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FOREWORD

Ihla report wu prepared by the Vought Aeronautics Olvlslcm of the 
LTV Aerospace Corporatioo, a subsidiary of ling-Tenco-Vought, Inc., under 
Air Fbrce Contract F 33615-69-C-1692. IMs contract was initiated under 
Project 1362, "Crew Escape for Flight Vehicles", Task Ho. I36203, "Crew 
Escape Techniques Reseaurch". Ihe program Is atteinlstered under the 
direction of the Recovery and Crew Station Branch, Vehicle Bqulpnent Divi­

sion, Air Force Flight lynaalcs Laboratory, Air Fbrce Systems Cosnand, 
Wright-Patterson Air Fbrce Base, Ohio. Mr. B. J. White (FDFR) was the Air 
Fbrce Project Bigineer.

Obis report covers woik conducted during the period April I969 to 
December 1969. It was submitted bv the authors in December I969.

The docuBMntation of this project necessitates publication in several 
peo^s. The total documentation Includes:

Part I
Vbluae 1- VTOL Aircraft Bfuatlons and Failure Node 

Analysis
Volusm 2- Escape System Parameters Analysis 
Volinw 3- Cceqputer Program User's Nsnual for VTOL Escape 

System Simulation

Part n
Volume 1- Escape Seat Systems Concept Analysis 
Volume 2- Escape Seat Subsystems and Detail Drawings



I.:-'

ABSTRACT

EquatlonB are fonnulated for a hypothetical fi^ter/cloee support VTOL 
aircraft lAieh will simulate a realistically severe crew station escape 
envlroiment arising from aircraft failiires in the VTOL and hi^ speed^low 
altitude fli^t regimes. Four candidate airplanes with dissimilar 
propulsive and control concepts are analyzed and a lift-fan configuration 
is selected for a digital conputer simulation progransned with the intent 
to test the feasibility of any crew escape concept. Plotted time histories 
are presented of aircraft and crew station positions, rates, and accelera­

tions occu-*ring as a consequence of various failure modes. The time 
histories are susmarized to reveal the extreme conditions encountered 
during VTOL and high speed emergencies, conditions for which existing 
escape systems are not designed.

(This docunent is subject to special eiqport controls and each 
tranoBittal to foreign governments or foreign nationals may be made 
only with prior approval of the AP Fli^t Dynamics Laboratory (FDFR), 
Wri^-Patterson AFB, Ohio)

(Page iv is blank)
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SBCnOK I

IKTRODUCTIOH AHD SUMttIff

La recognition of the need for laproved crew safety, the Air Force 
Fli^t rynaadcs Laboratory awarded an eleven month stu^ contract to LTV 
Aerospace Corporation in April, 1969, with the objective to derive an 
analytical preliminary design of an ejection seat escape system that would 
be capable of providing safe crew escape from fighter/clmse support VTOL 
aircraft during emergencies in the VTOL and the low altitude, kle^ speed 
flight regimes.

To ensure an optimm design, it was stipulated that detailed quan­

titative requireaienta upon which to base an escape system design must be 
established. A pzimaxy consideration in establishing such design speci­

fications is the detensinatlon of the crew station environment resulting 
frcm the wide range of failures peculiar to VTOL vehicles. Additionally, 
since VTOL aircraft fly most of the time in conventional configuration, 
the high speed failure dynamics must be known. Ihls Infoxmatlon is attain­

able only through an accurate simulation of the aircraft. A failure mode 
analysis has been done to provide data for the ejectim seat escape systaa 
and is the subject of this report.

The failure mode portion of the study has as its objectives the 
following:

o Select a hypothetical aircraft as a basis for escape system 
preliminary design.

o Establish the failure modes which influence the escape system 
concept.

o Provide a post failure aircraft dynamic simulation for use 
in preliminaxy design of the escape system.

A high perfonaance aireraTt was to be selected idilch by definition 
eliminates helicopters and propeller powered aircraft from conslderaticm.
The characteristics of candidate aircraft are selected from existing turbo­

jet direct-lift and lift fan types or power system arraicaments which have 
potential for application in the future. The objective of the selection has 
been to define a two place aircraft ccmfiguration which would provide the 
most difficult escape environment within the limits of prudent aircraft de­

sign.

The modes of failure most important to the VTOL escape system design 
are those which produce environments different from conventional aircraft 
or not provided for by current escape design specifications. The probat''.e 
frequency of failure was not considered in mode selection. To obviate the 
design of an obsolescent escape seat system, the performance of existing 
VTOL designs was extrapolated to the ea^ected level of the next generation 
aircraft. To exclude the possibility of a non-c^imum design, the extrtq:- 
olatlon was based on data available for present VTOL designs. The extrap­

olated VTOL configuration simulated with this ^losophy will be called a
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1

"bjrpothetical" aircraft.

After ■croentog of the poeelhle propulaion and configuration characteris- 
tlci for which adeq^iate slimilation data were available, four aircraft with 
dietinctly different propuleitm and control tralte were selected for evalua- 
ti<». An abbreviated failure mode analysis was done for each aircraft using 
a one-degree-of-freedom analysis technique. The most severe failure envlron- 
ments were the only ones considered in malEing the selection of a hypothetical 
aircraft. From these four candidates, a lift fan configuration (XV-5A) was 
chosen as tht basis for the hypothetical aircraft, the criterion being to 
progrsB a flexible simulation which would laawoo the severest crew station 
ewrgency enviromaent. In additiwi, the aerodynamic data were required to be 
in a fora raenable to simulation of both VTOL and conventional configurations.

A six degree-of-freedom canaruter simulation was constructed to perform 
a more detailed analysis of the hypothetical aircraft for use in the prelimi­

nary design of the escape system. Mode of fallxires to be analyzed were 
selected such that the escape environments beyond those provided for by cur­

rent specifications would be systematically explored. Time histories of these 
failures are presented In Appendix II and summary plots are discussed in 
Section m.

The alrplene simulation was programaed to maintain generality and the 
fan aerodynmnic cosaiutations were all programmed in one subroutine; conse­

quently, the program can be used to represent any airplane en^loylng any pro­

pulsion and control concept in both VTOL and conventional flight. The airplane 
geoeietry and engine data were also adjusted to aUow superscnic flight to 
mach 2.0 for evaluation of hl^ speed escape in addition to the VTOL mode.

A special control subroutine was incorporated in the computer program to 
enable the synthesis of any conceivable emergency or combination of emergen­

cies requiring crew escape. The sequence of events subsequent to escape 
initiation is plotted automatically, portraying the aircraft and crew option 
positions, rates and accelerations. With this information, the acceptlblllty 
of any escape concept is revealed and parameter adjuststents ijq>laaented where 
needed.

The coB^uter routines which make up the aircraft slmulntion will be 
documented in the Volume 3 report to be released later as indicated in the 
Foreword of this report.
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Tbe determination of the operating limits established by evaluation of 
the esiergency environaent is fundamental to the design of any escape seat 
system. A primary objective of this study is to define these operating limits 
fbr a hl^ perfonsance VTOL aircraft with a fli^^t envelope encoopaaslng the 
airspeed range from hover to Mach 2.0 and the altitude boundary between sea 
level and 50,000 feet. Ohis esci^ system envelope showing the failure in­

vestigation fll«^t conditions is presented below.

The failure mode analysis investigation was confined to low altitude flight 
conditions where VTOL failures and cmventional fli^t failures would result 
in the most rapid airplane response and accelerations. The remainder of the 
recovery envelope affects the recovery systems and is addressed in Volume 2.

The complexity inherent in the analysis of a system constructed with 
these versatile capabilities dictates the use of a cooputer simulation pro- 
graoeed with sufficient detail to enable the corroboration of any design 
concept. The coeputer routine written for this purpose constitutes Volume 3 
of Fart I "Computer Program Users Manual for VTOL Escape System Simulation." 
The data contained in this report were ccqputed from the airplane optim 
section of this cooputer program. Time histories of acceleration, rate and 
position of the airplane, and crew station reactions to a variety of deter- 
Mnistic idrcraft failure modes were generated and plotted.



HM tniM of fidlure aoat to the VTOL escape systaa design are
fhiT~T shlch produce snvlro—nts different fro* conventional aircraft or are 
nselsrttil hr current escape design specifications. The probable frequency 
offallore vas not canaiAsred in aDda selection. Tb obviate the design of an

the possibility of a non-optiaun design, the extrapolation eas based ot data 
available for present VTOL designs. The extrapolated VTOL conflgurat^ 
gjaulated with this philosophy will be called a "hypothetical aircraft.

After screening of the possible propulsion and configuration charac­

teristics for ehlch adequate slaulatlon data sere available, fo^ ^reraft 
irlth distinctly different propulsion and control traits sere selec^d for 
evaluation. An abbreviated failure aode snalyaia was done for each ^^raft 
using a one degree-of-freedo* analysis technique. The nost severe miure 
snvirooHnts vere the only ones considered in eelrlng the selection of a 
iBpothetical aircraft. Fron these four candidates, a lift fan configuration 
eas chosen as the basis for the taypotbetical aircraft, the criterion being 
to piogrm a flexible sl*ilatlon Shich eould l«ose the severest crew station
nasTiinT environnant.

The necessity for cosputlng the aerodynanic forces and aonsnts in b^ 
VTOL and conventional flight reglMS suggested the use of sUpstre«i dynsadc 
nassura, q., to sui*>unt co^utatlonal difficulties intrinsic in the use of 
mblent dynanic pressures in hovering and transition flight slnilatlons.
The slaulation was prograiMd to aaintaln generality and the fan
aerodynMie cosDutations were all prograMSd in one subroutine; consequently, 
the progrm can be used to represent any airplane eoploylng any propulsion 
and control concept in both VTOL id conventional flight. The airplane 
gecMtry and ei«lne data were also adjusted to allow supersonic flight w 
to Mach 2.0 for evaluation of high speed escape in addition to the VTOL aode.

lorated in the coaputer progran to 
■gency or ecid>ination of easr- 
of events subsequent to escape

i

A special control subroutine was Incor 
enable the synthesis of any conceivable aaa
gencles requiring crew escape. The sequence „ - - -
InltUtlon is plotted autoi»tlcally, portraying the aircraft and crew •tatl« 
nositions, rates and accelerations. With this infOzaation, the acceptability 
of may escspe concept is revealed and paraaster adjustaents are laplsaented 
where naedad.

Using the center slaulation, a detailed analysis was perfoaasd on the 
hypothetical aircraft for use in the design of the BBcmpe systsa. Modes of 
falltires to be analysed were selected such tbait the escape environaents beyond 
those provided for by current specifications would be syst^atlcally explored. 
Tlas histories of these failures are presented in Appendix II, and suoaaiy 
plots are discussed in Section IV.

The aost critical failures in t« 
found to result frea:

o Hard-over roll control 
failure at i»6 knots

of airplane attitude or acceleration

90 degrees bahk angle 
in .9 seconds



o Ha:rd.-over pitch control 
tallure at 46 lmotl 

o Hard-over longitudinal 
control tailJ.re at 6oo Jmota 

o Hard-over lateral 
contrel tailure at (i()o knot• 

o to11 ot horizontal 
atab111.ler 

o to11 ot vertical and 
horizontal atabilizer 

' 

90 degree■ pitch 
angle 1n 1.4 1econdl 

9.0 "g'' in leH than 
O.l ■econdl 

90 degree■ pitch attitude 
1n 1.4 1econcSI 

90 degreea roll attitude 
1n . 7 1econdl 

9 "g" in 
.4 ■econda 

9 "g" 1n 
.15 ■econdl 

(PIie 611 blank) 
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SECTION in 

VTOL VHUCLE SELEJCTION
1. Candidate Aircraft

In designing an emergency escape system from a totally analytical 
foxmdation, it is inportant that a conservative philosojrtiy be employed 
in choosing a hypothetical vehicle to test the feasibility of the myriad 
of escape concepts that must be evaluated in the preliminary design phase. 
For this study, the simulated airplane was synthesized from four aircraft, 
which are representative of future VTOL fighter-attack configuraUons, 
enploying dissimilar propulsion and control system concepts.

Sketches of the four configurations, the feui-ln-wlng GE-Ryan XV-3A, 
the direct lift Lockheed XV-Ub, the vectored thrust Hairirer-Siddeley P-1127, 
and the propulsive wing VAD ADAM III together with pertinent geometrical 
data are shown in Figiu-es 1 through U. A brief description of those 
VTOL aircraft is included below:

a. XV-5A (Fan in Wing)

The XV-5A is a twin engine, tri-fan (two wing fans and a 
pitch control nose fan), tricycle-gear, mid-wing, turbojet-powered 
research aircraft. hover lift is produced by diverting the engines 
(J-85-5B) exhaust gasc^ through crossover ducts to drive the two wing- 
fans and single nose fan. Pitch trim and control is provided by deflection 
of the pitch fan exit doors. Wing fai- louvers are deflected in various 
combinations to produce height control, yaw control, roll control, and 
forward propulsion.

b. XV-4b (Hunmingbird)

The XV-4b "Hutmlngbird" utilizes six General Electric 
YJ85-I9 engines; four are verticallynnounted as lift imits and two are 
horizontallyMnounted for either lift or forward propulsion. The use 
of the latter engines for either the lift or cruise flight modes is 
accomplished through a diverter valve mechanism. Control in the VTOL 
fli^t mode is obtained by ducting conpressor bleed air from the six 
J85 engines through four visor-type reaction control valves located 
at the extreme fore aiul aft ends of the fuselage and at each wing tip. 
Additional flexibiUty in flight-path and attitude control is obtained 
by vectoring the engine thrust with six fuselage-mounted swivel nozzles.

c. XV-6A (P-1127)

1 B is powered by a two-spool, axial flow, Bristol-
Siddeley Pegasus 5 turbofan engine. The aircraft is supported in the
hover mode of flight on four "legs" of hi^ velocity exhaust gas dis­

charging from nozzles located around the aircraft center of gravity.

:

'



The forward nozzles exhaust "cold" air from the three-stage forward 
fan, while the two rear nozzles discharge turbine exhaust. The 
four nozzles are mechanically inter-connected to operate in unison and 
vector the engine thrust from zero degrees (conventional flight) to 
13 degrees forward of the vertical (rearward fli{^t). Control in hover 
and low speed fli^t is accco^lished with reaction jets located at the 
fore and aft ends of the fuselage and at the wing tips.

d. AIMM III

The ADAM III (propulsive wing) V/STOL aircraft is being 
developed by VAD. Several wind tunnel models of the propulsive wing 
concept have been built and tested, but at this time no fli£^t test 
eiqpeiience has been gained. The ADAM III configuration consists of 
two turbojet gas generators with cross ducting to four wing fans and 
a forward fuselage nose pitch fan. The turbojet "hot" gases are ejected 
throu^ the wing fan turbines and exhausted over the flaps in a downward 
direction. The wing fan turbines drive axial flow ccn^ressors idilcb 
inject "cold" air throu^ the wing leading edge inlet. The "cold" air 
is turned by means of vane boxes to provide thrust vectoring. Lateral 
and directional control in hover and low speed transition range would 

"be provided by differential (left and right wings) fan RM, vane box 
exit area throttling, and vane box deflections.

2. Failure Evaluation
In selecting the hypothetical aircraft, it is beyond the sc<^ of this 

program to reduce the aerodynamic data for the many types of VTOL 
propulsion and control concepts to the fom reqxilred for a cau^)lete six 
degree-of-freedon ccoqputer simulation. Neither is it feasible or essential 
to account for such lntric6u:ies as automatic control system transfer 
functions or system non-linearities. Therefore, for purposes of selecting 
critical fetllure configurations, single degree-of-freedom-linear equations 
and full hard over control system failiu'es (lOOjt control autnoritles) 
are used for cc»^>arlng vehicle excursions following the failures.

While it is recognized that this simplified dynamic reo>onse is not 
representative of the true dynamics of the aircraft, the relative rates 
and displacements do provide a meaningful btusls for selecting a configura­

tion or ccnposite configuration for subsequent detailed Six-DOF (Degree-of- 
Freedom) computer simulation. !13ie directional axis was eliminated from 
this study because a distrubance about this axis in VTOL mode does not 
position the aircraft in a dangerous attitude relative to the ground for 
safe crew ejection. iSie following additional aseunptionB were also made:

o Step irqputs for all types of propulsion and control 
system failures

o Instantaneous full available control power against 
an aircraft \q>set mcment caused by an asymmetric 
propulsion system failure
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o Propulsion ayata contribution to angular rate damping and vertical damping in hover were baaed on the simple JDCDent\lll theory, m A V through the prop.ll.sion and control tana. 

1'he &ircr&t't'a vertical displacement time history can be caaputed from the Laplace tranatormation ot the ditte ti&l. eqaation: 

• • (AT ) 
t\ h • 32. 2 li"'" - 1/ 1 

V 
Ah 

With Ill inatantaneou.1 engine t&ilure, & ltep thrutt Chang, 

A T/CJI 
I 

l'UUlta in a clele4 tora 1olution ot the tora 

. 
Ah • 

32.2 (~) 

• 
Ah 11 the &ircratt clJab rate (neptift 11.nk rate), tt/1ec 

AT 1a th• thrult lc:11, lb 

'nle inverae tranato111&tion then yield.I: 

CLIJG IATI CIIANGI 

• 32.17 (f) t, lh • o ,,, (zero heave dlllpinc) 
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A ltail&r daftlc,Jwilnt produce•: 

ALttTUDI CJWIGI 

• 32,17 [~] 

PITCH MTE CBAJIGE 

1/t • 0 
V 

ai • [1;1] tq [1 -• -t/,q ] ] 

PITCH 4ffITUD! CRANCE 

1/t • 0 q 

( zero hea., e damping) 

(zertl pitch damping) 

68 • [
6P,] t 2 

f _ -t/tq ♦ t/Tq - 11] q le 

• ·(11;) t!.12 • 1/tq • 0 

1/t • 0 
p 

(zero pitch dmn.ping) 
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I -

• p [ 
-t!T 

1/t • 0 p (zttro roll duping} 

The time constants ve functiana ot aerodynamic damping C?efficients 
and ing frail us now rate teru. 

\, is the number ,:,t lateral .,., now generaton. 
7r ia the diatance to the maaa fl.a. generator. 
Pm:H IW<PING 

2 V,.. S -
2 

C - N 
1/ T • - (p 4 C •q lC.. q -----r.4--- ~- ~x, )/ry 

5x,, 11 the number ot l.oagitudin&l. aua now generaton. 
x, ii the diatance to tht1 loag1tu.d1ul wa now generator. BEA.VI IlAMPI1ll 

-1/ T : - 32. 2 ( p V 
I C 

4 

{Symbol.I not detined in ·Lilt ,:,t Syaboi., pap xz, an •tandard lllaU 
de tined in Anendix I.) 

Tablea m contain the val.uu tor the damping l>U'llleten. 

u 



IV tbe oanftprationa lilted on tbl tollorinc tabl .. , •\"inc the 
bile ..-.V, of 1Spn1 l tbrolap 4, tr1D1ter tunction coetncienta 
WIN oalcnalatld. tral loll'Odplmc 1nto11111tion • .,. .Uable in tb lilted 
Nffl'IDON. 

..., 
.. .All> DDl'JA .CBAMCDIIIITICI 

AD1UIIIII G.W. C.G. Ix Iy 

XV•5A 9200 25.6'-30.~ 4252 15,139 

XV-4B • 12,000 1°' 3184 13,400 

XV-6A u,~ l°' 3500 22,-50 

AIMIII 28,~ n ;.5.1t6 17,976 81,624 

T.Alm II (a) 

t'.11111 Q .... Ill AIIUJ,,._. f,■,w, JOICII AD 1111 • 
C•J \b) (c) 

CAll/ftIIDIIII OOiiblflX■ 'IIIIJ81' -»LL PI'1'CB 
""'! -' 
.. . ' 

. 

ft.lGIT (ti) .L [~) ..1 [Ag) [~] CAIi con1n01 ,1m•n T T URUNCIS V P, 

1 Iner XV-SA 0.665 0,0865 5.6 0.0865 1.05 0.0747 1. 2, 3, 4, 
,. 6, 7 

2 XV-41 1,6 o.o 1.04 o.o 8 

3 XV•6A 1.01 o.o 1.88 o.o -0.97 o.o 9, 10 

4 ADAM III 0.66 0.037 2.37 0.032 -0.76 o.o ll, 12 

5 Trauitioa XV-5A * * 2.95 1.485 2.8 0.6175 l, 2, 3, 4, 
5, 6, 7 

6 IO laota IV-41 * * 2.84 0.635 2.43 0.442 8 

7 lV-6.A * ~ 2.54 0.805 1.16 0.297 9, 1D 

8 ADAK Ill * * * * * * ll, 12 

12 
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lPAIWRI CASI 

( =.. ) 1 
'lbrult 

2 

3 

4 

(b) 1 
Roll 2 

3 
' 4 

5 
6 
7 

" 

(c) 1 
Pitch 2 

3 
4 
5 
6 
7 

TABLE II (b) 
rAIWRI cammm Tlll'.IIVIVISNllf-tMTID 

POR VIIIICLI SILrl'IOI 

IXPIMATIClf 

lnltutaneoua 1011 ot one engine-
~ thruat available chle to cro11 chlcting 

lbltantaneoua 1011 ot one engine-
5 engine• raeining provide a;ple Utt 

Inltantaneoua 1011 ot one engine-
Total 1011 ot power ot the •incl• angin~ 
aircratt 

Inltantaneou l.ola ot cae engine-
M thruat aft.1.l&ble due to cro11 ducting 
throup tour v1ng tau 

Inltantaneoua 1011 of an• wing tan 
Hard owr roll control ta1.lure 
Hard Oftl' roll control ta1.lure 
outboard Y1Da tan ccaplete failure 
loll ot one v1ng tan 
Lateral control ayata hard over ta1.lure 
Lateral CO!ltrol ay1ta hard over ta1.lure 

1011 f'ln barcl over ta1.lure 
IAfflgitud1nal control ay1ta hard over t&i.lure 
Iongitudinal control ayat• hard over ta1.lure 
loae f'ln tailure 
lo•• tan barc1 over tailure 
longitudinal control ayat• bard over tailure 
IA>ngitudin&l control ayat• hard over tailure 
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3. Hypothetical Aircraft Selection

Frott the foregoing equation*, the geonetry of Figures 1 through 4, 
the weiAt and inertia data of Table I and the daaqdng and accelerations 
of Thble II, the tiiae histories shoim in Figures 5 through 14 were com­

puted. Scrutiny of these time histories (a waimm excursion time of 
3 seconds was asraed for calculation purposes) show that:

o The XV-6a was the most critical VTOL configuration relative 
to sink rate following the loss of <»ie engine in the hover 
fli^t mode.

o The XV-5A and XV-4b aircraft were the most critical VTOL 
conflgxirations relative to longitudinal control system 
failures in the hover flight node.

o The XV-5A with one complete wing fan failure and full 
lateral control against the upset moment was the most 
severe VTOL aircraft configuration evaluated relative 
to bank angle displacanent after the failure occurred 
in the hover flight mode.

o At the intermediate transition velocity of 80 knots, the 
XV-5A was the sost critical airplane evaluated relative 
to pitch attitude changes following a hard-over failure 
in the longitudinal control system.

o At the intermediate transition velocity of to knots, 
the XV-4b was the most critical airplane evaluated 
relative to bank angle changes following the most 
critical failure, per aircraft, affecting lateral con­

trol.

Heave dasplng and thrust data were not available for the transition 80 
knot speed condition. However, since these data would primarily affect the 
altitude loss which is critical in hover where data cure available, the 
vehicle selection is still valid. The absence of data for the ALAN III 
configuration was not crucial to vehicle selection since the failure time 
histories for idalch data were available did not reveal any outstanding 
excursions as compared to the other configurations.

From these observations it was concluded that the XV-^, in general, 
has the worst failure characteristics. It was selected as the slanilator 
model for the detailed 6-DOF study with adjustments in data to pennit the 
airplane to attain the hi^ speed and altitude envelope prescribed for the 
escape system. Also the single engine failure was changed to a dual engine 
failure to cause the XV-^A to plunge with a hl^r sink rate more nearly 
like the XV-6A following a single lift engine failure.
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SECTIOT IV
FAIIURE M3DE ABAETSIS

The failure modes discussed in this section are sunsarized from aircraft 
and cockpit acceleration, rate and position post-failure time histories 
similar to those of Appendix II. A six degree-of-freedoe> digital cooputer 
simulation was osployed in which the e^iuatimis of Appendix I were progrsned. 
The primary objective is to define those escape system operating limits for 
the hypothetical aircraft selected in Section III.

The most severe failure consequences occur with an instantaneous failure 
initiated at the level of the primary forcing function with no pilot corrective 
action being taken. For example, a horizontal tall hard-over connnd could 
result from many malfunctions beginning with the pilot or autopilot and prog­

ressing through the control system to the final servo linkage. The aircraft 
responds only to the change in tail incidence, however, €ind this is ccxisidered 
to be the primary forcing function; l.e., only the results of failures not the 
causes are considered.

Since conventional aerodynamic controls are ineffective in VTOL flight, 
only VTOL control system failures were considered for the VTOL flight mode, 
longitudinally, the pitching moment from the nose fan far exceeded the wing 
fan pitching moments and was the obvious choice for longitudinal failure 
Inputs. Roll control, mechanized by staggering the wing fan louvers to vaiy 
the mass flow rate, was more critical than wing fan yaw vectoring because of 
the rapidity with which the airplane became inverted. All VTOL controls and 
lift are dependent upon outputs fros the i>ropulsion system, necessitating the 
analysis of full propulsion failures for lift loss and partial propulsion 
failures for control loss coupling (operable VTOL controls do not exist during 
a full propulsion failiire). Fkom all these considerations, seven critical 
failure modes listed below were selected and are discussed in Section IV-1.

o complete propulsion failure 
o partial propulsion 
o hardover lateral control failure
o partial propulsion failure with lateral control failure 
o hard-over longitudinal control failure
o partial propulsion failure with longitudinal control failure 
o partial propulsion failure with longitudinal and lateral control failure

In conventional flight, at the level of the primary forcing function, the 
variable incidence horizontal tail was the logical choice ftor hard-over con­

trol failures because of the high pitch effecUveness relative to elevator 
control. The choice of a lateral control faUure over a directional control 
failure was dictated by the high roll rates resulting from a lateral control 
failure as compared to the rates produced by a directional control failure. 
Structural failures resulting in loss of horizontal stabilizer, wing and 
horizontal and vertical stabilizer were also considered. Other structural 
failures, such as elevator destruction or partial stabilizer loss, result in 
lower loads than a fill failure; horever, because of the roll rates developed, 
loss of one side of a wing proved to be more serious than cosqilete wing loos. 
From this reasoning, the five wmvwitional flight failure modes listed below 
and discussed in Secticm IV-2 were investigated at an airspeed of 600 knots 
at 200 feet altitude.

\



o hard-over longitudinal control failure 
o hard-over lateral control failure 
o wing structural failure 
o loss of horizontal stabllicer 
o loss of vertical and horizontiO. stabilizers

Limit load factors for conteogporajiy fighter and attack aircraft are 
generally in the range of 6.U to 7.5 "g". Realizing that a VTOL fighter/ 
attack configuration would probably coopronise high load factor capability 
in the interest of weight saving, a limit load factor of 6.0 "g" was 
assumed. For those conditions where wing structural failure could occur 
prior to large angular excursions an ultimate load factor of 9.0 "g"
(1.5 X 6.0 "g") was used.

1. VTOL And Transition Failures

In the '.'TOL configuration the airplane stability and control is dependent 
almost exclusively upon control of propulsion vectoring devices; consequently, 
the failure modes were selected to reflect this dependency. In addition to 
control failures, the loss of lifting propulsion has obviously serious con­

sequences for VTOL modes and the effects of single and dual engine failures 
were investigated.

Tto Mcertain the airspeed at which the most dangerous failures occur, 
several time histories were run for airspeeds from hovering flight to transi­

tion fli^t. Figures 15 through U6 sunmarlze these time histories, shoring 
the nutiHwniTii excurslons of those variables that significantly affect crew 
recovery. At such low speeds, crew load factors proved to be small as would 
be expected and were not cross-plotted. Airplane attitude changes, however, 
would demand recovery control to prevent earthward ejection of the crew as the 
airplane rolled or pitched toward an inverted attitude. Altitude losses in 
all cases were unimportant ccmpared to the attitude changes.

The m«firiTin7m values are plotted at three typically critical points in time.
At 0.15 seconds, the failure would probably have been identified and escape 
sequencing initiated. Ey 0.3 seconds the catapult would have fired and the 
seat would have travelled up (or down) the rails to a position near tip-off.
At 0.5 seconds the seat would probably be near the limit of collision with 
some part of the airplane, such as the vertical tail or wing tip.

Uie complete time histories from which the hover and 46 knots data were 
extracted are given by Figures 93 through 190. The 46 knot time histories 
were chosen for presentation over the 80 knot case because it produced the 
larger excursions in pitch and roll attitudes. Forty-six knots is the air­

speed at which the fan Jet momentum control forces begin to phase out as aero- 
dynaaiic controls stare to become effective.

a. Propulsion Failure - Both Biglnee Out

The malfunctioning of a single engine in a fan-in-wing vehicle imposes 
no stringent demands upon an escape system because more than half the two engine

/
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lifting thruit rmtilxm and dMtnblllclng aayawtrlcal control forces are 
obviated by cross ducting design. But total loss of all engine power, however 
unlikely In a dual engine design, any be envlssged for the purpose of designing 
an escape systssi for those aircraft having only one engine. Figures i; through 
I8 portrsy ths changes In the aost significant escape systsa parsaeters re­

sulting frost total loss of power idille In the VTOL configuration.

In both hovering and transition saglne failures, the airplane evldancas a 
pitoh-dnin tendency because of tha cassation of upwasb on the wing fron the Uft- 
faaa. Figure 17 shows that this pitch-down charaetarlatlc Tiarnaas aore pro­

nonneed at higher speeds because of tha Increase of horizontal tall effective­

ness at higher dynasde pressures; however, tha aagnltuda Is too aaall to consti­

tute a hazard to crew recovery and the rate. Figure 16, la low enoi^ to allow 
sufficient tlae for failure Idantificatlon and esespe Inltlatlan.

b. Propulsion Failure - Single iMlne Out

Figures 19 through 22 show the variation of critical escape paraaeters 
a single engine falls, reducing the gas generator effectiveness by Uoi. 

Point by point coaparlson with Figures 15 throu^ 10 shows that this failure 
ie naturally less serious than the dual engine failure. It Is Included here 
for later coaparlson with control failurea occurring during a single engine 
aalfunction.

c. Hard-Over Lateral Control Failure

Oie ingestion of a lazga, solid dbjact throi^h a wing duct would obUt- 
arata the turbine blades, causing both a lift loss and catastrophic control coup­

ling In the lateral-directional and loi^itudinal dagraes of freadoa. Figures 23 
through 26 delineate the conae^iancea of an abrupt and total loss of Ufa frea 
the right wing fan with no ec^pansatli« Inputs fx«a ths left louver vanes, lha 
hovering aaneuvar la saan to ba lass critical than tha tranaltlco mamrmr as 
la evident in Figure 25 which shows a 23% Inrraaaa la hank aiala at it6 knots 
and In Figure 26 lAilch showa a 17% increase in roll ret# at^ knots.

As in iBost VTOL eaergencles, the attitude changes predcadnate over 
translational excursions and the bank angle. Figure 25, is the significant 
paraswter in this failure mode. With such a rapid Increase In bank angle at 
the U6 knot failure Initiation, the airplane has reached the critical 90® In 
0.9 sec. with a roll rate of 2.7 rad/eec (Appendix II, Flgurea lUo and 1U3), 
and a conventional escape systSD muet have collated seat separation or pro- 
greased an ejection delay until 1.6 seconds when the airplane has rolled to a 
■afe recovery attitude of 270 degrees; i.e., safe ejection could be accowpllsbed 
only between bank angles of degrees.

d. Partial Propulsion Failure with Latersd Control Failure

Figures 27 through 32 show that this failure ccablnatlon Is leas 
severe than the single lateral control failure. This deaonatrates anew that 
VTOL control effectiveness is dependent priisarily vpon propulsion Mgnitudes.



The bank angle, Figure 29, is less for the single engine hard-over malfunction 
than for the hard-over failure with full power available, Fiwre 25. In 
Appendix n. Figures 159 and 162, the bank angle requires 
to 90 degrees at which tlise the roll rate is 1.5 rad/sec — about half the 
roll rate from the lateral control failure alone.

e. Hard-Over Longitudinal Control Failure

Pitch control in VTOL flight is mecheuiized through nose fan doors, or 
buckets, which divert the gas efflxnc from the ducted nose fan. Pitch-down 
control power from the nose fan is limited by design in the XV-5A and the 
hypothetical vehicle to approximately 20^ of the nose vq> control power a magni­

tude only silently in excess of that required to trim. In contrast, enough 
pitch-t9 effectiveness is available to constitute a possibly serious hard-over 
failure.

Figures 33 through 36 are stnmtary plots from Appendix II showing the 
effects of hard-over failure in hover and transition. Figures 115 through 152 
dessMistrate the effe.-ts of a full pltch-up moment from the nose fan. Figure 119 
is a grai* of the pitch attitude showing how quickly the airplane becomes in­

verted as a consequence of this failure. Unlike a conventional aerodynamic 
control, the pitch fan maintains sufficient angular acceleration to Invert the 
aircraft, even from hover, in about 2,U seconds.

In aircraft having equal nose-down and nose-up control powers, there 
would be essentially no difference in the magnitude of nose fan induced 
■ngiiiar excursions for the hover and 46 knot case. Also, for the time inter­

vals of Interest, altitude change following a nose up or nose down failure 
would be only slightly affected since the nose fan force is small relative 
to the total propulsion lifting force. Hence, the time histories for nose 
fan failures causing a nose-up laoment can be treated as a nose down moment 
with a corresponding sign change in pitch attitude and rate.

f. Partial Propulsion Failure with Longitudinal Control Failure

With only 6o^t of the thrust available for control power through the 
nose fan, a full nose up pitching moment failure is less hazardous than the 
sme failure with full available trim thrust. Figures 37 through 4o (reduced 
from Figures 153 through I90) show the pitch attitude and pitch rate to be 
little more than half the values for the same control malfunction with full 
trim p "wer.

g. PartifO. Propulsion Failure with Longitudinal and Lateral Control 
Failures

The effects of coupled failures in lift propulsion, hard-over roll 
control and fullj' open pitch fan buckets are seen in Figures 4l through 46.
By comparing these figures with those for single control failures, it can be 
established that a dual control malfunction results in escape conditions that 
are less dangerous than single control failures, this is because the upsetting 
rannent which becomes greater for a single roll failure than for simultaneous 
roll-pitch inputs, positions the aircraft more rapidly in the Inverted position.
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Conparison of Figure 29 Figure •‘S reveal* that the bank angle* 
are nearly identical for the firet half second but, aoon after, Increase l^ter 
for the single lateral control failure. For three sJjnultaneous failures at 
46 knot*, for exMole, the airplane is inverted in about 3-0 secon^ while 
reoulting only about 1.6 second* for the double failure* (Figure 178)• T''*

pi^attitude, after an initial inertially stabilizing pitch-up for the 
triple failure stay* about the same order of magnitude for both types of 
failures (Figure 176). A triple failure with a hard-over, nose-down pitching 
■onent 1* inertially destabilizing and would be the worst failure possible, 
if realizable.

2. Conventional Flight Failure Modes

Structural failures and excessive aerodynesdc control inputs are the 
rmnrgrmrl nn siaulated in the canventioiial fU^t reglsie. Figures 19I throu^
226, Appendix H, are tiae history plots depicting the cOTsequences of the 
five emergencies considered to be the most hazardous at low altitude*
under cbmanic pressure. The sunsaiy plots In this section include ciw 
station load factors, which were inccnaequential in the low speed eeiergencies.

TO peimit the supersonic speeds required for the ejection seat design 
envelope, the XV-5A data were modified for speeds to Mach 2.0. The win^body 
axial drag coefficients (Appendix I) were reduced to reflect a th^er wtag 
mechanizable by telescoping fan ducts and/or higher aspect ratio fan blades 
operating at lower RH-I. Further drag reduction was assumed to be realizable 
by construction of a smaller horizontal tail. A 20% increase in available 
thrust was also hypothesized.

a. Hard-Over Longitudinal Control Failure

The airplane flying at 600 knot* at a 200 foot altitude will respond 
to limit horizontal tail inputs with excessi'/e load factors which in^grate 
rapidly to dangerous airplane attitudes such that aircraft spatial orientation 
with respect to the earth may preclude safe crew escape. Figures 47 throu^ 50 
reveal the serious consequences of a full traillng-edge-down horizontal tall 
failure.

The time history. Figures I9I through 209, Appendix II, was run with a 
step horizontal tail. A conservative 301t loss in control power due to aero- 
elasticity was assumed based on A-7 aircraft experience. Assuming an ultimate 
load factor of 9.0 "g" based on a limit load factor of 6.0 "g', the wings would 
fail structurally in less than 0.1 seconds.

h. Hard-Over Lateral Control Failure

Figures 51 through 54 show the demands imposed on any escape system 
when the roll control surfaces are driven instantaneously to the limits at 
high speeds.

The bank angle. Figure 51, *t the 6OO knot condition has already 
reached 64° at the end of half a second, and the complete time history.
Figure 197, shows that the airplane is inverted at 1.3 seconds and that
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ejection through the canopy would propel the Beat toward the earth during 
the tlae interval between 0.7 and 1.9 seconda.

A 20i loBB in lateral control effectiveneae due to aeroelaaticity waa 
asBuned, in contraat to approacimately 23% for a conventional fighter/attack 
aircraft baaed on A-7 aircraft experience for exaaple.

c. liOBB of Horizontal Stabilizer

A fighter/cloae aupport VTOL aircraft will be expoaed to battle 
conditiOTia which can coegtromiBe ita atructural integrity and reault in loaa 
of the horizontal tail. Time hiatory plota, Figurea 210 through 228, portray 
the reaulta of auch an emergency. After 0.9 aec. the airplane ia Inverted 
(Figure 2lU).

ThlB emergency waa aimulated by Betting the horizontal tail reference 
area to zero and reducing the horizontal tail pitch danping to zero at time 
hiatory initiation. An initial condition of 6.0 G*a occurring in level flight 
following dive recovery waa aaaumed for thla failure atudy.

d. Wing Structural Failure

The loaa cf the complete right half wing in high apeed flight ia 
aimulated throu^ eatimatea of the lateral c.g. ahift, weight and inertia 
changea, and by aBBeaamentB of the variation of atatic and dynamic aerodynamic 
coefflcienta. (With the right half and left half wing aerodynamica being aimu- 
lated independently, thia type of failure ia eaaily accompliahed by nulling the 
dynamic preaaure for one wing half.)

Figurea 2U through 228 ahow that the airplane responda to thla failure 
very nearly aa if full lateral control had been applied to the airplane, with 
no wing failure. The roll rate. Figure 219, oacillates alightly about 2.3 
rad/aec. Bie load factora at the coclqpit c.g. repreaented hy Figurea 226, 227, 
aM 228 reveal that the accelerationa at that point are not exceaalve, mainly 
becBuae the cockpit c.g. location is very close to the roll axis of the airplane.

At time history initiation, the airplane waa assumed to have a hori­

zontal tail position which would Inpoae a 6.0 G normal load factor and the 
time history was then begun with the right wing dynamic pressure nulled. (The 
amaller normal load factor. Figure 224, reflects the instantaneous loss of 
one wing half). Stabilizing inertial coupling results frcm the positive pitch 
rate corresponding to the positive load factor (Figure 217).

e. Loss of Vertical and Horizontal Stabilizers

Becaiise of the T-tail configuration, both horizontal and vertical 
Btahilizers will be lost if the vertical stabilizer suffers complete struc­

tural failure. Figures 210 through 228 are time histories generated through 
the assumption of total loss of both stabilizing surfaces. Weight, inertia, 
and c.g changes were estimated, the horizontal tail reference afea was set 
to zer. in the computer simulation, tail pitch and yaw damping were nulled, 
and the lateral-directional aerodyaamic coefficients were shifted to the 
tail-off unstable region. In addition, aa initial sideslip angle of 3
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APPHTODC I
VTOL SIMULATION BJUATIONS AMD DATA

SECTION I 
GENBtAL

The equations formulated in this section have been used in 
conjunction with the accompanying data to mechanize a six degree-of-freedom 
digital coT5)uter simulation of an airplane operating frcan the VTOL regime 
to hij^ speed conventional fli^t conditions.

The body axis equations of motion are derived fran fundamental 
physical laws expressed as vector relations \rtiich are transformed to 
matrices for the computation of three angular acceleration cooq>onents and 
three linear acceleration components. The resulting coupled acceleration 
con5>onents are converted to six first order differential equations soluble 
by digital computer thro\igh a numerical integration algorithm. The 
integrated variables are the desired time histories, revealing the aircraft 
response to an arbitrary combination of forcing functions.

The aerodynamic data are referenced to "slipstream q" and, 
therefore, present no computational difficulties in hover, transition or 
conventional flight. Curve-fit and table-loofc-iq) techniques are utilized 
to compute the non-dimensional aerodynamic coefficients and are efficient 
enough to provide coopiutation time less than reail time.

The aircraft attitude with respect to the earth is cooqmted 
by Integrating six of the nine conventional direction cosine rates.
The remaining three direction cosines are determined through an orthogonal 
relationship involving the six integrated rates. From the appropriate direct­

ion cosines the Euler angles are coeputed.

curves

All the symbols needed to understand the equations and data 
are summarized in Section II.
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SYMBOIB 

snsat1on ot tyUOl■ tor equation■ and data curve,. 

UIITS 

SL-PT2 

St - n2 

SL-PT2 

SL-PT2 

SLUG 

SL/Tr3 

FT2 

n2 

rr2 

FT 

DEFINITION 

Body axil rolling ■oaent of inertia 

Body axil pitching ao■ent of inertia 

Body axil y•ving ■-ent of inertia 

Body axi1 product of inertia 

Airplane u11 

AiT den1ity 

Area f two fan, (reference area) 

Area of the no1e an (reference area) 

Wing reference area 

Horizontal tail reference area 

Wing ■-n aerodyna■ic chord (M.A.C.) 

Reference wing 1pan 

lefernce diaaeter of one wing fan 

Spanvi•• di1tance fro■ the plane of 1,-etry to the 
vina fan hub, >O. 

PT Longitudinal body axil di1tance, in the plane of 
s,-.try, froa the c.c. (Ceater of Gravity) to the 
no•• fan, hub, >O. 

Tc1 Jl)Jf-DIM Average ■lipatre• thruat coefficient bued on 
1lipatN111 t and vine nm area 
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-C 

C 
D~2 
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C 
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C 
IL,c_ I 
•(Tt' -0) 

UlfITS 

W> 

IOI-DIM 

" 

" 

-1 Ml) 

B&Uta n 
SDB>IS 

DIPIIITI~ 

lagine thrust vector incidence angle, poaitive for an upward rotation of the thruat above the body 1-uia 

H. T. (Boriaontail tail) ara, froa the c. c. to the horiaontal tail N.A.C., poaitive for tail !ll of the C. C. (lon-diaeuionalized by the v.(q N.A.C.) 

Vertical, non-dilleuional diatance if'I the plane of 
1,-etry, froa the c. c. to the B. r. N.A.C., poaitive fo~ the B. T. M.A.C. above th• C. C. -
li:nt,ine thruat vertical ...,...t ara. diatance fr011 the C •• to the point of thruat application, poaitive for thru.at point below the c.c. 
Engine t ruat horizontal 80Mllt ara. Diataace fr011 the C.G. to the point of thruat application, poaitbe for tbruat point forward of the c.c. 
H.T. lift-cu"e •lope, referenced to B.T. area, excluding dovnwaah 

llnator lift effectivenua, referenced to B.T. aru 

11011-DIM B.T. drq coeffid•t at 18.T. aero lift, baaed on H.T. area 

1101-DIM H.?. induced drag, 'l'efernced to H.T. aru 

-1 
IAD Rudder aide force coefficient, bued OD viDg ar• 

-1 IAD 

-1 IAD 

-1 IAD 

-1 IAD 

Atleroa aid• force coefficient, baaed OD viDg area 

ludder yawiag effective .. ,, baaed on ~ aru ad vina •pan 

Ailel'OII ya.iJla effecti•--• at aero alipatr- thnaat coefficimt (Tc•), baaed on v1q aru ad apaa 

• VariatlOll of ailerOD Javiaa effect1•--• with Tc, bued OD ¥1-g aru ad a,-
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cl RAD-1 
ar 

Rudder rolling effectiv•n•••• baaed on wing area and 
■pan 

Aileron rolliq effectivene••• referenced to wing area 
and ■pan, for one aileron 

T LI Static thruat froa the right fan at aero apeed, aero 
vector and aero ■tagger 0001 

T LI 
oooL 

Static thruat froa the left fan at aero ■peed, aero 
vector, and aero atagger 

T LI Noa• fan ■tatic thruat at zero apeed 
o., 

a • 
a 
r 

6 .. 

Tj 

Cyr 

IAD 

B.T. incidence, po■itive for trailing edge down, 
relative to fuaelqe center line 

llnator deflection, poaitive for trailing edge down, 
relative to B.T. root chord 

ludder deflection, po■itive for trailing edge left, 
relative to plane ·of a,-etry 

light aileron deflection, po■itive for trailing edge 
down 

IAD Left aileron deflection, po■itive for trailing edge 
down 

1'01-DIM No•• fan axial forcn variation with tbru■t rever■er 
door poaition 

IOI-DIM '111ruat ■poiler effectiveneH 

NOi-DIM No•• fan noraal force variation with thru■t rneraer 
door po■ition 

LI Turbojet tbruat 

RAD-l 'ICy/ p, ■id• force coefficient variation with non-
T diMD■ional yn rate 

-IAD-1 afi.l a~• lift coefficient variation with non-
2VT dillenaional pitch rate 

IAD-1 'ICL/ a(!s... )' lift coefficient •arlation with n~n-
n, dta .. ional pluna• rate, priurily B.T. 

dolnnnl■b laa 

RAD-1 ac1/ a(Pb )' roll 4apina 
2VT 
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I tbru 
ql 

I 
q5 

UIIITS 

-1 W> 

-1 W> 

-1 W> 

-1 RAD 

-1 RAD 

W> 

RAD 

ION-DIM 

DEFINITION 

·'K:.1/ afv;b ]• rotary co,1pUng derivative i:elating 2VT variation of rolling ■oaent coefficient with non-dilln•ional yav rate 
ac./alsl, pitch-•ide•lip coupling 

ac., 3~~]· pitch daplq 

'lC•/ 3 [ iL], pitching aoaent coefficient variation 2Vr with non-dillen•ional plunge rate 

" ·2v 
ac I 3 [ LL] . yaw daping 

T 

ac / a~]• rotary coupling derivative, •ariation of " (2VT yawing IIGMDt coefficient with helix le 
av ort,111 about which th• variation of..!.. fac:1•] 1■ 
apanc1ec1. as, aa 
Table of alpha■ for TLU (Table-Look-Up) of alpha dependent function•. 

light fan lOUYer vector angle 

Left fan louver •actor aqle 

Right fan lower •ta11•r anal• 

Left fan louver ■tauer aqle 

• • I • 1 - T • ratio of •lip■tr ... q to frH-q c ■tr- q. Th••• fi•• •alue■ of I are u■ed for TLU of R dependent functiou. q q 

Lillit of ■ide■lip aqle which will anerate ruli■tic aerod,n•ic function■ 

ION-DIM Tail ott uro litt noral torce coefficient. 

Y •To+ 811q + 121q
2 

0 



PAIAMITD 

I 
Cy 8 

C I 

" 8 

UMITS 

-1 
RAD 

-1 
RAD 

DIPINITION 

Tail ott longitudinal. static 1tability c~fflcien',. 

a~.•/aa • to liq+ B2Rq
2 

Downwuh angle at the B. T. at 1ero angle ot attack. 
t(a•O) •to+ Bllq + B2Rq 

Side torce coefficient. 
C 8 2 
JS• to+ ~lRq + 121q 

Directicmal Stability. 

C 2 •Yo+ 111 + B21 2 
~ 8 q q 

a [•c.•] IAD-2 Variation of 1lope of the not'■Al force coefficient r I with nit louver vector. 
8v .a 

_!_[~.:!:J.']] w-2 
Variation of the 1lope of the noraal force coefficient 

al a8 3• with nit lower vector and dynaaic pre1eure ratio. 
q y . 

C. 1 
NOii-DIM No■• fan noraal fore• cMfficict • 

o., 

NOii-DIM 

1101-DIM 

No1e fan uial force coefficient•. 

C 2 •to+ Ill + 121 2 
lo q_ q_ 

., ft&' ft&' 

Bo•• fin powr coefficient ratio 

P., n-LI/SIC 01e fa power 

,., •to+ 111 + 12.Z 



.. 

' 

PAINIITD UNITS D!PINITION 

c,51c, 1 NON-DIM Main tan power coefficient ratio, 
0 

~il-a 
y 

C 1 /C 1 

p p 0 

·~· (8 ) 
y 

H.T. dolmwuh angle variation with qle ot attack,-

2 
t(a) • t(a-o) + 11a + 12a 

NON-DIM Horizontal tail efficiency tactor 

-1 
RAD 

-2 IAD 

-1 IAD 

NON-DIM 

-1 
ltAD • 

-2 ltAD 

Zero angle of attack effective dihedral table, 
correaponding to the Rq table, 

11 • ~[c',
8
], ror • 1i•en aq 

R dependent table of the ■lope of th• noraal force q 
coefficient for sero nit lOUTer vector aqle. 

c 1 /C • • [c 1
/C •] + 11e + 12s 2, wh•r• p p p p y y 

o o 8 •o 

[
C 1 /C 2 ] , 11 andvl2 are table■ of I dependent p p O q 

8.-0 
value11, D • O • • 

• 2 A~ (
8

) • 118v + 128v, where 11 and 12 are table• of 

R dephdnt valuea, 6 • o. q ' I 



6C 8 

• (8 ) 
V 

6C 8 

• (8 ) 
V 

UIITS 

-1 w . 
-2 RAD 

DIFIMITION 

C • • 118 + 128 2, where 11 and 12 are table■ of 
X (B) V V 

V 

I dependent value■, 8 • o. q • 

6C••(S) • 11sv + a2s.
2

, where 11 and 12 are table• 
V 

of I dependent value■, e • o. 
q • 



Srl'ION III 
GEN&lAL D(UATIONS OF K>TION 

Gf~ERAL EOUATlC~S OF MOTION 

The fol lowi~O equal ;ons of mot ion art dQvtloped with su' ii c ient Otntrality 
to he ustd in s i mu l at ino any airplane, ill V/STOL or co!lvellt ional f l iOht, 
r1s J.el I as an escapt seat and a parachut illO humcn. For each typt of 
s,m1t lat i o~ t e nature of the forcts and mo ments vary but the equal iolls 
of mvtian will st i ll be representative, althouOh many of lht ltrms can 
;, ~• Ol ected for the s i mpler systems. 

A~3UlAR MOMENTUM RATE VECTOR 

r, = N + 0 XN + N + 0 XN + N + 0 XN a a a ep ep ep e t e 

a - r e fer s t o f i • e d s t r u c t II r a I co mp o ne n t s o f t he a i r p I a l\t. 

e - reft,.s to componen t s wi th s iOni fic ant l y hi Oh rot at io n rai n wh ou an01& l ar 
wioment1.1m is no t canceled by coun ltr ro t at inO parts - such n h rbi!lt b l adn , 
f ans and pr ope 11,,.s . 

II fH + JH + l H 
~ •a Ya Za 

H• Iua 0 - Ill l p 
a a 

H>' Ina 0 q 
d 

Hl -[-, 0 lll,1 r 
c1 

,, 
0

4 
: Ip • Jq • , ,. 
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·~ : I~ • J~ • I~ 
.. •a Ya 1a 

W trt lht comporie nts art Oi vtn by tht dor i vat i vt cf l ht i ntrl i ,-, tonsor, 

l"t rtm~ i ll i llO two an011 lar momtnl11m ratt vtclors m11st bt transformtd t o tho 

I, J, l aa i s systtm bofort add i nO compontnls , . 

lht ul\ i t vtclors rtlal inO tht two axis sysloms art dovolopod from tho 

f :1llowinO f iOurt , for sysloms a and tp , 

Or , i I\ Wit t r i • 11at,1ion, 

'•P Co ; (;ep) 0 S. r. 
- ,n, '•P 

J,p : 0 0 J 

' S• ' • ) 0 Ca'i ( i1P) ' I ft. I 
•P r.p 

52 
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u,;, :. D,p U4 

F1rt htr mott, bt caust of lht or th oonalil)' of o,p • o,p - l : o,/ 

ua : o\p u,p 

Nov. dt f ininO tht tp intrl ia ltnsor 

I• ep 0 - lxz,p 

G,p : 0 l>'tp 0 

- l•z,p 0 lz,p 

The compontnls of !ht anOular momtntum vtclor, 

N, I\ = I H + JH + •H 
~ "tp >',p z,p 

art Oivtn by 

11&hich , whtn expa ndtd, ,,suits in 

• H•,p = [lx,pCos1( i1 P) - 2lxz,pS in(i 1 P) Cos(i,p) + lz,pSin1(i 1 P) J p 

H : 
'Yp;, 

H ; 

l Pp · 

+ [(lz,p - 1•,p) S in(i ,p) Cos( i,p) ♦ lu,p{S inl(;,p) - Cosl(i,p ) )] '" 

1-,,,p q 

r ( r l pp - I. t p ) s ; I\ ( ; pp ) Cn ... ( I. p ) I r • '' p { s i I\ J ( ; • p ) Co\1(i,p) )1? 

+ [l.,,PS i !\1( iop) + ir.,,pS ; ,( ;.,p) Cn\(i,p)' lz,p cl) \l(i,p) Jr 
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Ca\( ie) 0 -S;" ( i1 ) 

Qt C 0 

5: n( i I) 0 Cos ( i 1 ) 

Tha i ntr ti• t ens or i s 

0 I z, 

lht Tot at i on vtcto r rtpr1stnt i nO !ht fast rotat inO part p l us tht rat ts of 

N•its attachtd to tht f i xtd frame i s 

o, I u + Ip + Jq + •r 
t •• 

= l[p + u. Cos(i,l .J + Jq + •r, - u. Si n( i1 l J 
t t 

Tn, camp cntlll"> of lht anoular mo mtlltllm vHtor 

H : I H + JH + 'H 
, •• Ye z1 

•ro O) vtt by 

Ha~ ~. '-'o o,ro,, • o, G, (u., 0, 0) J 
t 

t11hich, M•on t• p,, ri de~. rts 11lts I'\ 

H, = tf,aC·:)(i,) • J,,S ·,1(i, ) ] p 
a 

+ ((lz:
1

-Iic,)S;"C;,l c.,(; 1 ) l r 



., 

• 1 •• c..c,., '· • 
H,, = b, ' 
H1 : [(l11-la1 X:.1(1

1
~ S1,t1

1
) ] , • 

• tla
1Si,l[i

1
) ♦ l,

1
C.11[;

1
) ) , 

-Ia1Si,Ci
1

) 0
1 • 

Al I the .. ,,,., ...... ca ....... , lllvt ....... ,, •• ,., ... ,. , ... --
•• i1 l~tt■ IN tll ....... ti fl1tr1t, tllt •Ir ia 14•111• 

Ha [ .. a -Iu , 1 •• c..c,,1 '· • H, = a In a ' ♦ u 
H, -lu a lu , -1.1s1,c,

1 1 0
1 • .. ,. 

1 .. = 1 ... 

• 1.,,ea,2ci1,1 - 21.,1,s,,c,1,1 c.,c;
1
,1 • 1,.,s,,1c1.,J 

+ la1Ca,2Ci
1
l • lr

1
S;,1[;

1
J 

lu = lu1 

+ Iu1,c Ca,2 C i1,J - Si ,1C 11,J l + Cl■1,-Ir1, Ii,( 11,J Cn(;
1
,> 

+ Cl a 1 -1, 1 JS i , C i I J Cad i 
I 
J 

In = h1 + h1, • h1 

lu = lu1 
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• 1a .. c..1,, .. 1 • 21 .... 1,,,, .. , en,, .. , • , ... ,,.,,,.,, 
• l11Cn1tI1J • 1 ■11IaltI1 ) 

Tlat c ..... ,11 ,, 1.,, •'•• ., •1 n1r11t lat,., tlle ,.,,,., -•• 
-·· c ......... '"''"" ,, 1111 ,,11,., .... ,, •• . 

• • H 111 I -111 ' ••• C..(1,) .. • . • H I In I • I - ' 
♦ , -. 

H -111 I 111 • • I , -1■1 S11( 1,> 1
1 • 

I J I 

... ", "' 
= I(~ - ,tt,) ♦ ''"• - titr> ♦ "'", - ft.) 

£c•tllf Ille -•t c .... ••h 1f IM cter ec•t111 

r., = I • • 

• • t, 1 = 111, - lu , + ... - r", 
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.,, 

' 

• • • : f ♦ f •r ♦ t •f ♦ f •W 1a 1
, '• 1w 

Whe,1 the eate,11I •••h 1rt ~u,1 1 iUlftl ta • ,1,r1w1tat iwt a' ••> 
ca,ct i va~ lt cadif1r1t ia,. 

Fa, ca,vt,t iau l f I ifht, the ••t• 111 ,•••h 1,1 

,. = -.S\JI1 • F, a,. - F, ''••a,. D e t 

f) : -. Sc JI. ♦ F. Ar I - Ff &. I ♦ a,, a I I 

" 1 = -.sw:c, + F, &.1 - F1 &,, + a,, 
D I I 

">~ = C-SC 114l c._ 
",• = C-SC 1l4) Cc/2] Ca• • 
"·~ = ("5~/4) c,a 
f r~ ~ (-Sttl/4] c,a 
,, • = ("5~/4) (W2) C, • 
'p , 

, • = ("5~/4) (b/2) C1• 
•, r 

"z; = ("5~/4) (b/2) C-; 

, 1• = (-Sb' /4) (b/2) C,. 
r r 

Tht 11,ad)uaic ca1ffici1,t , ... tia1,, EC 1, JI•, .. IC,•• 
1101\ -di•uiaul ••111i1 aa••t catHicitat, lllittl •) ,-.1ir1 ta\11-
raat -1p far ca-, 111, ,a,- Ii ,11, 1~tt111. 

For V/ST(l fl i ftlt thl IClllt iau ■ i 11 h1wt tht 1•• far ■ \1t tht we, . .. ~tt-J 
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Fa, Y/ST[l flifht rtflltt 

'9 •ith ,, 

D:. •ith IC.' 

c"'i • ; t h c~, 
JI 1 a i th JI 1

1 

JIil ai t t, rel\' 

C,) lll ; tt, C11' 

c,1 •it!'! c,1, 
~!'!1 ,, .. iai,f ae,a4,,a•ic ca1ffici11t, ,,,,1,1,t 1t,1ct,,11 •fa,•tia1t 
'r am acc1 ·1,at ;a,, 1,4 .. , lie ,1f1,1u1• ta 11i,1t,11• c if I cc1fif1r1t :a, 
• ,~., 1ica,1t1r1d fa, .,,ich tht) .,. 1it1ific1,t ;, v,sr~ 1 : if~t. 
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., 

The I iuer •••h• ,,111 ia" 1,1 ,i.,11, u,,, the,.,,,,, •••••• te,91 
bitc11u ,t,1chr11 talltr1i,t1 •i 11 fa,ct the ve,,i-, iu i.,ue an, ta 
t"lll\ l lh p r1lltl ta tht fiat4 1t,1ehr11 ta .. lUltl •ith Ill) I titter 
ar ,,.¥it) ll'lift, Ca,,.,,.,t ,,. a, 1, tht C11 ....... , •itft 1if1ific11t ,, 

~ ;jh , atat :a, ,111, ••••bit••••• ta tht N1ic 1i,,11u ecuti111. 

t • . . 
a • 01 Xl1 = 1(1 • •• - ,v) • J(v • ,, - ••l ·• I(•• 1¥ - c1J 

c.(•e : l(u. Si,(i,) v). J( -u. S(i,) I - u. Ca,(;,)., ♦ l(u. Ca,(:,l vj 
I I I I 

Cc 1c: :,, ca111pa,1,t1 1,d dtfi,:,, 

.. ~ 
!.J 

I 

EF 
) 

• = F,
0 

+ F,;¥ +-, , 11 
• 

= .c. • py - ,,l + u
1 

Ca,Ci
1
l ¥ 

• • = F1 • F,•• • 'llf 1 11 0 • 

., , ••t•""•' fa,cn a,,, i, tHYt,t in1 1 r, ifht 
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= C-S\/41 c,1 
• ~r; = - (-SC/4) Ct.i 

Fa, V/STtl. f t ifht, r1pl1ct 

CA ■ ith CA' 

c, ■ it,, c,' 
CN 11ith ~' 

Sa 111 ; ,t far the ti 1111, 1cc111,1tin CDlllfDU11t,, i, ,,1p1,1tia1 fa, 11•r:c1 
: 'lt•frat ia11, rHl i h i11 

• 
• = [m(c, - pv + t .,,1 

c •• ,.J u1 Si,(i•l w • 
- ■1u1 C,S; ,( ;

1
) + .Ca,(i

1
)) 

• 
• F

11 
+ u1 Ca.Ci1 ) vl / t ■ - F,. J 

• • 
I) II. 11 CII N Cl .. 1114 II 

Cf Cf 

t ;., 11d n,d ia n 1Hic i11t ., ta caa,1t1 tht tfftttl af c11t1, af fr1v:t) 
\h;,h. 

Aa i1 1 laid f1cta,, pHitivt r11ctia, fa,.,d [,11,11 af 111ft 1cu11,1ti11 
Cr I for111,d fr1vit) ca-,au,tl 

" : -F IGW 
•ct •a 

l_1t1,11 taed fact a,, pa,it ivt ,11ct in ta tht , iftlt C,11,1t af 1 11ft 
1cctltrstiaft a, I r i fht-■ i1f-da■1 fr1vit) ca-,11111) 
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.. 

' 

~ : .(F~ + F~-~l IG• 
)'<O 1 0 1 11 

Nor••I fa ,!c! facto,., posit ivt downward rtart ion (rn11lt o f an upward 
ltt:>ltrt!!io'l or a dawn ard §ravil) romponant) 

ll 1 : -~F, • F1 .:1 /GW 
CO a w 

fo• d ctnter of o,. av i l) considtr the summat i on of mom~r.is about a bast 
:. 3. , de i:at td b) !ht substr i ct, I. 

11 - f' + I Xf • I XF • ♦ • a e1 a t 1 t 

lh>ro th e s1ibscr i pts, a and e, rt fer to atrod)nnmic and tnOint f:Jrcts, 
Y"P">;>e :: jve l y, a ~.d r0 i s a couplt, indtptndut of C. G. 

A \t ::a11d momtnl about a ·di fftrtnl C. G. is 

'1 =re• •~1X'a • 1,1XF, 

S·.,tTatf i110 

1'1. fl .= (ld1 - •a,) x,d ♦ (1,, - •.,1 x,, ♦ ♦ ♦ 

Obviot1s I), 

•~ • •a •. - I : ~•c.o 1 I 1 •• 
'(1 : 1' I + Al X(1 • F 

CO t! O 
♦ ♦ ♦ ) 

+, : IF 
f f , 

' JO • F • ") • '(F, • F, ... ) ('\ p "a )a ) V a • 
: -Gw:1 " • 

•co J " ♦ ' )co " 1tO 
) 

A•cf : l~,c~ ' JA'/. o I \A, 
L:0 
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♦ J[GW(I\, A•co - Ila 61 co) ] 
, CO CO 

• ,tGW(I\• Ayco - I\>' A•co) J 
co co 

lith thi·~ ... . G. shift correct i on added to the prtv i a\lsly deve lapec moment 

,qu: io r. c., t e rol I inO, p i t chino and yawino acc elerat i ons are 

[ .. • 
I> - I al r • qH - rH : 

l )' 

• • 
+ GW(ny Az co - nz A)co) f ♦ f •I) ♦ f' •r ♦ f' • " 

• a • p •r x.., co co 

In • 
q + r H I - pH -

X z -

• 
f ♦ f' ,q ♦ 

>'o >'q 
• -J.z p + lzz • 

r + pH - qH : 
)' X 

• 
f' 1 + f' ,r + f' •P + f' ,·v + GW( n. A)~ ... - n., Axcf) 

a zr 1p •1v "CO .. ., 'CO 

5-J ' v i O far p i t ch a cc e I tr at i a n 

• 
q : [pHZ - rH. ♦ f'., ♦ f'.,•w ♦ GW(n, Axco - n. Azco) ]/[I)) - ~., ~ 

'D 'w CO t0 ' q 

lhe re l I i nO and ya111 i nO ·acceltral ions ffl\l'it bt salved s i m\lllantau\ l )' far p 
• 

•"~ r, •si ".c e I tie d ioita l computer i s not a para I l e l dtv i c,. 

,, - r Hy qHl ♦ f' ♦ f' • " + GW( ny izco n, Ayco) -, I •o l V . co ( 0 
., - qH pH>' ♦ f' I f' • V I GW(n. A>'co - ~->' A• r o) ,, , 

' n z.., co lO 

Tf\~ r o·,. It i ·:o h10 ·, '"'"ff 1' 1\ 0 Ol(S , q1t,1f iani; that rt \ "/t ar, 
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•( [_. l ♦ 1' l • ) ; • C: ll - fl• ) ,. : fl 
p r 1 

Sal-tittO io r tht dtttrm i nant 

A • ( I u - f • ) ( I 1 z - f'
1

, ) - ( I xz + r • ) ( I u + r • ) 
•p r •r 1p 

501..- ;·.,_ o fa .. ral I acc e lerat i on 

p:[(lzz - f.)r +(lxz+f',)r ]/A 
1 , ., .. , z, 

• Salvi ,0 far )d ill acc elerat i on i n terms of the known p 

; :. [-r 1 + (lu + rz,) p] / (izz - r
1
,) 

I p r 

DJRECTJOW COS INE RA fES 

.. , J : dll q • dl1 p 

411 
: •11 r - au q 

•11 : d13 I) r dz I r 

d U : i1z I q - ('! 11 p 

Ol~ECTI~ COSINES 

cl • . 
IJ 

: Ja .. dt 
•J 



EOLER ANGLES 

i ; T •• -1 ( •11 / • 11 J 

9 . S;11 - 1(-a
11

l 

~ - Ta~ 1(11111,,> 

EARTH AXIS VEIDCITY COMPOMEtfl'S 

Xe • ~ U + i l2 V + a l3 Y 

t. • ~ u + ~ 'Y + '"23 y 

'• • ~l U + '"]2 V + ~3 V 

• 



S&'TICII IV 

AIRODDANIC COittICim JQUATICIII 

AllaJDIAlllC COiii 10:mm 

IOICI COlfflCIDT BUILD-UP 

TAIL LlrT 

CL • CL (Cl + 't -c) + ~, a,, 
t Qt • 

TAIL DRAG 

AIUL IOICI COlfflCIDT BUILD-UP 

EC 1 • C 1 + C 1 + C 1 + c_
1 

I l I 01 I 8n I 111 -x ( .. ) 

I ., 
c1 • -<c., Co•c + ,_ She) I f eoaca] 

tail t t • 

+ (,_ Coll - C., She) [ t Iha] 
t t " 

IIOINAL IOICI CODrlCIIIT BUILD-UP 



C. • (C., Coac - ~ Sine) It Co■a] 
tail t t v 

+ ('1,t Co■c + ~t Sia<) [~ s1aa] 

ltllll'I COlnlCIDT BUILD-UP 

PITCHING 

tc• • c• + c• + c• + c• 
8L 9c>L •9vi. •est •c~> 

UVIIG 
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Srl'ION V 

AIRODYNAMIC AID THRUST FORCE ~UATIOMS 
A!'RODmAMIC ABO mRUBT lORCIS 

AXIAL (FORWARD) 

F A,• 2 're • a a 
X • -2 q D IC + ":i""'l2 L IC + It q NF A.._, C 

0 A X R X L XNF --w X 0 

+ (Ktnt) q s C + Kt Coe(i) Tj + AF 
• v xtail • • 

LATERAL (SIDE) 

NF 

- K Sin(i ) Tj - pn lul + ..1!L lvl ] [POFl] 
u • La I u I a Iv I 

+ q' AV A, ACN I V l (POP2] 
/ u2 + .,2 
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SCION VI 

AIRODllW([C ARD THRUST M>MENTS 

AIROD!IAMIC AID THRUST IDBl'.rS 

IOLLING 

+ q Sb (C
1 • w c5 

• 

- 2 yp q L ~ - q R C. [POFl] ', ~• ■ I I J 
(~) <c,> 

(
IL j! ) + a'; v + ip p (POPl] 

PITCHING 

+ [~ lul [POPl] 

68 
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,I 

tAVIIC 
I I 

• q •v S b C 8 ♦ q S b 
11 V " 8 8 V 
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SBCnOK X 
TRIM CCMPUIATIORS

The neceeelty for trlaiid.ng the airplane, to Inltiallee each time 
history with all acceleration cowponents equal to zero, always requires 
repetitive hand calculation or graphical Iteration for the non-llnear 
configurations that are encountered in engineering practice. To obviate 
the tedluo of trlaoing by hand, and to enhance the computer tum-around 
tloe, trlaaed values for

®v» ®8
in VTOL flight are computed automatically by one of the programmed options.

The method of successive approximations, as opposed to an interatlon 
technique, is the most efficient procedure for computing the values of 
vector, stagger and nose fan bucket positions that will cause all accel­

eration components to vanish. These trimmed values are required at each 
time history initiation and, additionally, are desirable for performance 
information.

The successive approximation technique employs the following truncated 
Taylor's series formulae.
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ror CODY•ttoaal fliaht, the .... aathaatical technique 1• uaed to aolve 
for trillaed ftl.uu of angle of attack (c1), horizontal tail incidence ( 48), 
aad thrut required (T j) • 
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SECTION XIII 

AERODYIAMIC COISTANTS 
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APPalDIX II 
1AIWRI ll>DI TIMI HISTORI■ 

Tb11 NCtioa contaS.u tilll ld1tory plot■ ot tbe aircratt 
tail.me .S.1 411cuNd in tbe boq of the tat. 

!beN t1111 biltorie1 wn pnerated by di1ita1 Call'Uter 

1ntep,aUoa of tbl 4ittennt1al equatioaa dnelopecl in Appendix I. 

TIie OG11P1ter PJ'OIJ'UI opt1oaa all.ow tilll hiltorie1 to be 

plotted, printed, pmcbe4 11114/or ■and oa ua aterm.l ■tone• device. 
TIie follolr1DI tilll biatori•• wn plotted by UN ot the Stl'Cllberg­
Carlacm 8Clloeo cm plotter but tbe COl!Plt•r procr• ii not re1tricted 
to tld.1 .,.citic acbim. 
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