, yaw -

angle , side force and la teral d r i f t for takeoff  on the ACTS
trun k in sidew in ds of 10, 20 and 30 knots respectively. The

side wind component was assumed to be in the positive Z—axis

direction , so that negative values in moments , angles, forces
and drifts are directionally into the side wind component. Thus

referring to Figure 66, the vehicle initially experiences a

negative yaw moment (into the wind ) which- results in a
corresponding change in yaw angle. The side force is initially

posi tive (downwind ) , and the resul t ing veh icle d r i f t is also
positive (downwind ) . For 10 and 20 knot side winds (Figures 66
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TABLE 5
THRUST VECTOR CONTROL SYST EN
OYMNUC A NALYSES RUN MAT RIX

4 

_ _ _like
1 ._9~.L — 

10 Mone 2 
— 

Dry 10 ~~ ~one 66

2 
_____ _________ 

67

3 30 10 68

4 10 6 . 6  69
5 20 6 6  69

6 
_ _  - 

30 
—

~~~~~~ 
- 

6 6

7 10 5 70

_ _- _ _  — — —— — —  S _ _ _  — — — 5 -—

9 
— ___  

30 — — — — — — 5 (2 . 10) — — — — 

70

10 10 iS ~2 .5)

11 
• _______ 

10 
— 

15 (2 , 151 
—

12 — — ____ 

10 
— — — — — 15 (2 . 20) 

— — —
13 70 15 (5 . 20) 

_______

— — _____ 
10 — — — — — — 15 (5 .30) None — —,, ,

~~~~~~~~ ~;~p 3”

76 20 15 (2.20 ) 3”

11 30 15 (2 .20 ) 3”

16 10, 15 (2.20) 6 —

— 20 _____ _____ 15 (2 .20 1 6” _____

20 
_____ 

30 None 2 15 (2~Z0) 6” None 
—
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and 67), the vehi~ 1’~ lateral drift is always downwind. Powever ,

for the 30 knot side wind (Figure 68) , the vehicl e initially

drifts downwind , but then y-sws sufficiently into th. wind so

that the final (and maximum) lateral drift is upwind . For these

cases , the yaw gyro oain was assumed to be 10%/degree ,

corr esponding to maximum thrust vectoring at a yaw gyro

reference angle error of 10 degrees. The batsman control was

simulated to begin at a drift of ± 2 feet from the runway

cent erline , and the gain was set to given the maximum referenc#

angle reset rate at a drift of ± 10 feet.

Fiqures 69 and 70 show lateral drifts for 10 , 20 and 30 knot-

side winds when the yaw gyro gain is reduced to 6.6%/degree and

5%/degree respectively . The reduced qain r.~sul ts In ~ lowe r

output from the yaw thruster as the vehicle yaws into the wind ,

and thus the tendency to finish on the upwind side c~f the runway

cent erline is enhanced . The results , in te rms of max imum
lateral drifts and yaw angles , are shown in Figure 71. The
maximum lateral drift essentially doubles as the yaw gyro gain

is reduced from 10%/degree to 6.6%/degree , and dcub les again

when th. gain is further reduced to 5%/degrees. The vectored

thrust time histories for these three gyro settings in a 30 knot

side wind are shown In Figure 72. The highest setting provides

increased vectored t h r u s t  d u r i n g  the f i r s t  3 seconds and reduces
the tendency to yaw in to  the wind during this period .

Side wind gusts of 10 , 20 and 30 kno ts  were s i m u l a t e d  for  the
ACTS takeoff. The gust velocity was programmed to take the

shape of th. half sine wave cycle and occur in the first 4
seconds. The l a t e r a l  d r i f t  t ime h i s t o r i e s  a re  shown in F i g u r e
73. The yaw gyro aain was s i m u l a t e d  at  6 . 6 %  vectored t h r u s t  per
degree.  The bat sman contro l  was set between 2 and 20 fee t  of
d r i f t .  Tn these a n a l y s e s ,  w i n q  t i p  sk i d  f r i c t i o n  and t r u n k  d raa
induced yaw moments  were  cons idered . The L a t e r a l  d r i f t  fo r  the

30 knot gust is less than tO feet.
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The J i n d i v i k  ACTS was s i m u l a t e d  at t a x i  conditions with engine
RPM ’s set at 50 , 60 and 70 percent. The cushion pressures were
assumed to be as in Figure 3 5 .  The side wind gust was 10 knots ,

and asymmetrical trunk drag and skid friction were considered .
These simulated taxi runs were for 25 seconds. The lateral

drift versus longitudinal distance is shown in Figure 74. With
an engine RPM at 50% , the vehicle did not move . At 60% RPM the
aircraft traveled 800 feet and reached a velocity of 35 knots.
At 70% RPM a distance of 1540 feet and a velocity of 76 knots

were attained . In these taxi conditions with a 10 knot side
wind gust , lateral drift away from the runway center line was
less than 3.0 feet.

A condition corresoondina to an externall y induced yaw

pertur bation of 200 occuring linearly over a 2 second period was

also simulated . This could occur as a result of wina tio skid

con tact , and results are shown in Figure 75. The yaw gyro gain

-~~ was assumed to be 10% cer degree , and the batsman control to
vary from 2 to 20 feet. The results show the vehicle initially
drifting away from the runway centerline in response to th~
disturbance . However the yaw gyro system and the batsman react
to the change in yaw angle and drift respectively, and the
vehicle then moves to the other side of the runway centerline.
Both yaw gyro and the batsman are in fact over—responding to the
disturbance. The results of Figure 75 suggests that a yaw gyro

gain of 10% per degree is probably the maximum acceptable value .

The results of a parametric study of the thrust vector contrul

system for takeoff on the ACTS trunk is presented in Fiaure 76

and 77. In Figures a and b of 76 the auto gyro  demand ga in  for
vectored thrust Ii 10% per degree . In Figure 76a the batsman

control  begins at a l a t e r a l  drift of ±2 feet and in Fiaure 76b
batsman control begins at ±~ 

feet. The hatsman control gain was
var ied as shown on the figures. These data represent the maxima
of the positive or neaative lateral drift for side wind

cond itions up to 30 knots during a takeoff run .

105

______ _______ -—



:‘!~~ !1i~~~~~~
!E

~~ 

L
~~~~~~~!±~~

7

L
~~~ !~

- .  ~~~~~~~~~~~~~~~~~~~~~ A i--
- - I -- - h

_ _ _

- - -~~~. 
.

_ _ _  - - -_—-_  5 - --~~ - -- - - - - -  -

— —  
I I I _ i I I__ .~~~~~~ I I

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ;.. 
c~ . _

_~~~

- - j~ .(~t) j~I~0 ‘MILbI

106

—~~~~~~ -- ~~~~~~— .-- - . -~‘- -—-----—-----~~~~~ 
- - - . 5-’~~~~~~~~~~~~~~ _____________________________________



— -- - -
~..  ._ z —-— - - - — - - 5-’— — —.5- 5-— ——- -— - — —.-—.—— -—- ‘— ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — . .5.’ . - 

-

- - - - . 5- -- - 

- 

, - ~~~~~---- ———-.5--- -a—----

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ a~ . 

-

__
~~~~ 

-

—~~~~ — I -

~~~ 
- -- — —-- . 5- _

_ . _ __ .__ . .~~~~ t_ _~_ —.--.- ------ -- ., - —.5--
- - ~~~~~~~~~~~~~~~~~~~ I- 8 

0 - 

~~ .r I - - - - -—

- - - 5 -  - - _J - 
~~~~~~~

.. - — I-- - - - — - -- ‘-—--- — C1,_ s
z . - - . -

_ _ Q

~

._ _ _ _ .

~ 

c~I“4—— +1 — C
- - .  - .  - -.5 -. -- . 0

“ I ~~~ - 
- 5- -.- -- - ---~~~~~ . - - - - - -~~~~~~ - ~~ &_ . - - - - - - - - - - - -. _- - . 5 -_ - - -_ __ _ _ _-__ _

0 ‘S
.4 U ~~~ - - - F- ,, - - - - - -- - ‘  -

0 oo. ~~~ 
- - 

- - -. 5-- - -  -- -.5--  _ __._ _ _ ._ __ __ __ _ _ 4J 

- - - - . - -  S - - -  - 

C
_ _  

~~~~L- ------—-- - -
~~~~~~

------- 

5- -‘

5- 

- . 5

- ‘1 ~~ 5— —

-- --.5— — - -- - --t - - %~~~~~~~~~~~~~~~~~~

-_ - - - - - -5 - -  

~~~~~

-- --- — - - - — ---

- - - - - ~~~~~~~~~~~~~~~~~~ - - -  . -

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

4. ( III ~~~~~~~~~~~~

_ _

5-I1 

~~~~ - -

~~~ z ._r iii: ~ . i .~ gL~~~~~~~- C%I . 
.
~~~~~~ 

‘ - - ‘ ---—: -
~~~~~~~~~~~~~~

_ _ _ _ _ _ _  I I --

1 - 8  8 3 ~~~~
‘ - 8

- ~~~~~~~
- - -  .

- I - , - p -

- (~~ z~a 1~~31bI ~~ ~~(L) w~a ~~ 3IY~ 
- 

107

--.5-  .—-— -~~~ 5-~~~~. — —. 5- —— 
- 

— —— ~~~~~~~~~~~~~ —— — — - — - --- 5 -~~~~~~ -- — 
- ________



___________ 
- _ _ _ _ _ _  

_ _ _ _ _  

- •
~~~~

— --- ---- -‘ -: --

~~~~

‘-

~

—--- - —‘- - - ---—- --
~~~
----

~~~~~~~~

-- --

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

)

~
-‘
~ L T’°°~~ 

5 - ’  

~~~~~ i400
~~-- 

-

-

~

5 ~~ - - ~~~~~~ 

‘

~~~~~~~~~~~~~~~~~~~~~~~~~ - - -
-

--- -

‘

- ~~~~~ -

.~~~~~~~~ .. - - - P— - --

- .5-. - - 
.
~ - - - - . 5 -  - 5

1 0—  --

_ _ _ _ _ _ _  5 -

- S 1E ~~IND 0TS~~~~ !\ ~~10 D

~~
‘° 
‘

~~~~~
:-

~~~~~~~~~i

t
~~~~~~~~~~~~~

1
~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

: 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ _~~~S10E. WINO . . KN0TS~_...

- . “~~~~~~~~~~~~~~~~~~ ‘ - 5 -

- ---- - -—- --- —-- — — — ~“0~ ——~~~~

.30 ~~~~~
— -  - - - -- --  _ _ _ _

-

- 5

- 1T~~~~~~ 
-

~~~~ D!,~ !0j1: .~ ‘!j~,t 
~~~~~~~~~~~~

- - • -  BATSMM - BATSMM$- - - -  -- - -

FIG. a - - - FIG.. b

FIgure 76 Thrust Vector Control System Parametric Analysis
ACTS Trunk-Auto Gyro Gain 10%/Degree

109

- ‘ ‘. - - 
..



-~ 

-- .~J~~~~_JL~ _ _ _ _  ~~T - T ~~~~~
5 - ’  ‘ 5-

I I I I I -I - - - — — — - I I I I I I
-1.5 -10. -5 -. 10 - -  15 -15 -10 - -& - . . .  1.0 15

- .5-- - ~~~
__  

~~~DE 4ç~~ ----— -— ---— -

_ _  
G 

_ _  ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~

10 —-— -.---*--. - - - — — . —-- -~
_-. 1 0 — -  -

I— —_ ~ - - i.,.- - —  - - -

E 

_ _3Q _ I:

S A~~~C D  
- .  

. - A B C ~~

.3OL .-2fl:.i~ ...1Q.. Z0 : .30 ~~ ,~4Q’ IH~J.0 20 30
- - - — ~~~~~~~~~~~~~~~~~~~~~~~ -- - L10 .~~~FL
r-i ~~~~~8AT5MM - 

‘ : . ‘~~~~ 9j~j4 
- - flG. b_ - -

FIgure 77 Thrust Vector Control System Paranetrlâ Analysis
ACTS -ik - Auto Gyro Gain 6.6%/Deg

109

-.5- 
~~ —- - . - _. - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-~ 
_ _ _ _ _ _ _  _T~~~~

5-
~ ~~i

-’—-’- — 
-

~~~~~~~~~~~~~~~~~~~~~~~~~~~

-

~~~~~~~~~~ -

Cur ves A and B of Figure 76a illustrate a condition where t~’e

batsman overreacts to the initial lateral drift in the higher

side wind conditions. The yaw gyro reference anale maximum

positive shift to overcome the initial lateral drift , and the

reference anqie negative shift at li~ to~ f , is shown b e l o w :

M A X .  I N I T I AL  GYRO REF.
CURVE GYRO R EF .  ~~GLE SH I FT

ANGLE SHIFT AT LIFTOFF

A 7. 8° — 2 6 . 0 °
B 4 .10 — 13 .0 °
C 2 .9 ° — 8.2°

D 2 .7 ° — 2.0°

The final gyro shifts are negative because of the initial

overreac tion in each case. During the early portion of takeoff,

the aircraft will drift away from the centerline , whil e the

aerodynamic yaw momen t acts to yaw the aircraft into the

relative wind . The automatic yaw control system , as yet

u n a f f e c ted by the ba tsman , will resist the aerodynamic yaw
momen t. When the batsman attempts to bring the aircraft back

on to the centerline , the yaw thruster moment will be aided by

the ae rodynamic  yaw moment .  However , if the batsman overreacts

and the aircraft crosses over the runway centerline too rapidly ,

it will be more difficult to bring the vehicle back on the

centerline. In this latter condition , the aerodynamic ya w
moment will resist the vectored thrust moment. It is

recommended that the batsman take a conservative approach in

side wind cond itions and allow the aircraft to stay on the

downwind side of the runway . In these analyses presented , the
assumed momen ts of inertia corresoond to a 3400 lb Jirtdivik. rf
in ground or flight tests , the Jindivik weight is significantly

less than 34 00 lbs , a side wind w i l l  more eas i ly  yaw the
aircraf t; it is even more important In this case that the

batsman attempt to hold the Jindivik on the down wind side of

110
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the centerline. The Jindivik may easily yawed into the relative

wind , but not so easily out of the wind stream .

It should also be pointed out that these data and

reco~~iendations are p e r t i n e n t  to a hover ing or near hovering

cond ition. During taxi or other lower power conditions , the

dra g may be considera bly grea ter than assumed for  these
calcula tions, affecting the vehicle response.

In Figure  76b the batsman control  allows the a i r c r a f t  to d r i f t  5
feet before attemoting to bring the aircraft baek to the

centerline . In these cases, there is not much th~mand for
batsman control. For example, in the case of a 30 knot side

win d , ba tsman con trol di d no t beg in un t il six seconds in to the
ta keoff run , where the aircraft velocity is 68 knots. The data

shown below present the effect of the batsinan at the 30 knot 
- -

side wind condit ion of Figure 76b.

GYRO REF. GYRO REF . YAW GYRO LATERA L
ANGLE AT ANG LE AT ANG LE AT SHIFT AT POSITION AT
6 SEC . LIFTOFF LIFTOFF LIFTOFF LIFTOFF

CURVE (9.5 SEC)

A —7. 5° —1.5 ° — 14. 8 ° 12.9 ° 6 . 2  f t
B —7 . 5~ -3.3° _ll.l0 7.6° 8.1 ft

C —7.5° —4 .2° — 9 • 7
0 

5 • 3
0 8 .8  f t

D —7.5~ — 4 . 7 ° —8.9 ° 4 .0° 9.1 f t

In the 3.5 seconds that the batsmari control is oPerating , there

is insufficient time for any large changes in motion .

In Figures  7 7 ( a )  and (b) the lateral drift data is a result of

the auto gyro gain set at 6.6% per degree . At this lower gain ,

the aerodynamic yaw moment causes a g rea te r  ya w angle , and

consecuently the a i r c r a f t  d r ives  to the upwin d side of the
runway. The auto yaw control gain of 6.6% is not sufficiently

responsive .
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ACRS System. The results of a parametric analysis of takeoff on -
‘

the ACRS trun k are shown in Figures 78 and 79.  The assumpt ions
are the same as for ACTS takeoff conditions of Figures 76 and

77. Because of the higher drag on the ACRS trunk , the d rag
induced yaw momen t resists the aerodynamic yaw moment and tend s

to keep the aircraft parallel to the runway centerline . Hence ,

initially the vehicle drifts downwind . The batsman , followina

the control algorithm shown in the figures , overreac ts to the
extent that the autogyro reference angle is shifted nearly the

maximum 30 degrees in some cases. As with the ACTS , the vehicle

heads into the wind and crosses the runway centerline. I t is
then more d i f f i c u l t for the thrus ter to r~ correct the vehicle

heading since aerodynamic side forces are 0000sing the yaw

thruster moment, and the final lateral drifts are all in the

upwind direction.

3.3 SYSTEM EVALUATION

Takeoff Caoability . At high engine powe r settings , the steady

state analys is  shows the yaw thrus ter capa b i l i ty adequa te for  10

and 20 knot side winds, and for 30 knot winds at power settings

above 95%.  The s i m u l a t i o n s  of t akeof f  on the ACTS show t h a t  the
yaw gyro gain should be set at about lO%/degree . The batsinan

was assumed to respond to lateral drift , wh ich can be sensed
mor e readily than vehicle heading . Batsman response was varied

to g ive in i t ia t ion between 2 an d 5 fee t , and maximum correc t ion
between 7 and 25 feet.

In mos t cas es , best response was obtained when the batsnian

exer ted least control, since the batsman tended to overreact and

hence yaw the vehicle too far into the relative wind . With a

yaw gyro gain of 10%/degree and least batsnian control (maximum -

correction at 25 feet) the vehicle drift was less than 10 feet

even wi th a 30 knot side wind .
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Takeoff runs were also simulated on the ACRS. ~lehough takeoff

on the ACRS is not currently planned for the Jiridivik , the

results are significant in that they show the effect of

increased trunk drag . With the same yaw gyro gain and batsman

control, the drift was about 20 feet with a 30 knot side wind .

The final dr i ft could have been reduced further by allowing the

vehicle to move further downwind before initiating any

c o r r e c t i v e  ac t ion .

A s d iscussed e a r l i er , the trunk drags which can be expected in

future Jindivik testing are not yet known , as they depend on the

resolution of problem s in the airflow system. It  is oossible

that drags will be hiaher than assumed in this analysis. If  so,

the batsman will have to allow substantial downwind drift

and avoid yawing the vehicle too far into the wind .

Taxi Capability . For an idealized case of zero trunk drag , the

steady state analysis shows that there is sufficient vectored

4 thrust in a 10 knot side wind . In a 20 knot side wind , however ,

Figure 57 shows insufficient yaw thruster capability at relative

engine speeds less than about 0.75 and speeds less than 80

knots. The effects of trunk drag are complex. Moderate levels

of trunk drag improve the directional control caoability during

taxi for two reasons. Firstly, the friction provides some

di rec t ional stab i l i ty to the vehicle  an d thus less vectore d
thrust is recuired to prevent weathercocking ; secondly, for a
gi ven fo rward  veloc i ty and acclera ti on , increasing the draa

increases the recuired engine thrust , which in general  im p r ove s
the directional control capability. However, as shown by the

takeoff simulations, increasing drag also requires a somewhat

d i f f e r e n t , and probably more difficult , set of responses from

the batsman .
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SECTION 4 

)

W IND TUNNEL DATA AN A LYSIS

4 .1  INTR ODU CTI ON ~ND SUMMARY

Low speed wind tunnel tests were cond ucted to determine the

effect of an air cushion recovery system (ACRS) on Jindiv ik

la teral—directional stability. The tests were performed at the

-j  
Aeronautical Research Laboratories, Melbourne , Australia. The

• wind tunnel model is shown in Figures 80 through 82. Tests were

run with and without the ACRS $3 trunk , with fin off , the

standard fin (6.52 sa. ft.), and an extended fin (8.64 so. ft.).

The In—Ground—Effect (IGE) shape of the trunk was used for the

tests, rather than the Out—of—Ground—Effect (OCE) shape , which

is somewhat different. This minor discrepancy is overshadowed

by the fact that art entirely new trunk shape is planned for any

future flight tests. The proposed trunk and the trunk actually

tested are compared in Figure 83. This difference in trunk

shape is considered a shortcoming of the test, and tests of the

proper trun k shoul d be per formed .

Tests were per formed with wing flap settings of 10 and 190.
Photos of the model installed in the tunnel appear in Figures 80

throug h 82 , and a summary of test conditions is given in Table

6.

In those f i gures which presen t test da ta , the terminology used
on th. raw data supplied to Boeing has been retained . Thus

bag’ refers to the ACRS trunk , and pip.” to the external bleed

air duct.

4.2 WIND TUNNEL DATA AND ANALYSIS

Figures 84 through 89 summarize the test results . These figures
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TABLE 6 WIND TUNNEL TE ST CONDITIONS

LATERAL DIRECTION LONG ITUDINAL

CONFIGURATION
& DESCRIPTION , o o 0 0 0 0 0

a 6e 6e B

Ref - Cl ean 1°, 19° 00 0° — — — —
# 2  1

0 
Q
0

4
0

Bag & Pipe N.A. — — — —Mo Tail 19° 4, O, -2

# 3 10 6 4 2 00 1° 6,4,2.0 +10°
Bag & Pipe ______ 

‘ ‘ ‘ ~ 0 00 •1°
Std. Fin 19° 2,4,0,-2 19° 4 2,O,—2 -10°

• 4 10 4,4,2.0°
Bag & Plpe 00 — — — —Extend Fin 190 4,2,O,-2 

_______ ________ ________ ______ _______

#5
Cl ean 10, 190 ~0 M.A. — — — —No Tail

— flap deflection (dig.)

— eleva tor defl ection (dig)
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3

func tion of angle of attack for ive vehicle conftaurat icns as

follows :

1. R e f e r e n c e — c l e a n  ( s t a n d a r d  v e h i c l e )
2. Bag and pipe no tail fin (ACRS $3 and bleed air duct )

3. Bag and pipe , standard tail

4. Bag and pipe , extended tail

5. Clean—no tail fin

Figures 84 through 86 present data for flaps 1°, Figures 87

through 89 for flaps 19°.

Note that sideslip anale was l i m i t e d  to ±2 0 when calculatina the

derivative shown on Fiqures 84 through 89. Stability

derivatives are the slope of the y a w i n g  moment , r o l l i n q  m o m e n t s ,
and s ideforce  versus sides l ip .  Some of the yawina  moment ,
rollirta moment, and sideforce curves are nonlinear with S (see ,

example, Figure 93). Therefore ~ was limited to ±2
0 so that a

range of applicability for the stability derivatives could be

defined .

Stability derivatives are most often used in an analysis of the

ve hicle ’s dynamic stability . The analysis methods assume small

disturbances in the vehicle ’s steady state flight conditions ,

and linearized aerodynamic characteristics. A sldeslip range of

±2
0 is normally considered adequate for dynamic stability

analysis. Should the calculations for a particular vehicle at a

particular flight condition show sideslip oscillations greater

than the range over which the derivatives were measured , then
the analysis is invalid , and a non—l inear analysis is reauired .

The non—linear analysis necessitates a reproduction of the

yawing moment , rollin a moment , and sideforce curves versus

sideelip, ra ther than the linearized derivative . Thus , shoul d a
non—l inear analysis be recuired , the data of Fiaures 84 throuah

89 should be d i s rega r ded , and the data from Figures 93 throuah

128

- ~~~~~w - -- — - - ---— - -— --——~~~~~~~~~ -~~ 
— -fl ~~~~~~~~~~~~~~~~~~~~~~~~~~~ — .5 —



5- 

~~~~~~ 1 —•---—------ -- — —  ---.~~~~~~~~~ ~~~~~~~~~~~~ ‘
~~~~~~‘: 

“

~~~

5-

~~~

117 used instead .

Static directional stab ility is shown on Fioure 84. The basic

J i n d i v i k — p l u s — A C R S  t r u n k  ( c i r c l e  symbo l s)  is u n s t a b l e  at a l l
and es of a t t a c k  tested . With the  ex t ended  f i n  ( s a uar e
symbols)  , t he  J i n d i v i k  p lus  t r u n k  is somewhat more stable than

the bas ic  J i n d i v i k  w i t h o u t  t r u n k  at an a l p h a  of zero  deqrees
(diamond symbol, ~ 0

0 only) . The extended—fin Jindivik plus

trunk loses stability rapidly as alph a increases , but does not

become unstable. The basic Jindivik was tested only at a 00,

so no comparisons of the trend of changes in angle of attack can

be made .

Dihedr al effect for flaps 1
0 is shown on Fioure 85. The basic

Jindivik plus trunk (circle symbols) displays a more stable
( n eca t ive  siqn is s t a b l e)  d i h e d r a l  e f f e c t  t han  the J i n d i v i k  w i t h
t r u n k  o f f  (d iamond symbol) at a - 00 . W i t h  the extended f i n
(sauare symbol), dihed r~ l effect is more stable t h a n  with the

standard fin. ~ gradual increase in dihedr al effect is shown

w i t h  i n c r e a s i n g  a lpha , a no rma l  t r e n d . No comparison of a

t r ends  can be made with the standard Jind~vik since it was
tested on ly  at zero alpha.

Side fo rce  derivative for flaps ]~o is d i sp layed  on F i g u r e  86.
Rate  of change of side force with sideslip is almost i den t i ca l
for the basic Jindivik with and without the ACRS trunk. With

the extended fin , side force is increased sl igh tly , as would be

expected . For the extended—fin Jindivik , side force derivative

is rela tively constant with angle of attack. No alpha variation

is available for the basic Jindivik , trun k o f f .

Ficur es 87 through 89 summarize the test results for the flaps

j9
0 configuration . As shown on Figure 87 , the basic

Jin divik—p lus—trunk (circles) is directionally unstable at all

anqles of attack tested . With the extended fin (sauares) , the

Jindivi k—plus—trun k is statically stable at all aiphas tested , 

.~~
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and is more stable than the basic Jindi vik at a ‘ô~~. Aqain , as

with flaps 10, no variation with aloha is available for the
basic Jindivik.

Figure 88 shows dihedral effect at flaps 19°. The results here

are essen tial ly the same as at f laps 1.0 . There is an over all
sh i f t to mor e nega t ive values  of C z than at flaps 10, but the

incremen ts between the var ious  conf ~gurations are quite similar.
Thus , adding the trunk to the basic Jindivik increases dihedral

effect (negatively) , and addin g the f in  extens ion  incre ases
still further. a

Figure 89 presents side force derivative at flaos 19°.

Comparison with Figure 86 shows that flap deflection has

essentially no effect on C~~ . Adding the trunk has little

effect , but adding the fin extension increases C~~
siqn ificantly.

Figures 90 and 91 show the vertical tail’ s c o n t r i b u t i o n  to
yawing moment as a function of sideslio angle at an angle of
attack of ~~0

• Figure 90 shows data for the clean (i.e. standard
Jind ivik , no t r u n k )  c o n f i g u r a t i o n  and the c o n f i g u r a t i o n  w i t h  the

. 5 - 0 0ACRS trunk and bleed air duct at flap deflections of I and 19

Looking first at the upper half of Figure 90, the two curves are
almost identical in slope . This indicates that the fin ’s

contribution to directional stability is the same at either flac

deflection . There is a slight vertical shift in the curves ,

probably caused by some slight asymmetry in the model. This

small shift can be disregarded .

In lower half of Fiqure 90, the data show a decided slope change

between flaps 10 and 19°, with flaps 19° showing the shallowe r

slope . ~~t flaDs 10, the slope is essent~ a1lv the same as in the

upper portion of the fiqure. This shows that addina the trun k

had no effect on the fin. The reason for lower stabilit y
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pr obab ly  is t h a t  the  w i n a — b o d y — t r u n k  c om b i n a t i o n  is  more
unstable than the wing—body alone . For flaps 190, there may be

some interaction between the flaos and the trunk which causes a

reduction in fin effectiveness . Another possibility is a wake

from the bleed air duct , but this effect should also apoear at

f laps 10. Notice at the higher sidesliD angles 1+5° to 70 ) the

slope of the ~~~~ curve is almost hack to the nominal value .

This may indicate  a na r row wake of tur bulen t a i r  close to the
fuslage. At the higher sideslip angles , the f i n  may emer ge f r o m
the wake into high—energy air , thus restoring fin effectiveness.

Figure 91 shows the contribution of the extended fin to

direc tional stability . The slopes of the curves are steeper

than the basic fin , which is n a t u r a l .  The slope is
approxima tely 50% h igher for the ex tended f i n  than the stan dar d
fin. This is somewhat areater than the area increase (33%

- 

- larger) of the extended fin and is probably accounted for by the

higher asoect ratio of the extended fin. The decrement in tail

e f fec t iveness  due to flap deflection which was noted in Figure

90 does not apnear here. No exolanation of this phenomenon has

been developed . It is possible that the data for one figure or

the other are in error , but no conclusive evidence is available.

Figures 92 through 111 are plots of the basic data obtained in

the Jjndivik test series. Data were furnished to Boeing in

tabular  form and were plo tted as a p re l iminary  step in the
analysis.

Figures  92 th rough  95 present lateral—directional data at flaps

10.

Figure 92 shows the standard Jindivik. The vehicle is

well— behaved over the sideslip range tested . A slight

non—lineari ty in yaw , roll , and side force occurs near zero

sideslip, but this characteristic is common to many aircraft.

The rollina momen t shows a reasonably large offset at B — 00.
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This is probably due to a model or tunnel as mmetrv, and most

likely does not appear in the full scale vehicle. Figure 92 is

an important olot , since i t  serves as the b a s e l i n e  aq a i r t s ~ w h i c h
modifications to the Jindivik must be judged .

F i g u r e  93 disclavs the e f f e c t  of add ing  the  ACRS trunk. Several

thing s should be noted . First , directional stability has been

destroyed completely. The vehicle is n e u t r a l l y  s t ab le  at

~ — 00 and is unstable at all higher alphas . This is clearly an

unsa tisfac tor y~~ ituation . Second , an anomaly occurs i~ t h e

ro l l ing  momen t data for ~ = 20. At large positive sideslip

angles, the slope C~~ becomes positive , or unstable. T h i s
idiosyncrasy appears nowhere else in the Jindivik data supplied .

Consecuently, i t is assumed tha t  the da ta  p o i nt s  at  ~ = ~ 5
0 and

+70 are in error. If the model is ever retested , this ~~~~~~

combination should be checked for repeatability. Third , the

side force data for aiphas other than zero shows an offset
toward neqative side force. This micht be due to the bleed air

duct causing a wake which reduces fin e f f e c t iv en ess , or it may

simply be due to tolerance buildup in the test a~oaratus. The

specific test runs involved (9, 47 , 68 and 113) were widely
sep arated in. time , so the discrepancy may be due only to data

scatter.

Figure 94 presents directional stability data for the Jindi vik

plus ACRS trunk plus the extended—span—fin. There is a large

improvement in directional stability, at all ~‘s, when com~ ared

to Figure 92. However, there is a possible problem . For angles

of attack of 20 and 40, there is a “flat spot” in the curves

between sideslip angles of —3° through +10. This region of

essentially neutral stability could cause dynamic stabilit y

problems in a full scale vehicle. In particular , a Dutch ro1~
limit cycle could occur. A dynamic s t a b i l i t y  anai~isis is

recujred to evaluate whether there is a potential limi t cycle

and , if so , whether the oscillations would be larqe enouo ” ~r
severe enough to jeopardize the flight test proar am.
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F i c u r e  95 d i sp l ay s  the  r o l l i n g  moment  and s ide  f o r c e  d a t a  fo r
the Jindivik—plus—trunk— p lus—fin—exten sion configuration . These

data are ideal — linear , stable , very little variation with

angle of attack.

Figures 96 throuah 100 show lateral directional data for flaps

19°. Figure 96 shows data for the standard Jindivik. These

da ta are  s i m i l a r  to those of F igur e 92 in mos t res pec ts. Th ere
are two minor  d i f fe rences , however. The rolling momen t data

shows no non—linearity through zero sideslip, a smal l  bu t

favorable change . Also , the rolling moment has a large positive

offse t at zero sideslip, wher eas the offset was negative for

f l a p s  10. This effect is almost certainly due to a small

asymm etry in flap deflection. The left flap is probably
def lec ted sl igh tly more than the r i gh t f l a p , producin g a
right—wing—down rolling moment.

Figure 97 shows the data for the standard Jindivik plus ACRS

trunk. The yawing moment data are very poor. Not only is the

vehicle unstable, but there is a wide variation in the

yawing moment at  zero sides l io  as a lpha  is v a r i e d . ~lso , the
curve for  ~ — _20 is hard to describe . Apparently , there is a

severe airflow separa tion somewhere on the vehicle at ~ — _20,

which gives rise to the strange behavior of yawing moment. In —

con trast, the rolling moment and side force data are

well— behaved . The ~ — _20 side force  da ta does d isp lay some
pecul iar variations , but the general trend is reasonable. The

var iations occurring in the side force and yawing moment data ,

when taken together , ten d to ind ica te a separa ted f l o w im p in g in g
upon the vertical tail. In any event , the f laps  19°
char ct .rLstics are unacceptable.

‘- j jr. ~~ -Itaplays yawing moment data for Jindivik—plus—trunk—

• ., . . - 1 . 1 —f lr . The slooes of the cu rves  in di ca te
.‘,. ‘ i r v  1~~.~~1s of directional stability, however , the
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zero— sideslip intercepts of the curves show the same “wandering ”
-~ tendency as the vehic le  w i t h  the standard fin. The tail—off

- 
I data for this configuration (wing—body—trun k) are shown as

-~ the circle symbols on Figure 105. Although there is a small

variation with alpha , the yawing moment differences at zero

sideslip are considerably smaller than with tail on. The

Inference is that the fin contribution to yawing moment is

strongly dependent upon angle of attack. Since the Jindivik

without trunk was tested only at zero alpha, there is no

evidence from the test that the configuration with trunk is any
- 

- 
differen t than the basic vehicle. However it is reasonable to

assume tha t the comb ina tion of trun k plus 190 f l a p p roduces some

-~ disturbance to the flow over the fin. In addition to the poor

stability , the flow disturbance may produce fin buffet , which
- might lead to fatigue problems. All in all , the trunk plus 19°
- flap is an unacceptable configuration , and further configuration

- development is mandatory.

- 
F igures  99 an d 100 show r o l l i n g momen t an d si de force  versus
sideslip. There is some varia tion in the side force intercept

1 at zero ~ , ten d ing to c o n f i r m  the er ra t ic yawing mom en t
behavic’r . The rolling moment and side force characteristics are

probably acceptable, but the yawing moment aualities render the

c o n f i g u r a t i o n  u n s a t i s f a c t o r y .

F igure  101 shows the tail—of f/tail—on comparisons for the basic
J in d i v i k  wi th  f laps 10 . Conclusions to be drawn are tha t the
data are e ssen t i a l ly  l inea r  and symmetrical, and the vehicle is

qui te well—behaved .

Figures 102 and 103 show tail—off/tail—on comparisons of the

J i n d i v i k — p l u s — t r u n k ,  and both s tandard and extended f i n s , wi th
- - f laps  10. Angles of attack of 00 and 4° are shown . On Figure

102, note that for tail—off (circles) there is essentially no

e f f e c t  of angle of attack on yawin g momen t , wher eas for tail—on
(sguares and triangles) there is a reduction in stability as

156

- - 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~— —.r  _ -
~~~~~~

-
~~.

- - ~~~~~~~~~~~~ :~~~~~ ::.i:. ~ - 
-



-~~~~~~~~~-— -— !.-. .  — — -- - -~~~~~~~~w-—--’v,~-.- -~~~~~~~~~~~~~~~~~~~~ a.~~~~~~~~~ - 
-
~~~~ 

~~~~~~~~~~~~~~~

a pha increases. T h i s  o lot  i n d i c a t e s  the  v e r t i c a l  t a i l
effectiveness is reduced as alpha increases , probably due to a

flow separation from the trunk (see also Figure 84). Note that

the slope C~, varies quite drastically as S is increased beyond

±2°, which is the limit of aoolicability of Fiaure 84. On

Fi gure  10 3 , al l  conf i gura tions show a rel at ively con stan t

increase in C~~ and a decrease in C.~ with increasing alpha .

This trend has already been depicted on Figures 85 and 86.

Figure 103 is shown to demonstrate the linearity of the results

at sideslip angles beyond ±2°.

Figure 104 shows the data similar to Figure 101, except t h a t
w ing flaps are def lec ted 19°. Trends indicated on Figure 104

are the same as for flaps 10, i.e. the characteristics are

l inear  and symme tr ica l , and the vehicle is statically stable.

Figures 105, 106 and 107 show tail—off/tail—on comparisons at

f laps 190 of the Jindivik—plus—trunk and standard and extended

fin . The main purpose of these three plots was to compare the

tail—off and tail—on data . A discussion of the yawing moment

tendencies (Figure 105) was given several paragraphs above . To

repeat briefly, the tail—off data are linear and show little

angle of attack effects. The tail—on data are non—linear and

show wide variations in the zero—beta intercept as alpha varies.

Figure 106 shows lateral stability to be well—behaved , both

tail—off and —on . The side force data, Figure 107, show trend s

similar to the yawing moment data from Figure 105. That  is , the

tail—off data show much less variation with anale of attack than

the tail—on results. It is noteworthy that the tail—on curves

for yawing momen t and side force display many similar

non—linea ri ties. For example, examine the configuration with

the standard f in a t ~ — _20. (Squares connected by dot—dash

l ines ) . Bo th yawin g mom en t an d si de forc e show sharp
discon tinuities between B - _20 and _ 1O . This behavior tends to

conf i rm tha t the d iscon t inu i t ies ar e real , and not lust scatter

in the data. On the whole, though, the si— 4 e force data are
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stable and relatively linear.

Figures 108 and 109 oresent longitudinal stab~ 1 ity and control

data for a c.g. location of 20% M.A.C. The configuration is

standard , but with the ACRS trunk installed . Fiour~ 108 shows

f laps  10, w h i l e  Fi gure  109 shows f l a ps 19°. The data for both

figures were measured at -.1~ s i d es li o .  The s t a b i l i t y  and
con trol characteristics ar~ excellen t. W i t h  the c.g. at 20%

M .A.C., the aircraft is statically stable and the data are auite

linear. Pi tch control is also linear , as shown by the even
s~acinq between curves for each elevator deflection .

U n f o r tuna tely ,  no data were available for the Jindivik without

the trunk. Hence , no evaluation is aossible of the trunk’ s

effect on longitudinal stability or control.

Figures 110 and 111 show lift and drag data, respectively, fo r

- 
- the standard Jindivik plus the ACRS trunk. Flaps 10 and 19°

data appear on each plot. The lift data are auite reasonable.

There is a large increase in lift coefficient due to flap

deflection and a small decrease due to airplane—nose—up elevator

deflection. The drag data are less consistent , however. There

is a large increase in drag due to flap deflection , which  is
normal. The inconsistency occurs when elevators are deflected

—15°. There is, at both f l ap  def lec t ions , and for all al~ has

tested , a substantial drag reduction . Note that this same

phenomenon occurs at zero alpha for the basic Jindivik , trunk

off. The suspicion arises that there is an error in the drag

data at —15° elevator deflection . Note also that Figure 111

shows that the basic Jindivik , at flaps 10, and elevator —15°,

(triangle symbol) has no draa . This ooint is obviously in

‘~j error , and together with the inconsistency in drag due to
- f  eleva tor deflection , suagests that the drag data be used with

caution .

Figure 112 shows a comparison of yawing moment and rolling data
- - from the latest test with data from an earlier test. The later
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data are indicated by scuare symbols connected by a dashed line.

There are two items of interest . One , a substantial reduction
in directional and lateral stability is shown in the more recent
data. Two, the large offset in the zero—sideslip intercept on

the rolling moment data is apparently due to the pod fins.

Perhaps the pods or the f ins  are un symme tr i ca lly moun ted on the
model. The large difference in stability between the two tests

is dis tur b ing , and an attempt should be made to resol ve the
difference . Since only the new data are available in the U.S.,

this would recuire the involvement of ARL .

4.3 CONCLUSIONS AND RECOMMENDATIO~’S

Analysis of wind tunnel data for a Jindivik drone ecuipped with

an Air Cushion Recovery System (ACRS ) was performed . In

addition to the standard fin , an extended—span fin was tested .
Conclusions and recommen da tions are as fo l lo ws:
1. The ACRS tested is somewhat smaller and located further aft

than the ACRS planned for flight test. The Jindivik with

the larger, further—forward ACRS will probably be less

stable than the c o n f i g u r a t i o n  tested .

2. The Jindivik—plus—AC RS configuration that was tested showed

unsatisfactory directional stability characteristics , both

wi th the standard fin and the extended fin.

3. Longitudinal stability and control characteristics anpeared

satisfactory for the Jindivik—plu s—ACRS . No estimate could

be made of the ACRS effect upon longitudinal characteristics

because the ACRS—off configuration was not tested in pitch .

4. Additional wind tunnel data should be accuired before fliaht

testing of the Jindivik—plus—ACRS . An important point is to

test the proper size ACRS trunk. Also , ano ther ,
still—larger fin extension should be tested . The new fin

should have a total area of 10.5 scuare feet. This fin
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mi ght be too large, but would prov ide sufficient difference

f r om  the ex ten ded f i n  a l rea dy tes ted , so tha t a
correc tly—sized fin could be selected by interpolation. It

would be prudent to prepare a set of fins to be fitted to

the tips of the horizontal tail. These auxiliary fins could

be more ef f e c t ive th~n a body—moun ted fin extension because

they will be located in an undisturbed airflow. A s ma l l
amoun t of da ta shoul d be ob tained wi th the trun k on b u t the
bleed air duct removed . Some of the existing data shows

asymmetries between positive and negative sideslip that may

be caused by flow separation from the duct .

5. The concept of using the yaw thruster to maintain

directional stability was investigated (see Aoper,dix 0) but
was found to be unsatisfactory.

- 

-



SECTI ON 5

LANDING AND SLIDEOUT ANALYSIS

Touchdown and slideout are expected to be the most critical

phases of the Jindivik ACLS flight test. It was originally

intended that a computer simulation of the landing would be made

following completion of ground tests, utilizing data obtained in

those tests. The ground test data , however,  were no t fu l l y
available prior to completion of this contract .

A preliminary computer evaluation of the landing has been

conducted as described in this section . The analysis should be

upda ted as soon as groun d test da ta , particularly trunk draa ,

stiffness and damping characteristics , become available.

The simula tion of the Jindivik recovery on the ACRS trunk

assumes the standard Jindivik procedure for final approach ,

touchdown and slideout. En the actual recovery, as currently

envisaged , the ACRS trunk is deployed during the final approach

by inflation with direct engine bleed air. The final approach

speed is 130 knots. The angle of descent is —2.0 degrees , and

the pitch angle is 0.0 degrees. Thus , the angle of attac k is
2.0 degrees. The descent rate is 7.67 feet per second . The

Jindivik will be ecuipped with a ground contact indicator

(sting) which will signal for rapid retraction of the flaps.

The simul ation begins just before flap retraction , wh ich occurs
in 0.3 seconds. During touchdown and slideout the engine bleed

air supply to the hub driven turbofan is shut off (Figure 1)

and thus bleed air flows solely to the ACRS trunk. The air

oasses out of the trunk through 394 1/8 inch diameter holes at

the trunk—ground interface on the forward th~ rd of the tr unk ,

and also through a pressure relief valve. The perinheral holes

on the forward third of the ACRS trunk provide air lubrication
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which reduces the local coefficient of friction , the Durnose

being to place the center of frictional drag aft of the aircraft

center of gravity and thus provide directional stability durin g

slideout. The air flow also reduces the braking pitch moment at

high angles of forward pitch during touchdown and slideout.

Section 5.1 summarizes the method of analysis , and Section 5.2

shows the program verification which was accomclished by

comparing test and analysis for Jindivik drop tests. Section

5.3 presents t~ e r e s u l t s  of the simulation of taxi on the ACRS

and of touchdown and slideout . Section 5.4 evaluates the

resul ts and d iscusses severa l  ap~roaches to imorovinc landina

impact and slideout dynamics .

5.1 METHOD OF ANALYSIS

The eva lu at ion of the dynamic perform ance of an ACtS system
reauires the simula tion of the overall a i r c r a f t, including

aerodynamic and engine induced forces and moments. The

simula tion of the J ind iv ik  ACLS has been conduc ted us ing the
Boeing ACLS 6 DOE’ Computer Program (Reference 14). The

simulations reported herein did not consider side wind or

crabbed landings , or any other e f fec ts tha t mi gh t have ind uced
yaw or roll. Thus effectively only four degrees of freedom were

active . Figure 113 shows the overall structure of this proqram .

It utilizes a generalized 6 DOF program (Reference 15) , to which

are added the uniaue modules necessary for simulating the

components of the ACtS.

Full details of the program are given in Appendix ~ . ~ brief
description of the ACtS modules is given below .

ACLS Trunk Model — The trunk model was develoced followina

examina tion of movie films of Jindivik drop tests. The Digges

model (Reference 18) , which calculates the shape of a two

dimensional  loaded inelast ic  t r u n k , is used for  the side
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elements. For the forward and aft elements, where hoop tension

exer ts a sign i f i c a n t res tra in ing  e f fec t , the segmen ts are
assumed to take the shape of flattened cylinders. Figure 114(a)

shows the subdivision of the trunk into elements , and Figure

114(b) the assumed forward and aft element shape . For the side

elements, the geometry of each element (Figure 114(c)) is

characterized by the cross—sectional area (CAt) , f l a t t e n e d  w i d t h
(Yf) and f la ttened area d is tance 

~~~~~ 
each of which are stored

in the program as functions of relative stroke (Z0/Z,~ ) and

pressure ra tio

Air  Cus h ion Volume — Since it is assumed tha t la teral  mo tion
ta kes place in the side elemen ts only ,  the cushion volume is
calcul ated as a function of side element shape only. The change
in cushion volume resulting from compression of fore and aft

elements was nealected .

Trun k DisDiacements — The displacemen t of each trunk element due

to groun d con tact is calculated geome tr icall y , using the
lowermos t poin t of each trun k wh ich is stored in the form of a
da ta array.

A i r f l o w System — The a i r f l o w in to the trun k and cushion is
calculated by storing the corrected airflow as a function of

engine speed and trunk and cushion pressures. Separate curves

were created for ACRS fan—on , ACRS fan—off , and ACTS opera t ion ,

but only ACRS fan—off cases were simulated . Outflow between

t runk  and ground is determined using the ~restrictor f1ow~
theory (Reference 18). Trunk and cushion pressures are then

obtained by integration . This is a relatively simple model of
the airflow system , since both inflow and outflow (including

relief valve flow) are determined on a quasi steady state basis.

The only dynamic effects are the volume capacitance effects

which determine the trunk and cushion pressures.

Trun k Forces and Moments — For each element in ground contact ,
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the ver tical force is calcula ted as bein g the trun k pr essure
mul tiplied by the flattened area . The axial and lateral

components of trunk drag may then be calculated based on the

local (lubricated or unlubricated) components of trunk friction .

The resulting pitch , roll and yawing moments are evaluated .

Aerod ynamic Forces — Aerodynamic data is in pu t in the form o f
data arrays. Data included in the Jindivik model are :

o drag coefficient C0
o lift coefficient CL
o side force coef f ic ien t CY
a yawin g momen t coe f f i c i en t Cn
o pi tching moment coefficient Cm
o rolling moment coefficient C~,

Flight Controls — Motion of the elevators and ailerons were not

included in the analysis. This is discussed more fully in

Sections 5.3 and 5.4.

5.2 PROGRAM VERIFICATION - 

- -

The ACLS 6 DOF program was used to simulate the ACLS Jindivik

drop tests which were conducted at AFFOL . The data correlation

of this simulation provides a checkout of the program and

verification of the method of modeling ACtS.

The Jindiv ik drop tests configuration is shown in the schematic

of Figure 115. The conditions of the drop test (No. 28) are as
fol lows :

Aircraft Weight — 2,614 lbs.

Momen ts of Iner tia
— 1190 sluq f t 2

I 1810 slug f t2yy 2
— 2840 slua ft

16 7 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
---- --5— 

~ — -~~~~~~~~~~~~~~~ —~~~~~~ - - -- - - - - - - - -5-



‘A

i~~l~

‘A

‘A p_flIi_ ~~~~~~~ 
~~~~~~ ‘-4I~~ ~/) _ _ _ _ _  .- ‘~~~ —

~~_ &.- 1  -. —
(1~ 8

-4 ‘A •

~~~~~~~~ 

‘A
.
~~~

168

5— —5--- —— -- —~~--—--
-
~~ ~~~~~~~ ~~~~~~~~~~~~~~ - -

~~~~
--

~~~~~~~
‘-: 

—.5- - --- - - -.- — —- --— -- ----— ------- —_-.5~~~~ -



AD—AObe 0014 BOEING AEROSPACE Co SEATTLE WASH F/S 1/3
• INTEGRATION OF AIR CUSHION LANOING SYSTEM TECItIOtOsY INTO THE J——ETC (U)

UNCLASSIFIED 
MAR 78 A J L . L O Y D . J J M C A V O Y . v Ap;tt F33615—75—C—3fl$

U
. Ufl U~~

U
_ ‘

__

_ ~1



IIII~ Hil~
5

____________ 
~~~~~ IIII~L

I ~ ~
HH~11111’ .25 

~
MR I~~R R \  I~I ‘~(~L UI I t ) N II SI I I IARI



—

~~~ 

—

~~ 

— 
. ~~~~~~~~~~ 

—

~~
-— -

~~ ~~~~~~~~~~~~~~~ ~~

. - — -

~~~

—

Cross Prcducts of Inertia 0.

cg height — 3.83 ft

cg is under lift hook

Attitude

Pi tch — 3.0 dec .

Roll — 0.0 deg .

Bleed air flow rate 0.75 lb/sec .

Cushion vent area — 0.37 so. ft.

Pitch damping coefficient 25 ft—lbs—sec/deg .

(AFFOL test data for ACRS #2)

Comparisons between test data and analysis are shown in Figures

116 through 119. Figure 116 shows fuselage height, Figure
117 shows pi tch angle , Fiqur e 118 shows trunk pressure and
Figure 119 shows cushion pressure. In general, the correlation

is good , wi th the simula tion showing closely similar natural
freauencies and damping characteristics . The calculated peak

cush ion pressure is, however, significantly higher than the test
data.

5.3 SIMULATION RESULTS

Taxi tests were conducted with the ACRS #2 and *3 in Australia.

ACRS $3 is 10 inches shorter on the front end than ACRS *2, and
was designed to permit launch on the existing Jindivik trolley.

Simulations were run for both trunks assuming brake tread
coefficients of friction of .8 and .4 for the unlubricated and

* 
lubricated portions of the trunk respectively. This correspond s
to black asphalt, and is a worst case condition .

Figure 120 shows results for ACRS *2. The maximum pitch forward
angle is 5 1/20, and subsecuent pitch oscillations are
reasonably well damped . Figure 121 shows results for ACRS $3,
assuming the same initial velocity of 50 knots. In this case

the maximum pitch forward angle is 6 1/20.
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Duri- ’a testir~o in Austr~~1i~ on ~CRS 33 , an effort was made to

divert more air to the cushion by plugainq the air jets on the

forward oor tion  of the trunk. This case was simulated , with

resul ts being shown as Figure 122. The maximum pitch forward
angle is over 9

O~ The ground lines for the first oitch forward

for each of the above three cases is shown in Figure 123. For
ACR S $3 with all holes taped , Figure 123 shows that the nose

boom and possibly the launch hook will make contact with the

ground . Such contact did occur during the testing in Australia.
The subsequent hf~9h pitch moment induced by the launch hook
digaing Into the asphalt (not i nc luded in the simulation) caused
the vehicle to remain in a nose down attitude. For ACRS *2 and
$3 with all jets open , the boom ground clearances for maximum
pitch—over are 9” and 5” respectively.

Elevator control was not included In the above simulations.
Because of the low velocities (0 — 50 knots) , elevator induced
moments will have little impact , Darticular ly for the initial
forward pitching motion .

Ground test data obtained in Australia was insufficient to
permit any auantitati ve comparisons between test and analysis.

TOUCHD OWN DYNAMICS

Fiaures 124 and 125 show the s imulated touchdown and slideout

dynamics  for ACRS $2,  and Figures  126 and 127 show comparable
data for ACRS $3. Elevator  e f f ec t s  were not Included in the
analysis .  Assumptions made for  the analys is  are as fol lows :

A i r c r a f t  weight — 2700 lbs
Moments of inertia

— 1190 slug ft2

— 1811 slug ft

— 2840 slug ft2

Cross products of inertia — 0
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Touchdown sDeec~ - 130 knots

A nale of descent — _2 0

Pitch attitude — 00

Rate of descent — 7.66 ft/sec
Flap retraction time — 0.3 sec
Bleed air flow rate — 0.75 lbs/sec
Cushion vent area — 0.2]. ft2 (minimum back flow area

through fan)

Engine idle thrust — 300 lbs
Engine thrust line above cg — 0 . 3 7 5  f t

Engine gyro couple pitch moment — 10.5 a

Aerodynam ic pitch damping coefficient — — .246 sec/rad
Trunk pitch damping coefficient — 25 ft—lbs—sec/deg
Distance of cg aft of lift hook — 0.5  f t .

The initial pitch forward is marg inal ly  acceptable and the pitch
damping is acceptable. Two fac tors shoul d , however, be noted :

1. El evator ef fects  —— The J ind iv ik  elevator is limited to 15
degrees up and 10 degrees down fol lowing sting contact with

the ground . At a touchdown velocity of 130 knots, the pitch
moment at an elevator angle of 4 15 dearees is 2900 f t— lbe ,
or approximately 60% of the mean brakin g moment. Thus , the
elevator moment capabi l i ty  is su f f i c i en t  to have
s igni f icant  impact on pitch amplitude and could reduce the
inita] . pitch forward angle. The elevator servo mechanism
rate is 53 deg/sec, and the ra t io  between servo and elevato r
is 1.5, giving an elevator ra te  of 30 deg/sec . The elevator
slew t ime between limits (~ .7 seconds) is greater  than the
half period of the vehicle ( - ~ .5 seconds) . Thus , the
possibility of undesirable interaction between the vehicle
dynamics and the elevator control system does exist and
requires fu r the r  investigation .

2. The analysis  has assumed a t runk  damping coefficient
obtained from s ta t ic  tests. This coeff ic ient  may be higher
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than in dynamic tests with forward velocity, since with

for ward veloc ity trunk scrubbing effects do not contribut ~
sianif icantly to overall damoina . Mote tes’- dat3 are

reauired to assess the importance of this effect .

5.4 EV ALU A TI ON OF RESULTS

The results presented in Section 5.3 show mar ginall y acc able

initial forward .pitchina . The mechanism for the oscillations is
auite straightforward. The high coefficients of friction

assumed for the unlubricated trunk to asphalt Interface

cause large forward pitching moments. When the vehicle oitches

fo rwa r d , so that a significant portion of the flattened trunk

area is lubricated , the pitching moment is reduced and her~ce the

vehicle pitches back again. This motion is coupled with heave,

with the latter acting to increase the normal force when the

• vehicl e Is pi tched bac k , and to decrease it when the vehicle is

pitched forward . Also , when the vehicle is in the forwarci oitcb

attitude due to deceleration , there is a loss of heave

stiffness.

The cases wh ich have been an a lyzed ar e sever e, in th ai -  -~rv

asphalt gives the highest coefficient of friction in the

unlubricated area of the trunk. An area of uncert ainty i, t~~e

analysis Is the mechanism and magnitude of pitch dampir~ due to

the trunk. The trunk damping coefficient obtained in a static

test, where there is no forward speed , may be higher than that

obtained in a dynamic test. The simulations were conducted with

the static test damping coefficient.

Several approaches are available to reduce the pitching problem ,

as follows :

1. Trun k Design .

As a resul t of the around tests and analysis, AFFDL h a s
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des igned a new ACRS trunk which extends further forward

under the nose of the a i r c r a f t .  This new trunk will provide

an Increase in o i tch  s t i f f n e s s .

2. Elevator Pitch Control.

Elevator control has not vet been included in t-~’e

simulations. For pitch control following touchdown the

elevators may be able to reduce pitch oscillations ; however ,

the pos~ ibi1ity of undesirable lrtterraction s between the

vehicle and the elevator servo exists. An elevator servo

motor with an increased rate may be required .

3. Airflow System .

As discussed in Section 2, there appears to he the potential

to improve the per formance  of the a i r f l o w  sys tem
significantly. Depending on how many of the recommended

changes can be incorpor ated , it may be possi ble to lan d with

the fan valve partially or even fully ooen. This reduces

trun k loads and improves lu br ica t ion , r esul t in g in
sign i f ican tly lower ~itchina moments. At the very least ,

trun k pi tch and roll  induced momen ts at low enc ine powe r
settings can be reduced .

4. Surface Selection .

Fric tion coefficients can be reduced by landing on grass.

• 185 

---- - - : ~~~~~~~~~~r - 

~~~~~~~~~~ T ’~~ . .  — -----j - —~.LL 4



SECTION 6 
)

RETENTION/RELEASE SYSTEM DESIGN

6.1 SYSTEM DESCRIPTION

The Jiridivik ACLS vehicle utilizes seoarate trunks for launch

and recovery. Belts attaching the aircraft fuselage to the ACPS

trunks provide a positive attachmen t between the trunk and the

vehicle. During taxi and takeoff on the ACTS , the ACRS trunk is
stowed close to the fuselace under the ACTS trunk. The ACTS

trunk is attached to the fuselage by a velcro strio , as shown in

Figure 128. During taxi tests on the ACTS conducted at the GAF

Avalon Field facility, non—s tandard operating procedures caused

the velcro attaching the forward part of the trunk to the

fuselage to separate , r e s u l t i n g  in damage to both the t r u n k  and
the aircraft. This carticular situation occurred durin g raoid

vehicle deceleration , which caused the aircraft to pitch nose

down and hence concentrate the drag loads on the forward

attachment region .

The potential of trunk separ~ tion at the aft end of the

attachment region also exists. During ACTS deceleration , the

center of f r i c t i o n a l  draa  may be fo rwar d  of the CG, and thus the

vehicle may end up in a side slip. The aft parking bladder on

the s l ip  side w i l l  tend to ro l l  under  the a i r c r a f t ,  r e s u l t i n g  in

a load perpendicular to the velcro striP. Velcro resistance to

normal  loads is aui te low , and thus separatfon is possible.

A fur ther problem in the velcro attachment system was evidenced

during testing at NASA/LaRC and AFFDL. The purpose of the NASA

tests was to evaluate release of the ACTS. Release is initiated

by inflating rubber tubes which cause separation of the velcro

in the forward and , and the aerodynamic drag should then be
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suff icLent to complete the separ3tlon. E t  is imPortant that

separa tion should proceed rapidly and symmetrically in order to

ensure the stability of the Jin divi~ duri ng the release orocess,

and to aid recovery of the takeoff trunk. The testina revealed

that trunk release did not occur in a consistent and oredictable

manner.

Because of i- he above ootential oroblems , a design study was

undertaken in order to develop a low cost, positive and reliabl e

re tention system reouirina a minimum of modification s to the

aircraf t and ACTS trunk. The design study consisted of the

following tasks:

1. Evaluation of trunk loads

2. Selection of latch concepts

3. Selection of actuation concept

4. Retention/release system design

5. Latching procedure

6.2 TRUNK LOADS

The highest aerod ynamic load s on the ACTS trunk occur during

release following takeoff. The worst case analysis assumes the

fo l lowing :

o A i r c r a f t  weight  — 3400 lbs
o Takeoff  w i thou t  ro ta t ion
o Trunk is released 3 seconds after liftoff

The velocity reouired for liftoff ii then given by:

1/2v .[2 Wa ~/c~ 0 s] ( 18)

The coefficient of lift CL for zero angle of attack, flaps at 20
degrees and in ground effect is 0.6 (See Fiau re 8—20 ). The

takeoff velocity is then:
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v — 
(2) (3400) (32 .2) 

— 2 (19)
to (.6) (.076) (76) 51 ft/sec

or

— 149 knots (20)

Assuming that the trunk is released 3.0 seconds after liftoff,

the velocity at the moment of release is aiven by:

V (21)

or

• Fth (22)y
r — V~ 0 + g t

The most severe condition for trunk release will be when the
velocity at release is a maximum . Thus, assuming takeoff thrust

for  the th ree seconds , this velocity is given by:

— 251 + (32.2) (3) 322 ft/sec = 190 knots (23)

The dynamic pressure is given by:

q — ~~ ~~ 
(24)

For the above cond i t ion

q — 
~ ~~ 

(322)2 — 122 PSF (25)

The aerodyn amic  drag parallel to the aircraft is given by:

F~~.C~~~~ A f COS a (26)

I
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A f is the frontal area of the trunk and is approximately 8 so.

f t .  Assuming the drag  c o e f f i c i e n t  CD - 0.15, the aerodynamic

drag on the t r u n k  is:

Fd — (0.15) (122) (8) Cos~i~~ 146 Cos t (lbs) (27)

If the a i r c r a f t  is at an angle of a t t a c k , aerodynamic  l i f t  w i l l
reduce the weight of the trunk and may affect trunk separation.

The lift forc~ on the trunk is given by:

F — ~~~ A
b Sin ci (28)

Where Ab is the e f f e c t i v e  cross—sectional area of the bottom of
the trunk. The geometric area is 16.7 so. ft. A b is assumed to

be .75 x 16.7 so. ft., where the factor .75 accounts for wing

spoiling effects. Ab Sin c~ is the projected area of lift. The

lift coefficient CL is assumed to be equal to 0.5. For the

above worst case condition and for the stall angle of attack of

12 deg , the lift force is:

F ~ — ( . 5 )  ( 122)  ( 16 .7)  ( . 7 5 )  Sin 12° — 159 lbs ( 2 9 )

The net perpendicular force acting on the trunk is:

F
L 

CL C A b Sin
~~

_ W
t COS

~~ 
(30)

Where W~ is the weigh t  of the t r u n k , and is assumed to be 120
lbs. The net ~ara 11el force ac t ing  on the t r u n k  is g iven  by:

F CD a A f C o s x — ~~4 F L + P I t S i n Q (3 1)p n

Where ~ is the coefficient of friction between the ACTS trunk

and the ACRS cover. The frictional terms enters only if F~ is
posi tive .
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Figure 129 shows the net perpendicular force acting on the trunk

as a function of angle of attack and vehicle velocity . Assuming

a c o e f f i c i e n t  of f r i c t i o n  of 1 fo r  the rubber  to rubber
i n t e r f a c e ,  the f r i c t iona l  force res is t ing  separation is then
numerically equal to the perpendicular force. Figure 129 also

shows the net parallel force of aerodynamic drag and gravity.
The net tangential force of separation may be determined from

Figure 129. For example, at V — 190 knots and ~ — 120, the net
parallel force is

— 168 — 40 — 128 lbs (32)

The trun k acceleration parallel to the aircraft is then given

by:

a — 

~~~ 

F~ — 
32.2 128 — 34 .4  ft/ sec2

and the time reauired to clear the stowed ACRS trunk of 10 ft in

leng th is:

1/2 1/2

~ _ [~~~-o] _ [ 2 3~~o] — .76 sec (34)

Figure 129 shows that only at high angles of attack and high

speeds will the ACTS trunk be forced up against the fuselage by

aerodynamic lift. The analysis is also conservative because the

fan air will provide lubrication between the ACTS trunk and the
ACRS trunk cover for the first three feet of a shearing

separation , which a mechanical  latch system allows . At lowe r
angles of attac k, the fan will most likely push the forward part
of the trunk away from the fuselage , and the peeling of the
velcro attachment system will occur. If the aircraft is at a

high angle of attack and at a speed greater than 170 knots , the

peeling of velcro can not be assured . The velcro attachment

will not allow the trunk to separate in shear.
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6 . 3  SELECT I ON OF LATCH CONCEPT

Because of the difficulties experienced with the velcro

retention/release system discussed in the previous section, i t

was evident that a positive system that would provide strong

retention of the ACTS trunk and also a clean release is
required . Two retention/release concepts had been completed ,

• namely the oin and lever latch and the oi~ and cone latch shown

in Figures 130 and 131. These latches were tested at AFFDL and

at B. F. Goodrich . The load recuired to oull the pin versus

suspended load for various test specimens is shown in Figure

132.

• A search of industry latching devices failed to provide better

devices than those already tested . The pin and lever type latch

was selected as having more structural integrity than the pin

and cone concept.

Several v a r i a n t s  of the basic gin and lever type latch were

identified as shown in Figure 133. Figure 133a shows a

mechanism which simply constrains the cable from vibrating in

the airstream after release. Figure 133b shows the original pin

and lever device with an ordnance pin puller. Figure l33c shows

the lever latch with a bellcrank and cable. Figure 133d shows

the bell crank latch installed with internal lirkage. The bell

crank latch was chosen as providing the cleanest release of the

devices while also providing easy adjustmen t of the cable. The

external leakage is considered satisfactory for a demonstrati~ n

ACLS aircraft, and reauires less modifications to the aircrat...
Ordnance pin pullers are very expensive , costing $3000 for eight

uni ts, and so were considered to be unsatisfactory.

6.3.1 Ground Load s

The highest loads on the ACTS trunk will occur during

193 

-- - -~~~ - -~~~~~ - - -~~~~~~~- —~~~~~



- --
~
-.---- ----- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘ “—‘
~~~

-

~~~~~~ 

- 

~

—

~~~~

—-  

~

- —

~~~
.-----

~

- - ~~~~ i— —~~-!‘.v’~ —----~~~-’- 
- 

~~~
•----

11

0

1 FIgure 13~~~ 
Pin and Lever Latch

Figure 131 Pin and Cone Latch

194

~~~—- -- ~~~
- -  ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ 1

__
_ —

~~~~~~~~ --



o PINS & CONES • PINS AND LEVER A P iN AND LEVER
BFG TESTING TEFLON COATED • ‘ M  TEFLON COATED PIN

AFF~ ./FEM DESIGN BFG DESIGN
a PINS & CONES

AFFOL/FEM TEST I PINS AND CONES • PIN AND LEVER
AFFOL/F EM TESTS AFFDL/FEM DESI(N

o PINS AND LEVER TEFLON COATED PINS

TEFLON COAT!D PIN
4 

AFFDL/F~ 4 DESIGN

P T ~~~ J7’

~~~ 150 -~~~~
-I——

~~~~~
- -----— -- —-— - - -  

/‘11 Il /

o X
/ Jr

I’
100 - 

1
t-
-/ 

50 _ 
_ _  - - —

0
0 iO 20 30 40 50 60

LOAD PER PIN TO PULL CABLE — LBS

Figure 132 pin Pull Tests Data

195

-- -- -. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~~‘ ~~~~~~~~~~~~~~~ 

— —- -—•~~~ 
____________________j



0

196

— I — —~~~~-‘-‘ - ---~~z._ ._ — - — -C — — —
• 

- _________



.~ i - ~ _.~
__ 

—— Ti~~T 
-

~~~~~~ 
—V- 

~ ~~~~~~~~~~~ ~~~~~~~~~~~~~ ~ 
..

~~~~~~ ~~~~~
----

~~~F- -- — . — - .  • •
~~

- — — -

deceleration . The worst case condition woul-3 be in the event of

a fan failure. In this case the Jindivik would pitch forward

and load up the frontal oortiori of the trunk. ~ total loss of

a ir lubrication would occur. Assuming an aircraft weight of

3,400 lbs with a coefficient of friction of 1.0 , and that the

drag load is reacted by four retention latches , the load per
latch is 850 lbs. Because of the wing tip skids, the degree of
roll is limi ted to a few degrees, and thus the load across the
fron tal latches can become only slightly unsymmetrical. The

maximum possible latch load is assumed to be 1000 lbs. The

latches are fastened to the aircraft skin by three No. 10 bolts

(0.19 inch diameter) as shown in the layout drawing discussed in

Section 6.5. The aft two bolts of the forward four latches cass

through the “2” former. It is recommended that triangular

members be attached to the formers just above the latches

to react bending moments .

For a n a l y s i s  it is assumed that the 1000 lb latch load is carried

by a 2024—T3 skin of 0.04 inches. With three bolts the load

per bolt is 333 lbs. For a 0.19 inch diameter bolt and a 0.04

sk in the bear ing area is:

(0.04 in)(.19 in) — .0076 so. in. (35)

the bearing stress is then :

333 lbs/0.0076 in 2 — 43,816 psi (36)

The allowable for 2024—T3 which is a low strength aluminum is

92 ,000 psi. The margin of strength is greater than 2 to 1.

6.3.2 Retention/Release Actuation Load s

The retention/release latch and the moment model is shown in

Figure 134(a)and 134(b). Balancing of the moments about the

hoo k yiel ds:
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F
~ ~ 

F~~ L
2 

— 0 (37)

Balancing out the initial moments for the swivel latch yields:

P
C 

t 3 + ~ — 0 (38)

where :

Pu uF~~ (39)

and ~ is the coefficient of friction between the swivel and the

hook. Combining ecuations 37, 38 and 39 yields the cable

I tension to release the hook

L I. £
4 ( 4 0 )

C 2 3

From the dimensions from Figure l34b the cable force is:

— 0.13 uF~ (41)

The coef f i c ien t  of f r ic t ion  for var ious  m a t e r i a l  in ter faces  is
given in the following table. For the worst case condition of

- - aerodynamic drag of 146 lbs (See Eauation 27) plus 120 lbs. of

trunk weight for ~ — 0, the actuator load is given as shown
- in Table 7:

‘I

.11

1.99
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COEFFI C IEN T CF ~‘OP~T ~~FE
FRICTION ACTUATOR

MATERTM.~ INTERF~CE STATIC SLIDING FORCE LOA D ~~~~

Al um inum—aluminum 1.05 1.47 .l8F~ 4.3

Aluminum—s teel .61 .47 .O8F t 2 1. 3

Teflon—steel .04 .04 .OO5F t 1.33

Teflon— teflon .04 .04 .OO5F t 1.33

TABLE 7 ACTUATOR LOADS

It is recommended that the catch be mad e of aluminu m and the

swivel of steel. Assuming a cable tension spring on each si~~
wi th 10 lbs pull , the maximum actuation load for steel and

aluminum is then :

21.3 lbs + 20 lbs — 41.3 lbs ( 4 ~~~

6.3.3 Cable Stretch

There beina two cables,one on each side of the aircraft , t~ e

cable tension is one half the actuator load plus the cable

tension spring load . In evaluating cable stretch during

actuation , only the differential cable load is considered . The

differential cable load for each side will be 10.65 lbs. For
1/8 inch diameter cable of corrosion r e s i s t an t  steel
(MIL—C—5424), the EA (modulus of elasticity x cross sectional

area) is 106,000 lbs. The cable deflection is given by:

d — Pt ( 4 3 )
BA
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Assuminc a 10.65 lb load at the end of a 150 inch cab le :

d — 
(10.65) (1.50) 0.015 inch

The break strenath of this cable is 1,760 lbs and the design

stren gth is 1,495 lbs. Thus standard a i r c r a f t con trol ca b le is
adecuate.

6.4 SELECTION OF ACTUATOR

A review of l inear  actua tors  for r e leas ing the ACTS trun k was
conducted . Linear actuators with sufficient stroke rates are

shown in Table 8. The Warner Electric actuator is an industrial

uni t produced in large numbers and hence very inexpensive . The

stroke rate is nearly four times that of the more expensive

Plessey aircraf t actuator. Providing there is sufficient space

in the J i n d i v i k , the Warner actuator is recommended over the

Plessey u n i t .

The Warner Electric actuator is used on helicopters to dump

water buckets for putting out forest fires . The manufacturers

were consulted in regard to runn ing the 12 volt motor on 28

volts. Their experience shows that there would be no problem

for the Jindivik application , where the load s are low and the

stroke freauency is nil. However , testing at 28 volts with

simula ted maximum loads would be recuired to verify this.

‘~1
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7he second choice for an actuator system is pneumat:~~. The
Jtn d iv~ k utilizes a 5 5  psi system for flap and skid actuation .

A i r  13 st~ red aboard the Jindi v ik in a 2 0 0 0  ps i  t~~n¼ , and the

recuired solenoid valves already exist aboard the a i r c r a f t .
This system would be ~‘ore aesthetic aboard the Jin di vik, and is

also  low ~n hardware costs. However, the cost of duplicating

the Jindivi k cneumatic system for system deve1o~ment could be

cons ider able.

6.5 RETFNTIC’N,’RELEASE SYSTEM DESIGN

The overall design of the Retention - Release System for the ACTS

trun k is shown in Fiqure 135. The external linkage of the

retention hook is somewhat crude in appearance; however , for the

Jindivi k ACLS demonstration aircraft this is not critical. This

system is recommended as having the minimum cost and recuirin g

little modification of the aircraft and ACTS trunk. The

required modifications to the Jindivik are:

o 1/2 inch hole on centerline at station 55.0 for cable

passage throug h fuselage skin

o Four 0.2 inch diameter holes in skin above hole to bolt

on nylon  ru b b loc ks
o Three 0.2 inch diameter holes on each side of fuselaqe

to bolt on pulley support bracket

o 66 0.2 inch diameter holes for bolts fastening 22

latches
o Four 0.2 inch diameter holes for bolts fasteninq cable

tension spring flange
o Cutout in former for actuator at body station 67

o Installation of actuator support web between formers of

body stations 67 and 76.50.

0 Gussets installed at each location of the front four

la tches to reac t la tch momen ts
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The modificat ions required for the ACTS trunk are:

o Removal of the velcro str i p
0 The bonding of 22 tabs

The Warner Electric Actuator was chosen primarily for its hiah

stroke rate of 1.9 in/sec. Figure 135 (detail E), shows the

four inch stroke of the actuator reduced to a one inch stroke

through the lever arm , and thus the stro ke ra te is reduced to
0.475 in/sec . It is desirable to have the maximum stroke rate

-
‘ 

to reduce the risk of or degree of unsymmetrical unlatching.

The Warner Electric actuator stroke could be reduced to 1.0 inch

by installing a limit switch . The cable could then be pulled

directly to provide a stroke rate of 1.9 in/sec .

A potential problem exists that may cause one or more latches to

bind during release . If the opening of one side latch lags the

openin g of all the other la tches, the total aerodynamic drag
load will be supported by that one latch . The load will be to

the side and will also be coupled with a torque . A single latch

shoul d be bui l t and tested for v a r i o u s  load conditions. If
tes ting shows tha t b ind ing occurs , the pro b lem may be overcome
by the side latch design shown in Figure 136.

6.6 ACTS LATCH PROCEDURE

The retention/release system design shown in Figure 135 dictates

that the latch hooks be placed and fixed in their receptacles

before the trunk flanges are attached . An alternate procedure

was developed where the hooks are inserted into the trunk first.

This latter procedure provides for a tighter fit. This

procedure for ACTS trun~ attachment is described as follows :

a) The latch hook is inserted into the appropriate slot in

the trunk  flange.
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‘1 b) The special tool shown in Figure 137a is inserted into

the hook and flange as shown in Figure l37b.

-

S 

C) The hook is then placed in to the correspon di ng
receptacle as shown in Figure 137c and the tool is used

to toraue the hook into o].ace.

d) The temporary pin is installed as shown in Figure 137c.
This pin should be flagged for visibility , to insure

removal before flight.

e) After all latches have been put in place , the ac tua tor
is reversed such that the bell cranks lock the latch

hooks in place.

f) The temporary pins are then removed .

H

It;
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Figure l3Jb Insertion of Latch

Figure 137c ‘-ch in ace With Temporary Pin

FIGURE 137 LATCH TOOL
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SECTION 7

GROUND TESTS

A series of ground tests were conducted at the GAF Avalon Field

facili ty. The tests were run by GAF under Contract to AFFDL.

AFFDL representatives were present for the majority of the
tests.

The major objective of these tests was to demonstrate safe ,
stabl. low speed taxi on both the ACRS and ACTS trunks. High

- 

- 

speed taxi tests were to be run at a later date and under a
separate contract. Specif ic  r esul ts tha t were to have been
obtained under this  in it ial con trac t are as fo l lo ws:

a. Checkout of the ACtS subsystems and components, namely:

Air  flow subsystem
Directional control subsystem
ACRS and ACTS trun ks

b. Demonstrat ion , inclu di ng movie f i l m , of safe , repeatable,

controllable taxi operation on both trunks and on various
surfaces. -

c. Ac quis i t ion  of data to determine performance and support the
analyses of Jindivik lift—off, touchdown , and slideout which

are an integral part of the flight preparation and flight

test plans.

The Boeing Company ’s role in the around tests was as a technical
consu l t an t .  The speci f ic  tasks were to. ana lyze  test r e s u l t s ,
t rouble shoot  problems th rough  system s imu la t i ons  and recommend
test pro cedures .
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7.1 GROUND TEST EVALUATION

As is usual In the development testing of a new aircraft system ,

several unexpected problems arose dur ing the course of the
ground tests. The ground tests were scheduled to have been run

in May and June 1975, but in fact continued intermittently

through calendar year l~ 76. The major problems encountered

during the testing were as fol lows :

a. ACRS t runk  design

During initial testing of the ACRS *2 trunk out of ground

effect, the trunk failed at a normal operating pressure (2

psig). The ACRS $3 trunk which was used for some subsecuent

testing, and wh ich is approx imately 1 foot shorter than the

ACRS $2 trunk, increases the pitch stability problem which

is discussed below. Use of a structurally improved ACRS *2
trunk design is recommended for any further testing .

b. ACTS t r u n k  design

The velcro attachmen t and release design was found to be
unsatisfactory in its ability to hold the leading edge under
all conditions. A positive retention/release system ,
similar to those discussed in Section 6, is recommended .
For a production vehicle , the positive system need only
extend around the leading edge of the ACTS trunk girt. For
a test vehicle , however, in which deceleration on the ACTS
trunk will occur, the positive system shpuld extend around
the whole g i r t .

c. Airflow system

As discussed in detail in Section 2, trumc and cushion
pressures were lower than originally predicted . The effect

of a low cushion pressure is to cause more load to be

212



5-55- — —-—-~~-‘5.—.-. -5~_•~•~- 
-•-v...--~ 5-— — —. —.-.~~ ---—.- —

~~~
-— — ~~~~~~~ -. .. —•-—--.—.• — —‘p.,—- -•.

~~- I _ _ _  - - - - -~~~~~ - --
, -

• - - -~~~~~~ -•- -  -~~~~~~ - -~~~~~~~

carried by the trunk , and hence to increase trunk drag .

This in turn can increase vehicle pitch and roll moments.

The effect of a lower trunk pressure is to reduce the

capability of the ACtS to react pitch and rolling moments.

Po ten t ial solu t ions to this  p ro b lem are  di scussed in Sec t ion
2. Redesign of the bleed port fitting and flexible ductirig

will achieve some improvement at modest cost. A major

improvement could be achieved , a t cons id era ble cos t , with an

al ternate center section on the Viper engine .

d. Pitch and roll stability

Problems were encountered with roll stability, and with

excessive forward pitching during deceleration . These
problems may disappear if the recommendations in the above

paragraohs are adopted , and correct procedures are used . It
H is possible that a drogue chute may be recuired to limit

forward pitching , and ensure d irec tional stabi l i ty, durinq
ACTS and ACRS deceleration .

e. Directional control

Some problems were encountered with vehicle directional
control. With the low trunk and cushion pressures
experienced during the tests, activation of the yaw thruster

tended to cause the vehicle to roll. This in turn increased
trunk drag and hence induced yaw moments opposing the yaw
thruster action. In some tests the vehicle roll, induced by
other factors as well as by the yaw thruster, caused wing
tip skid contact. The skids imparted sudden and substantial
yawing moments to the vehicle. This problem was
substantially alleviated by the addition of small wheels
with adjustable brakes to the tip skids.
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7.2 SUBSYSTEM EVALUATION

AIRFLOW SYSTEM

Initial tests of the Jindivik airflow distribution system at GAF
were run with the system Out of Ground Effect - (OGE) . The test
results showed that the performance of the airflow system was
substantially below prediction . Subsequently, leaks were
discovered at the joint between the girt and the aircraft , and
at the 0 ring of the trun k relief valve seal. These were

repaired and the tests were repeated . Additional tests were run

wi th the system In Ground Effect (ICE) and low speed taxi
conditions.

Considerable d i f f i c u l ty was encoun tere d in gett in g repea ta ble
and consistant data (mainly pressures ) in the a ir f l ow system
tests. As discussed in Section 2, it is believed that the dcive

(turbine inlet) pressures measured on ACRS $3 are in error.

All tests were run with the valves in the airflow system wide

open or fully closed . The only changes made to the system

durin g testing consisted of blocking off some of the holes in

the ACRS trunk and inserting restrictors in the supply l i n e  to
the trunk. Such changes increase cushion pressure and (in some

cases) trunk pressure too, but only at the expense of decreased
lubrica tion . The achievement of adecuate trunk pressure ,

cushion pressure  and t runk  flow are all  necessary to give
satisfactory ACRS and ACTS taxi performance. Based on test data
obtaincd at GAF, it does not appear that overall improvements

can be achieved by such means. If a new Viper center section
were to be installed , then it is probable that the overall

system per fo rmance  could be improved by modu la t in g  the valve in
the t runk  l ine , or alternatively inserting a fixed orifice .

This is discussed more fully in Section 2.
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THRUST VECTCR SYSTEM

The adeouacv of the thrust vector system h~~d ~~ asse~ 3 fr’~r

the testing carried out to date. No Qroble’n s were encour~ter-~d

in the  control systems for the thruster. The ~ro b - ?~ h scu s se d
in Section 7.]., namely trunk drag induced yaw moments ~p~os:~ c

the yaw thruster, is believed to be the result of the

unsa tisfactory per formance of the airflow system rather than tn~
thruster system .

ACTS AND ACTS TRUNK S

The major problems with the trunks were structural, as di scussed
above. The trunks exhibited good stability, with only minimal

flu tter. No other unwanted dynamic effects were observed . Two

ACRS trunk designs were tested . ACRS $3 was shortened from the

or i g ina l  desi gn to give the fl ex i b i l i ty to permi t launc hi ng
Jind ivik from the existing trolley system. This could be

desirable in the event that launching on the ACTS was not

possible for any reason . However , the decrease in pi tch
stiffness with the shortened trunk is significant , and thus the

or ig ina l  design is recommended .

7.3 TEST PROCEDURES

Details tests procedures for the low speed ground tests on the
ACRS and ACTS were developed , and are shown in Appendix C.
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SECTION 8 
)

CONCLUSIONS AND RECOMMENDATIONS

1. The ma jor activity in this phase of the development of

J i n d i v i k ACtS has been the r u n n i n g of a se r i es of g roun d
tests by GAF at their Avalon Field facility. The

difficulties in conducting developmental testing at a

location so remote from the AFFDL and its contractors are

self evident. The resulting communication problems , coupled
with the lack of adecuate travel fund authorization , have
been the major causes of the delays experienced in the past

eighteen months. Various options are available to avoid or

m i n i m i z e  these problems , as follows :

a. Conduct tow tests in the U.S., using a Jirtdivik shell

and w i th  a tow vehicle containing an a i r  source ,
electrical power system and data accuisition system.

This test r ig- would be used to obta in  basic i n f o r m a t i o n
on the airflow system , trunk drag , trunk stiffness and

damping , and the resulting vehicle dynamics .

b. Buy or lease the Jindivik test vehicle from GAP and run

low speed ground tests in the U.S. The test vehicle

should have sufficient instrumentation to obtain data as
in a. above.

c. Conduct further low speed ground tests at Avalon Field ,

with an experienced representative from AFFDL present
for the duration of the tests , and with adequate spares.

Regardless of the options listed above , it is recommended that
high speed taxi tests and flight tests should be monitored by
GAP because of the availability of experienced crews. It is
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recommended tha t  a crew t r a i n i n g  p lan be established by AF FD L
and GAF , and implemented by GAP, before high speed taxi and
flight tests.

2. The performance of the airflow system is marainal. More

test data are still required , but it appears that some

improvement could be gained by redesign of the bleed port
fitting and by replacement of the flexible ducting . A

significant~ improvement could be obtained by use of a V iper
engine with a M~ 522 center section . This latter change
would permit fan—on landings, and hence reduce the pitch
problems (discussed below) and give controllable brakin g .

3. No significant problems have been encountered with the yaw

thruster directional control system. During testing at GAF ,

outrigger wheels were fitted to the wing tips , with the

b ra kes linked electr ical ly to the heading gyro .  This
improved directional control during low trunk pressure (high

drag) conditions when the vehicle had a tendency to roll.

4. Structural problems were encountered with the ACRS trunk
design . It is believed that these problems have since been
resolved . The ACRS *2 design is p r e f e r a b l e  to ACRS *3
because of the increased pitch stiffness exhibited by ACRS
$2.

5. The ACTS trunk suffered from parking bladder leakage
problems, and from excessive wear in the front of the trunk
during deceleration . It is recommended that segmented
parking bladders be used , with a high pressure in the front
segments also that the wear strips in the front be extended
forward .

6. Trunk vibration is not a significant problem. Some flutter
has been observed , but the amplitude of the vibration is
acceptable.
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7. The ACTS retention/release system is unsatisfactory.

Retention capability is inadecuate under certain loading

cond itions, and release tends to be asymmetrical and is not

repeatable. A be].lcrank latching system , released by an

electrical linear actuator , is recommended .

8. The Jindivik is directionally unstable with the ACRS trunk
deployed even wi th the extended tail tested by GAP. It

should be noted that the wind tunnel data were obtained with
an ICE trunk shape , which is unrealistic. Further wind

tunnel tests should be run with an OGE trunk  of the la tes t
ACRS design. Two additional fin designs should be tested ,

namely a longer fin of 10.5 ft 2 , and f i n s  f i t t e d  to the t ips
of the horizontal tail. It should be noted that the

additional fin area will degrade the effectiveness of the
yaw t h r u s t e r .

9. Simulation studies show that with the baseline ACRS design ,

a large forward pitching moment occurs at touchdown .
Depending on the degree of damping , this induces a combinad
pitch—heave oscillation . It is recommended that initial
landings be on grass, to reduce the coefficient of friction.
Fan—on landings (see (2) above) might also help. Further
ground ~.esting is recuired to evaluate the magnitude of this
prc ’ -

10. Furthe~. simulations of touchdown and sl ideout , including the
elevators and associated control system , should be
conducted .

11. The ACTS has not been designed for braking from high speeds.

During deceleration the aircraft will pitch nose down , and
the air lubrica tion will not be effective on the forward
port ion of the t r u n k .  This may lead to the center of drag
being f o r w a r d  of the center  of gravity, and the vehicle will
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be directionaUy~~~stable. consecuentiy, a~~~ ogue lute  is 

-

)
recommended for  h igh  speed (gr ea t e r  than 20 to 30 kno t s )
ACTS ground tests.

/
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APPENDIX A

ECSS-X COMPUTER PROGRAM

- ~~~ ~~~~~T_..t .-
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PREC~D1NQ PAQ~ ML~AM1 
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The Environmen tal Control System Simulator — Extended Version

(Ref. 1) is a digital computer program which solves problems in

the steady—state performance analysis of any fluid flow system .

The program is arranged in a form allowing a series of system

components to be linked together to form a complete system. P

problem oriented languaae (POt) is used to describe the physical
components and control restraints on the system. A non—linear

ecuation solver (INW~) is used to solve the system for a given

set of boundary conditions by formulating it as a weight flow

balance of a flow network. By inserting tables of component

performance charac teristics , any type of componen t may be
included .

The program consists of three separate and distinct parts, each
of which is completely independent of the other , viz.,

o A special purpose precompiler which translates the input

configuration data into a Fortran program and subroutine .

o An equation solving algorithm based on the n—dimensional

Newton—Raphson method “INWT” .

o A set of subroutines simulating the performance

characteristics of physical system components .

The ECSS system has two executions. The first one is the
preprocessor phase during which the system definition cards are

— read in and operated upon to generate a Fortran main orogram and

a linkage subroutine required to represent the physical system .
The second phase is the execution of the generated program , the

reading in of tables, title cards , execution control cards and

solving the data case using a non—linear algebraic equation
solver. Operating subroutines simulating engineering components

are loaded from a library or magnetic tape . Ancillary user
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written I~ i r t r  an i hr rttne ’~ tiav .al- ’~-’ he jollied , t h - ’  ~‘ r ’ ~~ r .i ni

~‘e trig des t~~ned in an open—ended and m odula r mode .

The fol lowino tat-’le-~ ihow in~ ut~ to  the t-
~r o.irim for ~mt , - ,i

and ACTS simulations. Table ~— l ‘ hi ’w~ the ACRS ~V~~tc’m

lesc ript iori in PCI form. The a i rf lo w ‘~v~~t-em is i i~’ii ”d tnt - i’ ~wi’

sections , each started and terminated hy a ~FC card. Section 1

~oes trom the •nalno to the flow sp li t and thence t o  t h e  trunk.

Section 2 starts at the flow spl it and ooes to i-he cushion .

Each PCI card within a section results In a c a l l  i-c a subroutin e
which models a specific type of component, as described later.

For example, ENG model s an enoine , POR model s an enoine bleed

port , and so on. Parameter valu es can be included in each PCI

statement, or can he set (and chanQed for subsecuent c a s e s  I f

required ) as shown in Table A—i . The three SAC cards define the
input s to th. non—linear equation solver INWT in order to

balance out the system. In this case the three u n k n o w n s  a r e  t h e

bleed air flow rate Wi (SAC1I , the cushion pressure PCtISHG
-

~ (SA ~2) and the flow split PCT at the Y junction (SAC3) .
cuantities are varied in INWT In order to balance the system and

satisfy all th. boundary conditions.

Table A— 2 shows the input tables for the PCRS , as follows :

TAPRV Relief valv, charact eristic s , area versus

pressure.
TAPP ~~ Enain . bleed port ch a r a c t e r i s t i c s ,  corr e c ted f l o w

versus fract ional pressure drop .

ThBWTU Turbine flow ch a r a c t e r i s t i c s , .corr .cted flow

versus p r essure ratio .
TABD T Eng in e  compressor r e l a t i v e  t e m p e r a t u r e  r ise as a

function of engin, speed .
TARDP Engine compressor internal pressure ratio as a

function of engine speed .
TABTO? Fan flow as a function of d r i v e  p r e s s u r e  an d

cushion pressure,

4u 

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
_-

~~~ i. - — - -. A



~~~~~~~

SA C I ( R E ~~~ , 0 . , . l , e M L P ~ ,h M 4 * , w 1 , () . )
SACZ ( i ERC U, 0., .1,0., C. 90, PCUS~4C J• I
S.’.C3 (~~~~

.
~. , N T , .~~~~, S P M ( N ,S P’ I A X ,P C T, O. ~~

SE C I I PA M S, T A M8 , H AM 3 ,  ~~UI EN G t r or ,r~i~ op ,As~l,s pEEo
POR ( T . ~~~~~P(J )

~~~pi T l ( A h c ? F , 7 . O 7 )
L~~~~k DL l .5 9 , 7. 0 7~~

— L~~.B 1( .47~3,7.O7)
SPI_ (PCT, ?*,t4 ,~44,i4A )

LNkOZI. • 1 78, 7. Ofl
LNKVI ( L.,AVI)

- L~ k82(.0L5,7.U7)
I LNK6A(l.,7.07)

BAG ITA8SV ,ACUSH,AATM,CO,PCUSHG ,PAMB,~ ERR,~,LN)
- SECt (Pr)L,TDt,l’Ol,WDt )

SEC2 fP 4,TA,H4,1~A j
- - LNK D3(A$.,7.07)

- LNK VZ (1.,AVfl
LNKO4( AK.7.07)
TR~ (TABWTU,1’AôT0T,PCUSHG,PAMB ,TAM6,UT)
CUS (PCU$HH,FLQWl,WLN ,PCLJSHG,,sERCU )

SECZ (

p&M3zl4.7,TAM 51g.,~i~ MaaO.,AMN Q.,acuSHa2.418,aATMa2.4l8,CD.o.7,
$PEED= 0.4, PCUS~-iHa0,65,FLJwl*j4Q.

I MaO.4,
L I AL~ 4O,PC1a50,PCUSHG~0.30,

AVL~ 6.j5, AV2 6.15,
WMIN~ 2O.,WMAXa3l0.,SPM1N .O. ,SPMAXs6O.,
AX P F ~2.

Table A—i Ma in Program (ACRS)

-

~~ I
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READ T AdLE SS
TABRV 1. 4. 1.
0. 259.2 360. 1000.
0. 0. 2 1.6 2 1.6
tA~ PQ 1. 10. 1.

0. 76.5 101. 126. 143. 151. 158. 161. 163. L70.
0. .0476 .0909 .16*1 .2308 .285 7 .3333 .3750 .4444 .9
TABWTU 1. 13. 1.
1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90
2.00 2.50 10.00
0. .925 1.120 1.240 1.325 1.380 1.415 1.430 1.435 1.440
1.440 1.440 1.440
T A8D T 1. 11. 1.
0. .35 .40 .50 .60 .70 .80 .90 1.0 1.1
1.2
0. .08 .12 .17 .23 .31 .40 .50 .625 .775
.94
TA8OP 1. 11. 1.
0. .35 .40 .50 .60 .70 .80 .90 1.0 1.1
1.2
1. 1.19 1.26 1.415 1.660 2.000 2.564 3.100 3.800 4.400
5 • 00
TA8TOT 2. —24. — 19. 1. 1.
120. 110. 100. 90. 80. 70. 60. 55. 50. 45.
40. 35. 32.5 30. 27.5 25. 22.5 20. 17.5 15.
12.5 10. 7.5 5.0
15. 15.1 15.2 15.3 15.4 15.5 15.6 15.8 16. 16.2
16.4 16.6 17.2 17.7 18.2 18.7 19.7 22.7 25.7
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 1.2 1.33 1.68
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 

- 
0. 0. 0. 0. 0. 0. 0. 0.

0. 1.54 1.83 2.04
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
1.4 2 1.76 2.04 2.21
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 1.45
1.80 2.05 2.27 2.42
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 1.51 1.88
2.16 2.34 2.4$ 2.60
0. 0. 0. 0. 0. 0. ‘3. 0. 0. 0.
0. 0. 0. 0. 0. 0. .42 1.72 2.06 2.24
2.43 2.57 2.70 2.18

0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 1.60 1.92 2.15 2.3* 2.54
2.68 2.80 2.90 2.94
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 1.70 1.98 2.24 2.43 2.62 2.7* 2.89 3.01
3.11 3.19 3.24 3.25
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 2.16 2.41 2.58 2.73 2.88 3.01 3.13 3.23 3.33
3.42 3.50 3.5 1 3.52
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

Table A-2 Tabl e Inputs (ACRS)
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TA8LE A-2 (~ont.)

2 .36  2 .74  2 . 8 8  3 .02  3 . 1 3  3 .25  3 . 3 *  3. ’.7 3 . 5 5  3 .64
3.73 3 . 7 6  3.77 3 . 7 8
0. 0.  0.  0.  0. 0. 0.  0. 0 .  2.52
2.90 3.16 3.27 3.38 3.49 3.59 3 .o9 3.78 3.87 3 . 9o

4.02 4.03 4.0. 4.05
0.  0. 0. 0.  0. 0. 0 .  0. 2 .64  3 . C 4

3.32 3 . 5 3  3 .64  3 .74  3.83 3.92 4.01 4.09 4 . 1 3  4 .27
4.28 ~ .29 4. 30 4 . 3 1
0. 0. 0. 0. 0. 2.75 3.50 3.70 3.9C 4.C7
4.23 4.37 4.42 4.47 4.52 4.57 4.63 4.70 4.71 4.72
4.73 4.74 4 .75  4.76
0. 0. 0. 0. 3.0  3 .9  4.3 4.55 4.62 4. 75
4.88 5.0 5.06 5, 12 5.16 5.20 5.25 5.30 5.31 5.32
5.33 5.34 5.35 5.36
0. 0.0 2.0 3.65 4.20 4.60 4.90 5 .10  5,25  5 .40
5.5 5. 6 5.65 5 .7  5.71 5.72 5 . 7 3  5 .74  5.75 5 .76
5.77 5 .18  5 .7 9  5.80
0. 3.50 4.18 4.61 4.93 5.20 5.43 5.55 5. ob  5.75
5.85 5.94 5 .99 6.04 6 .05  6.06 6 .07  6.08 *.09 6.10
6.11 a.L2 0.13 6.14
4.9 5 .2  ,.45 5.70 5.90 6.10 6.28 6 . 3 8  6.45 6 . 5 5
6.63 b.65 6.67 6.69 6.71 6.73 6 .75  6.77 6.79 o . 8 1
o.83 6.85 6.87 6.89
7.40 7 .55  7.68 7.33 7. 95 8.07 8 .20  8 .25  8.30 8 . 3 2
8.34 8 .36  8.38 8.40 8.42 5.44 8.4* 8.46 8.SC 8.52
8.54 8.56 8.58 8.60
9.17 9.30 9.40 9.52 9.63 9. 75 9 .77 9.79 9 .81  ? .83
9 .85  9 .87  9.89 9.91 9.93 9. 95 9 .97  9.99 10.01 10.02
10.03 10.04 10.05 10.06
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Tables A—3 through A— 8 show component subroutines for the ACRS.
Subroutine ENG (Table A—3) calculates the engine internal total
pressures and temperatures , given the engine speed and vehicle
Mach number. Subroutine POR (Table A—4) calculated the engine
b leed por t pressure drop (~P/P) as a function of corrected flow
(W b

V
~~
/P). Subroutine LNX (Table A—5) calculates the pressure

drop in ducting sect ions , based on an input of the pressure drop

~ fac tor (K~~~ P/~ , where q is the dynamic head). Subroutine TRF
(Table A— 6) calculates the turbofan performance , based on steady
state performance maps input in tabular form. Subroutine BAG
(Table A—i) calculates the inflow and outflow characteristics of
the trunk , includ ing outflow to the cushion volum e and to

ambient through the holes in the ACRS trunk , and also the re l ief
valve flow. Subroutine CUS (Table A—8) calculates the flow

characteristics of cushion air under the trunk.

Table A— 9 shows the ACTS system description in POt form. The
majority of the componen t subroutines are identical to those for

the ACRS, and hence are not repeated. The turbo fan , trunk and
cushion subroutines are, however, slightly different , and are
shown in Tables A—l0 through —12 respectively.
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SU8R0UT t~ E ENG (TABOT, TA80P ,AMN ,$pEEQ~
C0MMCN/CURVAL/P,T,H,W/P~~4T/P RNT/t0/IO/N0MEN/N0MEN/DEGR EE/0~ G(3)
LOG !CAL Pi~N T

C CAL CULA TE TQ T.as.. PR ESSU R E AND TEM PERATURE AT ENGINE NL~ T
PTSP* L.+.2~ AMNsAMN 5*3~ 5
TT—T* ( 1...2*AMNSAMN ,)

C CALCULATE PRESSUR E A~’4D TEMPERATUR E AT EXIT FROM E1~GINE CCM PRE3S (~R
ENC SPEEO*SQRTI 519. /TT)
OTOT .TaLtTABo r,ENc,OEG,EERI
T•i Ts( t.40T0r1
PR.TBL ( TABOP ,ENC ,OEG,EER)
ps p T*PR
IF( PRNT 1 WRIT E( r0 ,q 9 qg )  A4aME N,P ,r, H ,w

9999 FO RMAT ( 14X ,ALO t 3X 2 H PT 5 X , o X Z HT T S X , a X U* s o x , 6x L H w / 2j X , 4 ( F 1 O . 4 , 3 X ) / )
RETURN
END

Table A-3 Engine Model
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SU~ ROU T1NE P~ M (TA~P0) 

— — 

)C TAb LE GLvE S ?Q~.T WCP
ZF (CQR~~ECTE O FL0.~)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
L O G I C A L  P R t I T
WCQRS.~.SQRfln/P
DPOP—T3L(T ~~ PU,wC 3R ,CEG ,IE~~)
PzP* (1.—O PQP)
IFIPRNT ) ~,RITE(!o,q99c) ~CME N,~ CUR,0PCP,~

9999 Ft. R.MAT ( ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
RETU RN
END

Table A-4 Bleed Port Model
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SU8RCUTINE LNK (AK.A)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
L O G I C A L  PR N T

C CAL CULATES PRESSUR E ORflP GIVE N ~ FAC TCR At-VU A REA
C MAC H NUM9ER IS F [.~ST CALCULATED , THEN L)Y ~iAMIC ii~ A C IS  O~ T~~~AIN (0 (~~)
C D P a K * Q

P~ A MAX LI P. .001)
G M .W * S Q R T( T ) / ( A* P* S Q G )
AM. TAM GM I GM

C AMaMA CH ~~UMbER
PSaP / ( L . -s .2*A M*AMI ** 3 .5
AQ P—P S
OP AK *40
P_ P—O P
IF(PR NT ) ~eRITE (IO,9999) NOME’~,P,T,M,DP

9999 FORMAT I l4X ,A 10~ 3X 2 H PT5X ,6X2H T1 5X ,6XLH ~ 6 X , o X 2 HOP/ 2 1X ,4 ( I~
1 O . , , 3 X 1 / )

R E T U R N
END

Table A—5 Duct-Ing Element Model

I
-I
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SUBROUT INE TRFITA8.~TU,TABTOT,PCUSHL,,PAM8,T.%~’8,WT)• CoMNoN /CURVAL /P ,T,M,~~/p RNT/ p RNT /LO / IO /N CMEN /NoM EN/ OEGa EE / oEGL 3 )
DIMENSION 5 (2)
LOGICAL PRN T

C PU RPOSE — CALCU LA TES THE PERFORMANCE OF AN A CLS TUR8O—F4~ US INi
C PERFOR MANC E MAPS
C CALCULATE TURBINE FLOW

PCUSHAZPAMB.PCUSHG
PCUSHA~~A 9AXL (PCU SHA,.O 01)
PRT a P / PCUSHA
W TCO RaT8 L ( T 48W T U .P~~T ,D E G , I E R )
W T . w T C O R* L .5 ~ S P / S0~. T I T )

C t . 5 5 S S Q RT ( 5 1 9 ) / 14 .7  W T IS  IN L B/SEC
C W T ES CALCULATED VA LUE CF TURBINE FLOW

S(2 ) ’ P
SI 1)a144. *PCUSHG
W T BL I T A B T O T , S , O E G , I E R I

C W IS TOT A L FLO W FROM TUR B OFAN
I F (W . L E .W T ) GO TO tO
I F(W.E Q .0 . ) GO TO 10

C W IT H W .LT .WT , WE HAVE REVER SE FLOW THROUGH F A N .  HENC E CUTLU

C TEMP • PILET TEMP
T.TA M6,.~T* t T — T A M B ) / W

10 P~ PCUS HA
C COR R EC T FLOW TO LB/M E N

W_ W * 6 O .
WT .W T*6Q .
IF( PRNT -) WR I TEl ID ,9999) MOME N ,PCUSeIA , PCUSHG ~T ,h, Wi

9999 FO RMAT ( 14 X , A 1 0 ,3 X 2 H P A 5 X , Ô X 2 H P G S X , Ô X 2 HT T 5 X , 6 X LHs6X,0 X4HwT UR3X/
1 2 1X ,5 ( F 1 0 .4 ,3 X )/ 3
R ETURN
END

Table A-6 Turbofan Model (ACRS )

(1
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SU8ROUTINE G (TAáRV ,AC L SH ,AA TM ,CO,PCUS ,,PAM ~~,lt RN ,.,l.’1)
COMMON /CURVAL /P , T , H ,W/ PRNT/PMNT/ I j/IC/NCMEN/ EN/S~~G G / ~~.
CUMM ON /OE GR EE /D EG ( 3)
L O G I CA L  PQ’1 T

C CALCULA TES JUTFLO~ FR’JM TRUNK
C OUTFLO W GOES INTO CUSHION CA V ITY , IC AMBIENT, AND THRCU~ H R E L I E F  V A L ’~
C A I N ~ FLC W A R E A  I N T O  C U S H I C N
C ACUTa FLOW A)~EA T~ A M 8 IE ’ 4 T
C ARE L~ CA L C U L A T E D  ~ EL IEF V A L V E  A R E A

AIN.CD*ACUSH
AO UT .CD* 4A T M
PCUS HA ~P C US HG s-P 4 Mb
T.A MAX L I T ,  30O.~

C CALCULATE REL ZEF • FLO W
PREL L44.*tP—PAM B )
IF (PREL .LE.259.2) GO TO 2
AREL .TbLITABRV .PREL ,OEG,IER)
AR EL sA P EL S O
WREL .CNFLO~* P , T ,  PA M B, AR EL ,CCR
GO TO 5

2 WR EL .O .
5 C O N T I N U E

IFLPCUSHA.GE .P )GO 10 10
WINsCNFLOW (P ,T,PCUSHA ,AIN,CCR)
GO TO 20

10 W INa P—PCUSHA
20 LFEPAM8.GE.P)GO TO 30

WOUT .CNFLOW (P ,T ,PAM 8 ,AOUT ,CCI~)
GO 10 40

30 WOUT .P—PAM B
40 w TR UNK aWIN s -~OU T ,WR EL

C W ER R IS TRUNK INFLOW — TR UNK OUT FLOW (SO. AT STEACY S T A T E )
W ERRaW—WIR U NK
IF ( PRNT - )  WR IT EI IQ ,9999 )  NOM E N,P ,T ,s ,W T RL.NK ,WIM , . i CUI

9999 FQR~4A TI t 4 X ,A L O , 3 X 2 H PT 5 X ,6X 2 H T T 5X , 6* l H v ,6 X , 6 X 6 M_ T R U k 1 K t X ,o X 3 H .I~~4X ,
l6* 4 HWO UT/ 2 1X,b I F  10. 4, 3X ) / )

RETURN
END

Table A-i Think Model (ACRS )
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S U B RC U F  INE C U S (  PC U SH H  ,FLO ~~~~ L , .di N ,PCI.JSHG ,~~ERCU)
COMM ON /CURV A L /P ,T,H ,.~/PRN T /PRM T/ [O /IO/NCMEN /F4 C~~EN /D E GREE /OE C (3)
L O G I C A L  PRIIT

C CALCULATES OUTFL Q~ FRO M CUSH ION. INF L.OWsCUSHICN FLCm . PART •jF
C TRUN K FLO W
C PCUS HG IS VARIED IN SAC CARD UNTIL INFLC,,sCALCULATEC CUTFLOii
C PCUSHH IS CUSHION PRESSURE AT WHICH VEHICLE GOES INTO HOVER
C FLOW ) IS COR RESPO N DING FLOW

TaAMAXL (T , 300.)
DUM AMA X1. (PCUSHG/PC USHH ,0.)
WOUTsFLO.~L*SCRT (DUM )
I Fl PCU 5 HG.GT .PCU5?i~1 )W O U T a FL O W I+  5000. * ( PCUS HG—PCUSHH )
W~~W+h IN
WER CU—W -~CUT
IF (PRN T)W? I TEItO,9999)NGMEN ,W ,W CUT ,PCUSHG

9999 FORMA TI t4X ,A10 ,3XLHW 6X ,6X4HWOUT3 X ,6Xt~HPCUSHG /2LX ,3 IFL0. 4,3X )/ )
RETUR N
END

Table A—8 Cushion Model (ACRS)

I
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S A C L  (
~~L , W T , . 1 , 0 . , 2 4 O . , w 1 , O . )

SAC3 (IERR,O.,.L, 14.7,2Q.,PTR UNK,0.I
SAC 3 (AE ~ CU ,U. ,.t,Q .,L.3~ ,PCUSHG ,Q.3

SEC) (PAMB,TAMB, HAMB,41)
ENG (T ABO T,TAbDP ,AMN ,SPEEO )
POR (T ABPO )
LMKT1 (-AKPF,7.07)
LNKDL (.59,7.07)
LNKBL( .478, 7.07)
LNKD 3( .4 ,7 . - )7 )
LNKV2 ( L.,AV2 )
LNKD4( • 4, 7.0 7)
TRF (TA8WTU,TA8TOT ~ PTRUNK,P4MB,TAN6,WT)
BAG (ACUSH,AATM,CD .PCUSHG,PAMB,..IN,WERR3
CUS IPCUS HH ,FLOW L ,WIM ,PCU SHG,sER CU3
SEC) C 3

PAMBzI.4.7,T AMB s5I9. ,HAM 3sO. , AMNsO .,
ACIJSHs57 .73 , 4ATMs28 .84 ,CD .0.8,
AV 2só. L5 ,PCUS H( a0 .2 .PTRU NKs I5 .0,
PCU SH H~ 0.7 ,FL3W ]sL5O.b ,
AKPF~~2.

Tabl e A -9 Main Program (ACTS)
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• • )SUB R O U T I N E  T~~F ( T A ~~w T ( 1,T T Q T , P T ~~IJN~~,~~~. ’~ ~~~~~~~~~
C PURPOSE — CA L C U L A T E S  TH~ PE~~FO~~-1ANC E CF .~N MCLS TU~~5C’ —F~~ 1 U S I N G
C PERFO R MA NC E -~4 P S

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
D I ME N S L t J N  S ( fl
LOGICAL PRNT

C C A L CL LA T E  TUR~~~~~INE F LO W

C PTRUNI’. IS IN P S EA
P T R U N K~~4M A X 1 t P T R UN~

( ,.OO))
PR T’ P/ PT I~ 1JNK
W TCQR ZTBLt TA3 ,~TU,PR T,CEG,IE R~
WTsWTCOR*L .55*P/5~ST ( I)

C WI IS CAL CULATED VALUE CF TURBINE FLO~S(2)ZP
S( L )~~L44.*(PTRUNK— PAM 6 )
WaTBL( IABTO T,S,OEG, £E R~)C w 15 T O T A L  F L O W F R O M TUR B O F A N
I F ( W . L E . t T ) GQ TO 10
IF(~~.EQ.O.)GO TO 10
T~ TAM~3+,,T*( T—T4MBI/~

tO PSPTRUNK
C COR RECT FLOW TO L~~/M IN

W SW * 6 O .
W T s W T *  00.
IFI PRNT ) ITEC 10 , 9999 ) NOMFN , PTR UNK, 1, hr

9999 FORMATM4X p ALO ,3X2.’IPT5X,ÔXZHTT5X ,b (LHAO X ,oX4HiTUR/
I ZIX,4(FLO.4,3X1/J
RETURN
END

Table A—b Turbofan Model (ACTS)
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SUBROUTINE 3AG (ACUSH ,AATM ,CD,PCUSHG ,PAMB,~~IM,~~E~~R)
CUMMON/CURV4L/P,T,H,w/PRNT/PRNT/IQ/1O/.\CMEN/NOMEN/SQGGJR/S-~G
CCMMGN/OEGREE/DEG(3
LOGICAL PPNT

C CALCUL ATE S OUTFLOW FRCM TRUNK
C ACTS TR UCK HAS NC RELIEF VALVE
C A IN~ FLO W AR EA INTO CUS~1IO NC AUUTa FLOW AR EA TO AMb IENT

AINsCD*ACUSH
AOUTSCD*AATM
P CU S HA ap CU SHG+P A MB
T~ AMAX )(T,3OO. )
IF (PCUS HA .GE .P GO 10 10
WINsCNFLOW (P,T,PCUSHA ,AIN,CCR)
GO TO 20

10 WINzP—PCUSHA
20 IF (PAMB .GE.P)GO TO 30

WOUT~ CNFLQW (P,T,PAM8,AOUT,CCR)GU TO 4O
30 WOUTaP—PAMB
40 WIRUNKSWLN+WOUT

• C WERR IS TRUNK INFLO W — TR UNK OUTFLOW (s O.  AT STEADY STATE)
WERRaW—WTRUNK
IFlPRNT )WRITE (IO,9999)NOMEN,~~,T,WiN,WCUT

9999 FORMAT ( )4X,A1O, 3XZHPT5X,bX2HTT5X,bX3HWZN4X ,bX4HWCtJT/
1 ZIX ,4(FL0.4,3X)/)

RETURN
END

Tabl e A—l i Trunk Model (ACTS )
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SUt~ROU TI~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~C A NA L YS i S OF CUSHZUi~ C 4v 1 T Y ~~~~~ ~t T S  ~2~~ L Y
C PCUSI-4tJ IS ~A R IE Q I -’~ SA~ cA ~~O UNT IL I NF- LL~~= L-~LCUL~ T LU ~uT~~L- ;~
C PCuSp*i IS Cu SH LCN E s S U ~ - - ~ T ~ -4ft ’-i v~~4 I L L E  2E .~ I’~T t )  1~V E ’ ~
C FLO#I )

~ [S ~OR~~ESPO ’~OIN~ i-LJ~
COM MO N/ C UP~V A L / P  , ~~~ ,~~~ /p~~~r~ T ,’~’~~ N 1/UI ~/ ‘,C:~~~N / N ~~~~E\ . - ) E~~~~i ~ / ~~b ,I 3
L O G I C A L i ) R ’~~
T~ AMAx 1 r, 3 00 .)
OUM aAMAX II ?CUSk~~/PC USl~H ,J.)
WOUT .FLOWI*SL~RT( CUM I
IF P CUS H G .~~~~ T . PC U S H H) $ O U T. F L O W 1 + 5O O O O .* (~~~~C US H G- P C U SH~~~~~

W~ W IN
WERCUsw—WO LJ T
IF (PRNT )ha~.ITE ( IO,9999)NOMEN,W,.wCUT,PCLSHG

9999 FQRMAT ( L .X .4[0,3XjNw6X,~~x4MWQUT3~~,o Hp St~G/ x, 3lF13.4,,~~)/)
RE TURN
EN 0

Table A— U Ci.~ hion Model (ACTS )
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APPENDIX B

6 DEGREE OF FREEDOM ACLS COMPUTER MODEL
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The evaluation of the dynamic pe r formance of an ACLS requ i r e s
the simulation of the overall aircraft, includ ing aerodynamic

and engine induced forces and moments. The simulation of the
Jindivik ACRS has been conducted using the Boeing ACtS 6 DC?

Computer Program (Reference 14). Figure B—i shows the overall

structure of this prog ram. It utilizes a generalized 6 DOF

program (Reference 15), to which are added the unique modules
necessary for simulating the components of the ACRS. The method

of analysis used~ for these modules is discussed below :

ACRS TRUNK MODEL

The ACRS trunk provides four functions in supporting an

a ircraf t:

a) Acts as a skirt for the cushion air
b) Atten uates landing impact
C) Prov ides roll and pitch stability

d) Serves as a brake when cushion air pressure is lowered

In order to develop a realistic trunk model , movie films of the
ACRS Jindivik drop tests were viewed and frames of the film were

enlarged . The trunk shape before the drop is shown in Figure
B—2 (a). The moment of initial ground contact is shown in Figure

B— 2(b). The trunk shape at the half way point between initial

ground contact and maximum compression is shown in Figure
B—2(c) , and the shape for maximum compression is shown in Figure
B—2(d). An overlay of the trunk shape profiles is shown in
Figure B—3. Assuming a camera speed of 24 frames per second ,

the times of the frames from release are shown on the profiles.
It can be. seen tha t the side portions of the trunk show
significant upward and outward motion during compression . The
forward portion , and likewise the aft portion of the trunk , are
restrained from movin g upwar d because of the a i rcraf t fuselage ,
and are also res tra ined from mov ing ou twar d because of the lar ge
hoop stresses which develop in the horizontal curvatures.
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Several trun k models have already been developed . The
Fos t e r—Mi l l e r  model of Reference 16 (since modified ) assumed a

~frozen trunk shape as shown in Figure B—4. Comparison of the

frozen model with the drop test shapes of Figures 8—2 and B—3
show the model to be unrealistic for this application. For a
given trunk stroke the frozen trunk shape model would yield a
greater change in volume , which produces a greater change in air
pressure, P~. also, the flattened area A t, or foot print, will
be larger than reality . Since the reacted vertical load of the
trunk is PtA t, the load error is amplified . This also produces
errors in the trunk pitch stiffness and roil stiffness, as well

as in the degree of braking which is given by 
~~~

The Bell model (Reference 17) allows for the effect of hoop
tension by adding a simulated spring at each section to restrain
outer motion , with the spring constants being required inputs to
the model. An iterative calculation is required at each time
step.

The Digges model of Reference 18 calculates the shape of a two
dimensional loaded inelas tic trunk using an iterative procedure.
The model is appropriate for the side elements of a trunk , but

not for the forward and aft elements where hoop tension effects

are signficant.

The selected method utilizes a quasi steady state parametric
approach to minimize computer time. The trunk is divided into
elements as shown in Figure B—5(a). The two dimensional side
element shape parameters for the loaded condition are shown in
Figure 8—5(c). The Digges program is used to calculate the
parametric data for the side elements. The cross sectional area
(CA t), the width of the flattened area (‘If) and the lateral

distance from the inwer attachment point to the center of the

flattened area are shown plotted In Figures 8—6 , —7 , and —8

as a funrtion of pressure ratio Pa/Pt and stroke ratio Z0/Z01 . Z~,
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is the vertical distance between the lower attachment point and

the lowermos t poin t of the f ree  shape at a pressur e ra tio of
zero , and is the ver t ical d istance between th e lower
attachment point and the lowermost point of the trunk . The

volume of a side trunk element is given by the product of the
cross sectional area (CAt) and the length .~x.

The shape of the forward and aft elements is assumed to be
restricted by horizontal hoop stress. These segments are
assumed to take the shape of a flattened cylinder as shown in

Figure 8—5(b). For an inelastic bay , the circumference is

constan t and thus :

‘D. 2Yf +-r (0. — S.)
1. 1 1.

The flattened width of the ith element is then:

y a T S  8.2
fi ~~~~

The foot print area of the element is then :

A f~ — ‘If ~Xj B.3

where is the mean length of the ith element. The cross
sect ional area ot the element is given by:

2CA — ‘I (D — S ) + fl (0 — S . )  8 . 4f1 i i ~ i 1

substituting Eauation 8.2 into 9.4 and combining terms yields:

CA — ~~ (D~~ — S
i

2
)
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The volume of the ith element is then:

~~ 
(D ~~~~ - S

f

2
) 

~~~~~~ 

B . 6

The total trunk volume is then obtained by summing the volumes

of both side and fore and aft elements, giving :

Vt ~~~ 
V~ B.7

AIR CUSHI ON VOLUME

Since it is assumed tha t la teral mo t ion only takes place in th e
side elemen ts, the cushion volume is primarily a function of

side element shapes. Figure B—9 depicts the cushion volume
geometry.

An approxima tion of the trunk element radius is:

— (1 + Pc/Pt) ~~O~
’
~~~

td 8.8

where r is the out of ground effect radius . Thethord length

is given by:

1/2
c — [(‘Ic 

— ‘If ) 2 + (Z
t 

— S
i

)
2 ]

The angle subtending the d~ rd is:

• 2SIN ’(C/2r 1) 8.10

the area of the sector shown shaded in Figure B— 9 is then :
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Finally the cushion cross sectional area skirted by each side

elemen t is:

A - — S~ )(Y + 

~ ~
‘IC~ 

4) )  - 
B .l2

The cushion volume skirted by each element is:

Vc A - - 8.13

The total cushion volume is then:

n
V • 

E 
V B.l4

c i—i Cj

ACtS TRUNK AND AIR BAG SKID DI SPLACEMENTS

Trunk or air bag element displacements due to ground contact are

evaluated ~s follows: The aircraft and runway coordinate

systems are shown in Figure B—b . The lowermost point of each

trunk element in the out of ground effect shape is input in the

form of a subscripted data array (X~ ‘ ‘ Z
t
). The X and ‘I

coordinates are rela tive to the airc~ aft ~en te~ of gravity and

the Z coordinates are relative to the element lower attachment

point. Referring to Figure 8—9 , an array of element stroke

ratios is defined as:

(Z 0/Z~~)~ — (Z t — S j ) / Z t 8.15
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where the stroke a r r ay  S~ is genera ted by posi t ive va lues  of

S~~.2 , i - z  — X t SIN O + Yt SIN
~~

— Z  B.16
a~~. —

where Z is the distance between the center of gravity and the
ground . Separate arrays are generated for the left and right
side of the aircraf t. The right side array is generated with a

plus sign on the fourth term of the above equation , and

conversely the left side wi th a negative sign.

A negative value from Eauation B .16 indicates that the trunk

elemen t is no t in con tact wi th the ground . This condition may
correspond to the trunk element being in the hover condtion . In

the hover condition , cushion air is flowing out under the trunk

element, and the gap height under each element is calculated

first by obtaining the hover stroke ratio as a function of

by interpolation from Figure B—il. This curve is obtained from

Figure 8—8 by cross plotting Z0/Z~, versus for ‘If equal to
zero. The extension for each trunk element is given by:

Z — (Z0/Z~)~ Z~ B.l7oi i

Thus, an array of trun k element gap cross sectional areas may be

summed :

— 

Ag — 

~~~ 

(Z~~ — — Sj) Az~ B.l 8

Direct Bleed Air and Turbo Fans

The ACLS Jindivik air flow systems are shown in Section 2.0,

Figures 1 and 2. There are three distinct modes of operation .

1) Referring to Figure 1, the ACTS air supply system operates
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with valve (2) open and valve (1) closed such that the

turbo fan supplies air to the trunk. The air flows out of

the trunk through peripheral jets , lubricating the

trunk—ground interface . The cushion volume is pressurized

from the peripheral jets.

2 )  The ACRS system in the recovery mode operates with valve

(2 )  closed and valve (1) open such that the fan is bypassed

and the trunk is inflated by direct bleed air. The air

flows out of the trunk through peripheral jets on the
forward third of the trunk, which serves to place the
center of frictional drag aft and thus produce directional
stability . During touchdown impact attenuation , the trunk

air pressure is relieved through a relief valve . Air
entering the cushion volume from the frontal peripheral

jets is vented through the turbofan such that there is no
buildup of cushion pressure during slideout braking . Rapid

compression of the cushion volume during the touchdown
impac t, however , will result in a cushion pressure buildup
which assists the attenuation .

3) The ACBS system in the taxi mode operates with both valves
open. The trunk is supplied with direct bleed air and the
cush ion air is supplied by the turbofan .

The three modes of operation were simulated with ECSS—X compu ter
program , as described in Appendix A. Parametric data was
produced for the 6 DOF quasi steady State treatment of the air
supply system. The air supply rates as a function of engine RPM
and trunk or cushion pressure are shown in Figures 8—12 through
B—is. The quasi—steady state treatment of dynamic air flow
systems assumes that the dynamic effects associated with air
inflow and ou tflow from the trunk and cushion are insign i f i can t

compared with the volume capacitance effects of the trunk and
cushion . For fan off operation , a comparison of the time

constants associated with the supply ducts to those associated
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with the trunk and cushion shows that this is justified . The

results presented in the document are all for this fan off case.

For fan on operation , the stall dynamics of the turbofan could

- ~- 
be s ign i f i cant and should be included once the stall
characteristics of the fan are known .

Relief Valve

The Jindivik ACRS system relief valve area and assumed
hysteresis versus trunk pressure are shown in Figure B—l6. The
relief valve flow rate is given by the standard orifice flow
equation:

1/2

~~~
A rei [2a ~~~~~ 

— P amb )]  
B . l 9

where CD was assumed to equal 0.9.

Cushion Gap Ai r  Plow Rate

The cushion air gap flow model is depicted in Figure 8-17. The

size of the air gap is evaluated as previously discussed . It is

assumed that the peripheral air jets on the cushion side of the
ground tangent plane exit to the cushion volume. The cushion
inward air flow ra te is then given by:

a 

~~ ~c)]~~~~D0 ~~~ ~
m~~ j0 

+ 

~~~

where A j is the jet area in the non—flattened region of the
oi

ith trunk element, A j is the jet area in the flattened region
- :

of the ith trunk element , and f is a flow distribu tion factor .m i
If the trunk element is in the hover condition , f is assumed

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - 
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to be 0.6 .  If the trunk elemen t is flattened , f,~ is set at
i

0 . 5 .  C
0 

and C
0 

are the di schar ge coe f f i c i en ts of the jets in
0 f

the open and flattened reciors , and are assumed to be 0.6 and

0.2 respectively.

In the same manner, the air flow rate on the atnios~ h er i c  si de of
the trunk tangent plane is given by:

a 

~~~~~~~ ~~~~~ 
— )j l/2 

t~~ D
0 

E — 
~mj) 

A~ + 

~~~ 
~~l

A
if.J

The ~er io heral  ~et f lo w area calcul at ion u til i zes a l i n e a r  f l o w
area densi ty constant A. /t- ., where A . is the to tal or if i ce  ar ea

-~~

for the ith element and is the lateral width of the

perforated area. The total jet orifice area open on the i t h
elemen t is g iven by :

8 22
~ r~~ 

it - i — Y
f

) ( L ~~~~~~Y
f

)

where Yf is the flattened width of the trunk. The total jet

orifice area in the flattened region of the ith element is:

A
i f 

A~ — B . 2 3

ACtS AIR BAG FORCES AND MOMENT S

The method M modeling ACtS system forces and moments is shown

in the schematic of Figure 8—18. The elemental bag shape model

as discussed previously Droduces the flattened area of each

segment depending on the height and attitude of the aircraft.
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The foot print force for each element on the riaht side is~

F - A  p P.24t
i

and for  the left side

F1 • A f 
p 9.25

i p it 
t

The total body component acting on the aircraft along the axis
Is:

F • COS~ COS D 

~~ 
+ F1 )

The total axial and lateral components of trunk drag or brakin g

are:

— —COS (~~+c)  E U
1

(F  + P . 27

rd • — StN(~ +~) U 1 (f ~ 
) a.28

y i—i I I

where (~+~) is the ground side slip angle. The coefficient of
fr iction u Is subscripted to allow for difference in friction

due to air lubrication .

Th. pitch and roll moments induced by trunk drag and trunk foot
lI print forces an, given by:

n

N • r z + cos e X (~ + ? ) 9.29
y d

~ 
eg 

~~~~ 
t 1 r 1

n

N - F  2 + COS b E Y (F — P  ) 8.30
x d~ cg j.

~ 
t 1 i~ r 1
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The yaw moment  induced by t r u n k  d rac  is at v en  by:

- CCS (~,+~ ) ~A j (F ~ - F l ) Y t B .3 1

+ StN (~ +’~ ) u~~(F + F ) X
& r i i i t i

AERODYNAM ICS

The 6 DOF computer pro gram which  serves as the basis of the ACtS

Simulation Program has built—in aerodynamic modules . Standard

ecuations are used and expressed in Fortran statements by the

user in a subroutine reserved for aerodynamic modeling . The

aerodynam ic draa is:

Fd — C~qS 8.32

The aerodynamic lift is:

• C~ q~S 8.33

The aerodynamic side force is:

F5 • C~qS 
8.34

The aerodynamic yaw moment is:

N5 • C~gSb 8.35

The aerodynamic pitch moment is:

My • C~~SC 8.36
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The aerod ynamic roll moment is:

M C .q5b 8.37x

where S is the wing reference area, b is the reference wing span
and c is the mean aerodynamic~~ord. The corresponding
aerodynamic coefficients assumed for simulation are shown in

Figures 8—1.9 through B—24 , and were obtained from Reference 11.

The primary contribution to aerodynamic pitch damping for a
straight wing aircraft, such as the Jindivik , is due to the

tail. The pitch damping moment caused by a pitch rate is:

dCm c B.38
dq Cm ~~

where q, c and V ~re respectivel y the pitch rate , mean

aerodynamic chord , and the aircraft air veloc ity. The damping
coefficient due to the tail is given by (Reference 19):

X~ B.39Cm •—2Ct ~~H
VH

The dynamic pressure pressure ra tio for the hor izontal tail
may be assumed to be in the range ;

0.9 ( 1.0

is the distance between the tail and the aircraft center of

gravi ty. The horizontal tail volume coefficient is given by:
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R H
H CS

or P.40

v • ~~~~ (14.6)H (4) (76)

The Jindivjk tail asoect ratio is 3.3, the sweep anq.e \ is
zero, and thus, using ista from Reference 19,
.061/degree for low Mach numbers and an efficiency 0fH 1• From
Equation B.30: 

-

Cm — —2 (0.061) (0.9) (0.47)2j! — —0.127/deg .

The damping contribut ion from the tail is • rovided by !cuation
8.38:

— —0.12 7 • 
0 .254  sec 2/f t — d e q
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TEST PROCEDURF~

ACRS System Tests

A. OUT OF GROUND EFFECT

1. Trunk Pressure Proof Test to 3.0 osig
2. Bleed Port Static Pressure Chec k

Both Valves Closed (no air flow)
Engine speed 40%
Engine speed 50%
Eng ine speed 60%

Pressure not to exceed allowable pressure in
flexible ducts

3. Landing approach Conditions
Fan Valve Closed
Engine speed 40%

• Eng ine speed 45 %
Engine speed 50%

RECORD: Trunk pressure , bleed port pressure,
and relief valve opening

4. ACRS Fan
Both valves fully open
Eng ine speed 40%
Engine weed 50%
Engine speed 60%

RECORD : Trunk pressure , bleed port oressure ,
turbine inlet p ressur e, fan speed ,
relief valve opening

B. IN GROUND EFFECT (Tethered )

1. Landing Slideout Conditions
Fart valve closed
Engine speed 40%
Engine speed 45%
Engine speed 50%

RECORD : Trunk and cushion Pressures, bleed port
pressure and relief valve opening

2. Taxi Cond itions
Both valves fully open
Engine speed 40%
Engine speed 50%
Engine speed 60%

RECORD : Trunk and cushion oressure , bleed oort
pressure, turbine inlet pressure , fan
speed , relief valve opening
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3. Drop Tests (Landtr ~a Impact)Fan valve closer
Engine speed 40%

sink speed s 4, 6, 8 ft/sec
Engine speed 45%

sink speed s 4. 6, 8 ft/sec
Enqine speed 50%

sin k steeds 4 , 6, 8 ft/sec

RECORD : Trunk and cushion pressure , bleed port
pressure , rel ief valve opening

4. Drop Tests (Taxi Dynamics)
Bot~ valves open
Engine speed s ink speed

50% 1 ft/sec
50% 2 ft/sec
60% 1 ft/sec
60% 2 ft/sec

RECORD : Trunk and cushion cressure , bleed port
pr e s s u r e ,  tur bine inlet pressure , fan
speed , relief valve opening

C. TAXI TESTS

1. Trunk Drac (Breakaway Tests)
Both valves open
Slowly increase engine speed to breakaway on:

dry runway
we t runway
grass
soil

RECORD: Engine steed at breakaway trunk and
cushion p ressure , bleed port pressure,
tur b ine i n l e t pre s su re , fan speed , relie f
valve opening

2. Trunk Drag (Steady State Velocity)
After breakaway backoff slowly on throttle and
attempt to maintain velocity 5 to 10 knots on:

dry runway
wet runway
grass
soil
Repeat at a velocity of 30—40 knots

RECORD: Engine speed , trunk and cushion pressure ,
b leed port pressure , turbine inlet
pressure, fan speed , valve opening

3. Batsman Control
With the aircraft at a steady state velocity of 10 to 20
knots, the batsman will test the response of the thrust
vector control system by negotiating an “S” shape man-
euver about the rur.way cen terl ine, with an amplitude ~f
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5 to 10 feet. The di s tance re qu i r e d  to o e r f o r m  thi 3
maneuver should be measured . This test should be ocr—
formed first with no wind , and then with a side wind of
10 to 15 knots. In the side wind condition , as
discussed ii~ paraaraoh 6.3.8 of Reference 10 , the
aircraf t will respond rapidly to a yaw maneuver into the
side wind and sluaqishly to a command to yaw out of the

• side wind . The Batsman should gain a good feel for th~
resoonse of the thrust vector control system in these
cond itions . The above tests should be repeated at a
vehicle veloci ty of 20 to 25 knots.

RECORD: Distance required to perform “S” man euver
and the yaw gyro~ reference time history.4. Braking Tests

Both valves initially open
Release tether with engine RPM at 70%
Accelera te to test veloc ity (see below)
Turn fan valve o f f
Back throttle off to engine idle (40% RPM )
Test Veloc ity 20 Knots
Test Velocity 30 Knots
Test Veloci ty 40 Kno ts
Test Velocity 50 Knots
Test Veloc ity 60 Knots
Test Veloc ity 70 Knots

RECORD : Pccelera tion and deceleration distances ,
trunk and cushion pressure , bleed
pressure , aircraft pitch time history.

D. OUT 0? GROUN D EFFECT

1. Parking Bladder Proof Test
3.0 psi

2. Fan Tests
Engine Speed 40% RPM
Engine Speed 50% RPM
Engine Speed 60% RPM
Engine Speed 70% RPM
Engine Speed 80% RPM
Engine Speed 87% RPM

RECORD : Trunk pressure, bleed port pressure ,
turb ine  inlet  pressure , fan speed .

E. IN GROUND EFFECT (Tethered)
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1. Fan Tests
En~ ine So ed 40% RPM
Engine Speed 50% RPM
Engine Speed 60% RPM
Engine Speed 70% RPM
Enain. Sneed 80% pp M
Engine Speed 87% RPM

RECORD : Trunk pressure and cushi on p ressure ,
bleed oort pressure, turbine inlet
pressure, f an  speed .

F. TAXI TESTS

Release tether with engine RPM at 87%
Accelerate to test velocity (see below )
Release drogue chute
Back throttle slowly to 50% RPM

Test Velocity 10 Knots
Test Veloc i ty 20 Knots
Test Velocity 30 Knots
Test Veloc i ty 40 Knots
Test Velocity 30 Knots
Test Veloc i ty 60 Knots
Test Velocity 70 Knots

RECORD: Time to accelerate to test velocity,
trunk and cushion pressure, fan speed ,
bleed port pressur e , a ircraft pitch
t ime history.
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APPENDIX 0

EVALUATION OF YAW THRUSTER CAPABILITY TO

MAINTAIN DIRECTIONAL STABILITY
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A simplified feasibility analysis was made of the potential use
of the yaw thrus ters  to al leviate  the direc t ional ins tab i l i ty
discussed in Section 4. The analysis  shows that the yaw
thrus ters  are inadequate to perform the task. A description of
the analysis techniaue is given below.

First, it was assumed that side thrust could be generated as a
linear function of sideslip. A maximum side thrust of 20 pounds
was assumed (typical of an approach condition) , to be reached a t
a sids]ip angle of 5 degrees. Five degrees was chosen by
reference to Figure 97 , which shows that the yawing moment curve
is about neutrally stable at sideslip angles ne a r 5 degrees.
Figure 97 was used because it is the worst case. A sketch of

the assumed th rus t  variation is shown below:

SIDE ThRUST
POUNDs

SIDESLIP (i), DEGREES

Figure D-.l, Ass sied Side Thrust Versus
Sid.sflp Characteristic
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The thruster was estimated to be 10.6 feet ~ft of the center of

iravity. Hence , the yawing moment generated by the thruster is

10.6 times the thrust in pounds. The increment to directional

• sta b ility produced by the thruster is then

TNRUST x 10.6
q s b

where q — dynamic oressure , osf

S — wing area , so. ft.

b • wing wan , ft.

Substituting the various constants and convertin g decrees to

radians, we have

20 x 10.6 x 57.3
— q (83 )  ( 20 .75 )  (5T~

or

— 
1.41 per rad ian

The contribution to stability is seen to be inversely
proportional to dynamic pressure , as shown in Figure 0—2. The

effectiveness of the yaw thruster can be determined by reference

to Figure 87. This figure is used because the flap deflection

is the same as Figure 97, wher e the 5
0 s idesl i p ang le was

selected . To bring the trunk—on configuration (circle symbols)
up to the basic Jindivik stability (single diamond symbol),
r eau ir es  approximate ly  an incremental  C~ of .07 per radian .
Figure  0—2 shows t h i s  large an increment ~ is not obtainable from
the t h ru s t e r  at low engine th rus t  condit ions . For examp le , at an
approach speed of 130 knots, the avai lable  increment of C is
only .025 compared with the requirement of 07. Thus the
concept of using the yaw thruster to stabilize the vehicle is
not feasible.
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Fi gure D—2 Stability Augmen tation Available From Yaw Thrus ters
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