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FOREWORD 

This report describes current progress toward achieving the Iona-range 1oal of 
developing a Navy c..tpability to simulate the performance of any aircrew escape 
system in any aircraft. The work was authorized by the Engineering Department, 
Naval Weapons Laboratory. The report was reviewed by Dr. Thomas A. Oare, Head, 
Aeromechanics Branch and Russell D. Cuddy, Head, A~roballistics Division. 
Acknowledgement is given to Mr. F. L. Stevens for assisting in the formulation, t.fr. 
D. J. Lemoine for programming the model, and Mr. S. R. Hardy for improving the 
simulation through numerous c,>mputer runs and analyses. 
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I. INTRODUCTION 

In Febniary 1972, the Naval Aerospa,e Recovery Facility. El Centro, contracted 
Vought Aeronautics Company to simulate the performance of the SIIJS-3 Escape 
System. The SIIIS-3, now designated the SEU-3/ A, Escape System has bcl~ n 
developed by Stencel Aero Engineering Corporation to replace the Martin Baker Sl'at 
in the AV-8A (Harrier) aircraft. NAV AIR requested the Aeroballistks Division of the 
Naval Weapons Laboratory (NWL) to technically monitor Vought's contract. In 
addition, NWL was assigned the long range task of developing a Nav in-house 
capability to simulate any escape system in any aircraft. This report describes part 
of thi;: work completed to date toward achieving this goal. 

The Aeroballistics Division has the responsibility. among others, for Fleet air­
and surface-launched weapons flight dynamics support. This work includes the 
formulation of math models to describe weapon performance, programming these 
models efficiently , preparing test programs to determine weapon parameters, adjusting 
these parameters to match test performance, and preparing ncet information. Thr 
experience gained in these areas can be applied to escape systems as well. 

Originally, NWL considered obtaining Vought's computer program from the Air 
Force, who purchased it together with a computer study< ll in 1970. However, for 
several reasons, it was deemed more efficient to formulate and program a separate 
escape system performance simulation. Both the math model developed herein and 
Vought's model described in Reference l (Part 1, Volume 2, Appendices I-IV) treat 
the basic framework for th~ escape system simulation in a similar manner. For 
example, both models contain : (a) an aircraft simulation ; (b) aircraft /seat 
interactions through rail/slider block linkage ; (c) six-degree-of-freedom scat/man. man 
alone, and seat alone simulations; (d) catapult, sustainer rocket , stabilization. and 
aerodynamic forces and moments; as well as (e) parachute models. The t\ o 
simulations differ, however, in the manner with whkh the details of each m~1jor 
segment are modelled. The philosophy employed in the Navy simulation is to model 
each segment with enough detail to provide flexibility in studying the effects of 
hardware modifications, crewman physiological effects. etc. without sacrific111g overall 
model efficiency. In addition , extensive use was made of the current literature 
related to escape system modelling to obtain accurate state-of-the-art techniques. 

Before proceeding with a description of NWL's current progress, a brief list of 
the major requirements of an !!Scape system simulation is given below to place 
pre~nt achievements in perspective with future goals. The perform.- 1,cc simulatior, 
should provide assistance to management. engineers, and Navy personnel in the 
following areas: 



I. Establishing escape system performance requirements for a given aircraft. 

2. Evaluating contractor proposals for escape systems. 

3. Evaluating the effect of hardware design modifications on overall system 
performance. 

4. Monitoring escape system test programs. 

5. Preparing fleet information. 

In fulfilling these requirements, NWL has concentrated primarily on the test 
monitoring function. After completing formulation and coding of the escape system 
model, simulations have been conducted of actual tests of the SEU-3/ A Escape 
System in order to determine the adequacy of the math model. Program 
modifications and parameter adjustments were made to achieve agreement between 
simulated and test performance data. A separate report< 7 > presents the results of 
these simulations. After acceptable agreement between test and simulated 
perfomi · 1ce data has been obtained for all system tests, the model can be used to 
simulate escape system performance for a wide range of aircraft conditions that were 
not covered in the testing program. 

A COC 6700 computer program, entitled ICARUS<6 >, has been coded to 
descrihe the formulation presented herein for the SEU-3/A Escape Syshm. Therefore, 
a brief description of the operation of the SEU-3/A Escape System as it pertains to 
the performance simulation will be given. It is to be noted, however, that ICARUS 
is intended to be used to simulate other ejection seats, extraction systems, or 
capsule systems. For this reason , the math model was programmed in modular form 
so tha~ certain segments could be reprogrammed to incorporate peculiarities of each 
individual escape system . 
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II. SEU-3/ A ESCAPE SYSTEM OPERATION 

Figure I is a schemalic' 2) of tl1c SEU-3 / A ·jection Seat showing the primar. seat components. Following an ai rcraft failure mode requiring emergency egress. the sequence of events which occur afh!r firing handle ir •itiatio11 is the following: 

(I) Catapult cartridge initiation 
(_) Canopy breaking 
(3) Catapult unlock :md first seat motion 
( 4) Drogue projection 
(5)

1 
Seat sequencing initiation and SBR ignition (6) Catapult separation 

(7) 1 WORD release 
(8) Parachute pack opening 
(9) 1 WOKD ignition 

(10)1 DART start 
( 11 ) 1 SBR burnout 
(12) 1 DART end 
(13) 1 WORD burnout 
(14) Line stretch and spreader gun firing 
(15) Seat/man separation 
(16) First full innation 

At catapult unlock (3 ), the pressure buildup in the catapu It tu be__ localed inside the seat r~1ils, provides thrusi producing first seat motion. The two sc:11 rails then move through six slider blocks attached to the aircraft. ~ s , he Sl~at head ho · enters the airstrearn , the drogue parachute container is projected from tht• sca t (4). Prior to the sepa:ation of the catapult tubes from the seat rail -:, the sc:lt scqucn ·ing is initiated and the ~eat Back Rocket (SBR) ignitt• (5). TI1e SOR is a ~ustai n ·r rocket system consisting of two rocket motors, one located on each si<lc of the seat. The rocket motor move with the seat bucket as it is adj11skd to accommodate the pilot. thu reducing center of gravity to rocket thrust misalignment . The SBR 's. of course, provide additional thrust to the se:,t. movin: it away from the aircraft. 

As the seat continues ir s trajectory awa from the ai rcraft. dcploymrnt f 111 · recovery parachute and stabilization of the s at during deployment arc n ·ce. sar . . Deployment or the recover_ parachute is accomplished b, th l' Wind Ori ·nted Ro ·kct Deployment (WORD) ystrm . The WORD rockL·t , or WORD. is ;1 small rocket 

1 
Appendix A. contains s descri pt i<'n of the acrony m~ ~~so,:iatcd with Ilic SEU-3/A E~ 31)C Sy~ rcm. 
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attached to the back of the seat. The WORD release mechanism (7) is operat ed 
according to the seat sequencing (5) which is a function of seat airspeed and 
altitude. Seat sequencing and its effect on recovr;ry chntr deployment will he 
discussed in the next paragraph. During SBR bum time and recovery chute 
deployment, the seat is subject to adverse attitudes. To stabilize the scat during thi . 
phase of the ejection sequence a Directional Automatic Realignm ent of !raj c tor 
(DART) system is employed . The DART system consists of a brake allad11;:J to 111 ' 
seat through which two lines attached to the aircraft play out as the sea t moves 
away from the aircraft. The moment on the seat produced by the DART I rnl- ~ 
force is designed to correct any adverse seat attitude. As the seat moves far ther 
from the aircraft, the DART lines break (10), permitting the seat to co 11ti1111 l' it. 
trajectory away from the aircraft. 

Seat sequencing is determined by the seat airspeed and altitude, as mentioned 
previously . Seat sequencing, in tum, controls the recovery chute deployment mode. 
described schematically in Figure 2. In the low speed (below 225 kts.). low altitude 
(below 14,000 ft .) mode of operation, the WORD release mechanism functions on a 
short time delay. As the WORD falls away from the seat under its own inertia, a 
firing pin is pulled igniting the WORD rocket. If the seat altitude is bclu, 
14,000 foet, the recovery chute container opens. The recovery chute will 
subsequently be deployed from its container under the tension developed in the line 
connecting it to the WORD rocket. Figure 3 illustrates the low airspeed. low 
altitude event sequencing for the SEU-3/A Escape System . 

If the seat altitude is c1 bove 14,000 feet , the recovery chute co11tai111.' r , ill no t 
open. In this case the WORD lanyard is attached to the seat head box. As knsion 
develops in the drogue-WORD and WORD lanyards, the drogue chute is pulled <) 11 1 
of its container. The drogue chute subii,equently opens and exert s a force on th 
seat/man combination rotating it to a "feet-to-wind" attitudt: until the . ea t dcSl'.l'nd 
below 14.000 feet. At this point the recovery chute container opens permitt i11,~ 
deployment of the recovery chute under the force exerted by the drogue chute. 

If the seat velocity at SBR ignition is greater than 225 knots, the intcnncdia lt' 
time delay functions rather than the short time delay . When the intcrmediat(' time 
delay functions, the 7000-foot aneroid is armed. Because of the longer time dela. 
and greater seat speed than in th .: h.>w speed mode, the drogue chute will deploy 
prior to WORD ignition. In this case, the drogue is attached to the scat via , l-.1.: 
WORD rocket. If the seat altitude is less than 7,000 feet. the recovery chut e 
container will open and the WORD rocket will release . Under the fo 1ce exe rted on 
it by the drogue chute, the WORD is pulled away from the scat ex tracting a firin g 
pin which ignites the WORD rocket. Under the action of the drogue chutl' and 
WORD rocket , the recovery chute is deployed into the airstream . 

5 
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FIGURE 2 RECOVERY PARACHUTE DEPLOYMENT MODES 
I EJECTION SEAT VELOCITY 

BELOW 225 KTS. ABOVE 225 KTS. ANY AIRSPEED ' SHORT 
TIME 

DELAY 

INTERMEDIATE 
TIME 

DELAY 

LONG 
T lMF. 
DELA\' 

SEAT 
ALTITUDE 
< 14 K FT. 

l 
RECOVERY 
CHUTE 

CONTAINER 

OPENS 

' ' SEAT SEAT 
ALTITUDE ALTITUDE 
> 14K FT. > 7K FT. 

LONG TIME 
DELAY 

SEQUENCING 

OPERATIVE 

INERTIA- WORD 

DEPLOYMENT OF 
RECOVERY CHUTE 

' SEAT 
ALTITUDE 
< 7K FT. 

l 
RECOVERY 

CHUTE 

CONTAINER 

OPENS 

' 

WORD 

IGNITION 

SEAT SEAT 

ALTITU>E ALTITUDE 
< 14K FT. > 14K FT. 

DROGUE - WORD 
DEPLOYMENT OF 
RECOVERY CHUTE 

SEAT DESCENDS 

WITH DROGUE 

ATTACHED TO 

HEADBOX UNTIL 

------11 SEAT ALTITUDE 

< 14 K FT. 
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If the seat altitude in the hilh speed mode is areater than 7,000 feet, WORD rocket iarution is delayed even lon,er. When the long time delay functions, the WORD rocktt iP1ites under the action of the <iroaue chute. If the seat altitude is below 14,000 feet, the recovery chute container will open. Subsequently, the WORO and dr01Ue chute will deploy the recovery chute. If, however, the seat altitude is above 14,000 feet, the recovery chute container will not open. The WORD lanyard attaches to the seat head box until the seat descends to an altitude below lt,,000 feet. At this altitude the recovery chute container opens, and the recovery chute deploys under the action of the droaue chute. 

After deployment of the recovery chute in each of the modes discussed above, the firing lanyard from the seat to the recovery chute plays out. When tension develops in the line, a pin is pulled firing the spreader gun. The spreader gun is attached to the skirt of the canopy and it ballistically forces the ~nopy mouth to enlarae. As the risen and suspension lines develop tension from the differential momentum between the inflating canopy and the seat/man, the seat and man separate. The seat moves away from the man as the man/parachute system decelerates further under the action of the inflating canopy. 

Reference 2 contains a complete description of the SEU-3/ A Escape System and its operation. 

8 



Ill. FORMULAT1ON 

The fonnulation is divided into the following sections: 

(I) Aircraft equations of motion 
(2) Seat/man equations of motion 
(3) Seat/man forces and moments 

(a) Aircraft 
(b) Catapult 
(c) Sustainer rocket 
(d) Slider block 
(e) Aerodynamic 
(f) Stabilization 

(4) Drogue container equations of motion 
(5) Drogue parachute equations of motion 
(6) Deployment rocket equations of motion 
(7) Recovery parachute equations of motion 
(8) Mari alone equations of motion 
(9) Seat alone equations of motion 

The aircraft equations of motion are limited to three degrees-of-freedom. If 
complete six degree-of-freedom calculations are necessary in the future, they can be 
easily incorporated. The seat/man, man alone, and seat alone six degree-of-freedom 
equations of motion are identical in form; however, each is presented separately for 
completeness. Likewise, the drogue and recovery chute particle equations of motion 
with lift are redundant, except for the deployment modelling. The drogue chute is 
deployed "lines first" while the recovery chute is deployed "canopy first". Both the 
WORD rocket and drogue container are simulated as particles in three 
degrees-of-freedom; the WORD equations contain thrust. The interaction between the 
various bodies through suspension lines, risers, and lanyards are simulated as elastic forces,< 9 ),(IO),Ol·l 6 ),< 20 >.c 23 >, proportional to the displacement of one body 
relative to the other. These forces as well as the other forces and moments on the 
seat/man configuration are treated in detail. 

Appendix B contains a list of symbols and notations employed in the 
fonnulation divided into sections as follows: 

(I) Coor<Jinate Systems 
(2) Modified Euler A;1gles 
(3) Airplane Co'Jrdinate System Position Vectors 
(4) Catapult Coordinate System Position Vectors 
(5) Seat/Man Coordinate System Position Vectors 
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(6) Man AJone Coordinate System and Seat Alone Coordinate System PositiLn Vectors (7) Earth Fixed Coordinate System Position Vectors (8) Direction Cosine Matrices 
(9) Direction Cosine Angles/Unit Vectors (10) Velocity Components 

( I I ) Quaternions 
(12) Airplane, Seat/Man, Man Alone. and Seat Alone Panmeters (13) Parachute Parameters 
(14) DART System Parameters 
(15) WORD System Parameters 
(16) Drogt•e Container Parameters (17) Slider Block Parameters 
(18) Event Times 
(19) Forces and Moments 
(20) Dynamic Pressure. Aerodynamic Angles (21) Tables 

Vector notation is used in the formulation wherever possible for brevity, but 
occasionally components are used for clarity. The subscripts employed in the notation, while rather lengthy, are helpful in recalling the definitions of parameters. In most cases. the same notation is used in the computer program coding. The following is a list of the most frequently used subscripts and their definitions: 

Subscripts: 
C - catapult 
S - seat/man 
A - aircraft 

MA - man alone 
SA - seat alone 
RC - recovery chute 
DC - drogue container/drogue chute 

Position vectors are denoted by the symbol,~ For example, the vector~ c denotes the position vector from the !ircraft C.G. to the _?tapult, and the vector r; denotes the position vector of the !eat/man C.G. with respect to the earth. The notation is not intended, in general, to indicate in which coordinate system a vector is presented, however, but the definitions of these vectors wiJJ clarify this point. Direction cosine matrices are denoted by either A or D. For example, AA t: is the direction cosine matrix which transforms the components of a vectc,r (lresented in the _!:arth fixed coordinate system to components presented in the !ircraft coordinate 

JO 



system . The conventions used in the remainder of the notation should become 

apparent through familiarization with the definitions. 

For the most part the notation and conventions used in the formulation arl' 

con istent with those employed in References 3 and 11. 

A. Aircraft Equations of Motion 

The aircraft equations of motion are written in a wind axis system' 1 1 1 

(WAS) to provide aircraft trajectories in the horizontal or vertical plane. Thl' C0ntr I 

variables arc load factors, roll rate , and angle-of-attack while the derivated variable: 

are velocit~. flight path angle, and velocity azimuth angle. 

--- gn - g 

or in l:ompo~ent form 

(I) 

(2) 

(3) 

The direction cosine matrix, Aw E which transforms a vector from the EFCS to the 

WAS is given by : 

where 

aw Et 2 

aw E22 

aw E 32 

S-y 
CµC-y 

-SµC7 

x = negative rotation about the YE axis to x' , y'= yE , z' 
.. • b h I • 111111 I 

"f = pos1t1ve rotation a out t e z axis to x ,y , z = z 
µ = positive rotation about the x11 axis to Xw ,Yw ,zw 
C = cosine 
S = sine 

C-ySx ] 
SµCx - CµSxs.., 

CµCx + SµSxS-y 



• lie relationship between w., and (X,'YJ')T is given by 

Substituting these relationships in Equations (2) and (3), we obtain 

-g x = --- (ny sinµ+ n
1 

cosµ] 
VA cos 'Y 

(4) 

(5) 

Equations (I), (4), and (5) are integrated together with the following trajectory 
equations to determine the spatial time history of the aircraft: 

In order to determine the initial conditions for the seat/man configuration 
it is first necessary to transform the aircraft velocity and angular rJtes from the 
WAS to the Airplane Coordinate System (APCS). Note that this transformation 
assumes constant aircraft angle-of-attack. 

where, 

aA E 12 

aA E2 2 

•'.~E32 

oA = a negative rotation about the Yw axis to the APCS. 

Figure 4 is an illustration of the parameters used in the aircraft equations of 
motion . The aircraft velocity and angular rate components in the APCS are given 
by: 

12 

I 



FIGURE 4. PARAMETERS USED IN THE AIRCRAFT ----
EQUATIONS OF MOTION -

v,. x. 
I 

Yr. 



The Ca tapult Coordina te System (CCS). an int crmrdiate coordinate syslt~m fi xed t.) 

the ain:r.ift. is established for convenielll'.C in defining points on the se.it .ind 
formulating sea t/aircraft intrractions. The direction cosine matrix , De A , which 
transform a vec tor from the APCS to the CCS, is delined as follows: 

where. 

1/1 ~ = a negative rotation 
0

1
. = a positive rotation 

¢c = a positive rotution 

SBc 

C<t>cCBc 

-S<1>/:0l' 

b . I I I a out yA axis to x ,y =yA ,z 
about z' axis to x",y".z"=z' 

b " • a out x axis to Xe ,Ye ,zc 

The vector from the aircraft to the scat/ man C.G., presented in the AP<. S, is given 
by 

The vector from the origin of the (TS to the aircraft C.G., presented in the CCS, 
is given by 

14 
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ll1e direction cosine matrix Ds c , whi ·h transfonns a vector from the CCS to the St·at / Ian Coo1dinate System (SMCS) is given by 

where 

'Psc = a negative 
0sc = a positive 
<'>sc = a positive 

rotation about 
rotation about 
rotation about 

sosc 
C<tisec0se 

-S4'scC6se 

Ye axis to x' , y'=yA , z' , . ,, ,, ,, , z axis to x ,y , z = z 
" ax is to X Xe ·Ye ,ze 

ll1e direl·t ion cosine matrix. DAS • which transforms a vector from SMC'S to the APCS is !!iven by 

dA s 12 

dA s 2 2 

dA SJ 2 

ll1e direction cosine matrix. As E, which transfonns a vector from the FFCS to the SMCS is given by 

rSE 11 as E 1 2 3
sE t j 

D!sAA E 
AS E = 1SE 2 I as E 2 2 aSE 23 = 

as E J 1 as E J 2 3s E 33 

The seat/man Euler angles arc dcterminrd initially as follows: 

Vis= arctan(aSEtJ/asE tt>• 0 ~Vis..; 21r 
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-A unit quaternion , As, is used to update As E when integration 1 the scat/man 
equations of motion begin . The 111itial values of the components of As are given by 

A15 = - C¢5 /2 SOs/2 SVJs/2+S¢s/2 COs/2 CVJs/2 

A2 s = -C¢s/2 COs/2 SVJs/2 + 5'/>s/2 S05 /2 CVJs/2 

AJs = Ctf>s/2 S05 /2 CVJ 5 /2 + Sips/2 C05 /2 SVJs/2 

TI1c following points on the seat are transformed from the CCS to the SMCS. 
Figure 6 illustrates the vector addition involved in these transfomrntions. 

Vector from the seat/man C.G. to the drogue container in the SMCS: 

Vector from the seat/man C.G. to the recovery chute in the SMCS: 

\'t:ctor from the seat/man C.G. to the WORD rocket attach point: 

Vector from the seat /man C.G. to the WORD-drogue line attach point : 

Vector from the seat /man C.G. to the WORD lanyard attach point on the H'CO\'ery 
chute container: 
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FIGURE &. TRANSFORMATION OF POSITION VECTORS -
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LOWER ~LIDER BLOCK 

MAN ALONE C.G. 
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SEAT / MAN C. G. 
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Vectors from the seat/man C.G. to the right and left DART confluence points 111 

the SMCS: 

Vectors from the seat/man C.G. to the right and left sustainer rocket nozzles in the 

SMCS: 

Vectors from the seat/man C.G. to the right and left rail ends: 

Vectors from the seat/man C.G. to the right and left riser attach point!- in the 

SMCS: 

Vectors from the seat/man C.G. to the right and left catapult tubes : 
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Vector from the seat/man C.G. to the seat alone C.G. in the SMCS: 

- -= D c (res A - res) · 

Vector from the seat/man C.G. to the man alone C.G. in the SMCS: 

-- -rs M = 0s e <re M - res> • 

Vector from the seat/man C.G. to the seat/man reference C.G. for aerodynamic data 

in the SMCS: 

- -
r;scG = 0se<rc scG - res)· 

Vector from the man alone C.G. to the man alone reference C.G. for aerodynamic 

data in the Man Alone Coordinate System (MACS): 

Vector from the seat alone C.G. to the seat alone reference C.G. for aerodynamic 

data i 1 the Seat Alone Coordinate System (SACS) : 

- - -rSASCG = 0sc<resAeG - rcsA> 

Vectors from the man alone C.G. to the right and left riser attach pc,mts: 
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...... .... --+ 
rMRR = rsRR - rSM 

.................. 
rMLR = rSLR - rsM 

Vectors from the seat/man and man alone C.G.'s to the midpoint of the riser attach 
points in the SMCS and MACS, respectively : 

Unit vectors for the right and left sustainer rocket thrust lines in the SMCS: 

where , 

...... 
uR R = 0 sc<cos aR sa R • cos PRsa R • cos 'YR SBR l 

(6) 

(aR s 8 R ,PR s 8 R ,'YR s 8 R) = direction cosine angles of the right sustainer 
rocket thrust line with respect to the CCS. 

(al s 8 R J3LS 8 R ,'YLS 8 R) = direction cosine angles of the left sustainer 
rocket thrust line with respect to the CCS. 

The initial conditions for the seat/man configuration are determined as follows: 

where, 

--+_ T - T--+ 
Ws - <Ps ,qs ,rs) - DAS WA 

-+_ T T-+-+ -+ 
Vs - <us ,vs ,ws> = DAs<VA + WA X rAs> 
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8. Seat/Man Equations of Motion 

The seat/man configuration is assumed to be a rigid body, and 
consequently the equations of motion of the seat/man are given by: 

where, 

I~ = summation of the external forces acting on the seat/man 

( I] = moment of inertia tensor for the seat/man 

I~ = summation of the external moments acting Jn the seat/man. 

Equation (7) can be rewritten in component form: 

The angular momentum Equation (8) can be expanded as follows: 

(8) 

(9) 

(10) 

(11) 

(12) 



Before solving for (p5 ,q5 ,rs )1 we define the following quantities for convenience. 

foj . -~L [:::: -:::: t:l f::l + f~·J lz f ,1 -• ... -•... • .. ~J t·J t·J 

Solving Equation ( 12) by Cramer's rule, we obtain 

(13) 

(14) 

(15) 

Equations (9) through (11) and (13) through (15) are combined with the following 
differential equations for the quaternion components to completely specify the six 
degree-of-freedom motion of the seat/man configuration. 

The various forces and moments acting on the seat/man configuration during the 
ejection sequence are considered next. Each of these forces and moments will be 
considered in detail in subsequent sections. 
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where the subscripts are defined as follows: 

C = catapult 

R = sustainer rocket 

AS = seat/man aerodynamic 

DCS = drogue chute on seat/man 

WRDS = WORD rocket on seat/man 

RCS = recovery chute on seat/man 

APS = airplane on seat/man 

The new position and orientation of the seat/man with respect to the EFCS is 
obtained by integrating the following set of thirteen differential equations. 

US = fusdt Ps = fpsdt "is = Aisdt i = 0,1 ,2,3 
VS = fvs dt qs = fqs dt 
WS = fws dt rs = frsdt ).iS = Ais/lAis I i = 0,1,2,3 

[

2().2 + ).2 ) - I 2(). ~ S ).2 S + ).0 S ~3 S ) 2<A,sA1s - "os).2s~ OS IS 

As E = 2<A,sA2s - Aos"1s> 2<Aos + Ais) - 1 2(A2s).3s +"'°sA,s) 
2<A, s A3 s + Aos ).2S) 2(). .~ S ).3 S - ).0 S). I S ) 2<A5s +Ais>- 1 

~:] [;] Xs = fxsdt 
= AIE Ys = fysdt 

ls = fisdt 
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8s = arcsin (as EI 2 ), -1r/2 < 8s < 1r/2 

4's = arctan (-aSE32/asE22>, 0 <; <Ps <; 2• 

I/ls = arctan (agE 13/asE 11 ), O < I/ls < 21r 

C. Seat/Man Forces and Moments 

The forces and moments acting on the seat/man are considered separately 

in the following subsections. These forces and moments are produced by the 

following: 

(I) Aircraft 

(2) Catapult 

(3) Sustainer rocket 

(4) Slider block 

(5) Aerodynamic 

(6) Stabilization 

The interactive forces between parachutes and seat/man or man alone are considered 

in later sections which include the equations describing the parachute dynamics as 

well. 

1. Aircraft 

The forces on the seat/man due to load factors on the aircraft arc 

computed prior to unlocking of the catapult tubes. After the catapult tubes have 

unlocked, these forces are zero. The acceleration in g's at the seat/man C.G. due to 

load factors at the aircraft C.G. is given by 

Neglecting ~ X r:s and expanding the triple cross product , we obtain 

The force in the SMCS due to this acceleration is given by: 
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where Ws is the weight of the seat/man combination. 

2. Catapult 

The ritht and left catapult thrust time histories are tabulated 
separately to allow greater flexibility in simulating catapult system anomalies. 
Termination of the catapult thrust imparted to the seat is determined by the 
distance the seat rails have travelled. In the SMCS the components of right and left 
catapult thrust are given by 

The corresponding moment is 

Figure 7 illustrates the force and moment on the seat/man due to catapult thrust. 

3. Sustain• Rocket 

The sustainer rocket thrust is handled in a manuer similar to the 
catapult thrust , i.e., the thrust for the right and left rocket motors is tabulated 
separately. The components of the unit vectors along the right and left rocket 
thrust lines, presented in the SMCS, are given by Equations (6). Figure 8 illustrates 
the direction cosine angles specifying the rocket thrust line orientation with respect 
to the CCS as well as the components of the unit vectors in the SMCS. 

The sustainer rocket thrust components in the CiMCS are 1,?iven by 
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FIGURE 7. CATAPULT FORCES AND MOMENTS 



FIGURE e. SUSTAINER ROCKET THRUST LINE 
UNIT VECTORS 

-



The corresponding moments are 

4. Slider Blocks 

The seat rails move through slider blocks attached to the aircraft as 
the seat/man ~nd aircraft equations of motion are integrated. The displacement of 
the rails from each slider block in a plane perpendicular to the Ye axis is 
determined. Based on this displacement, a restoring force is computed constraining 
the seat rails to the slider blocks. The vectors from the catapult to the right and 
left rail ends are determined as follows (See Figure 9) : 

- -- T -reRRE - res+ 0 serSRRE 

where the vector from the catapult to the seat/man C.G. is given by 

and De E is the direction cosine matrix relating the EFCS to the CCS. 

The six slider blocks are numbered I through 6 ; the right hand 
blocks are indexed I through 3 beginning with the lower right hand block. while 
the left hand blocks are indexed 4 through 6 beginning with the to,1 er left hand 
block. The vector from the ith slider block to th seat rails which is perpendicular -to the Y c axis is denoted by .:1r581 = (.:1x581 ,0,.:1zs 81 ) , when presented in the CCS. 
From Figure I 0, it is evident that 
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-rcR RE• i = 1,2,3 

- (16) 

= rCLR E' i = 4,S ,6 

where. zR E I is the vector from the bottom end of the right rail to the i111 slider 
block contact point on the rail. Solving for A"r;

81
, we obtain 

where, 

[
Axse~ = 
Azs B;, 

:.J 

= 1,2,3 

= 4,S,6 

= 1,2,3 

= 4,S,6 

The reaction forces at the slider blocks are computed as follows: 

YcRRE > Ycse, 

YcRRE c;; Ycse -
1 

YcRRE > Ycse, 
YcRR E c;; Ycse, 
Yc RRE ._; Ycse, 

32 

= 2,3 

and 
and 



0 Y C LR E > y CS BI i = 5 ,6 

0 

F X S B,. = - kx 4 xs B 4 

-FXSB5 - FXSB6 

YcLRE > YcsB4 
YcLRE <;; Ycse4 
YcLRE <;; Ycs84 

YcRRE > Ycse, 

YcRRE ..;; Ycse, 

YcLRE > Ycse, 

The frictional force at the ith slider block is given by 

and 
and 

FXSB5 > O 
FXSB5 <;; O 

i = 1,2,3 

i = 1,2,3 

i = 4,5,6 

i = 4,5,6 

for i = 1,2, • • • ,6 

The summation of the ,·ail/slider block forces in the SMCS is given by 

6 

fxse l: Fxse 1 i• I 
6 

fvse = 0sc l: fri 
i• I 
6 

Fzs l: Fzse 1 i= I 

The vectors from the seat/man C.G. to the rail/slider block contact points are given 
by 
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rxsseJ {[xsRR~ • [o ]} 
l 

Ys.se: = D~c YsRRE + 0 i = 1,2,3 

Zs s B ls R R E ZR E I 

[
XssB1J {[XSRR~ [ ]} Yss111 = D~(' YsRRE + 0 i = 4,5,6 

. Zs s BI ls R R E ZR E 

The slic!er bhck moments about the seat/man C.G. presented in the CCS are given 

by 

The slider block moments presented in the SMCS 

6 

Lse l: Lsei 
i= I 

6 
Mse = Osc l: Mse1 .. , 

6 

NSB l: Nse1 
isl 

5. Aerodynamic 

The seat/man static aerodym.mic data are assumed to be available in 

tabular fonn, e.g. , References 17 through 19 and 4, as a function of angle of 

attack, angle of sideslip, and Mach number. As explained below , these coefficients 

are then modified when the seat is still partially within the cockpit. The velocity of 

the seat/man with respect to the wind is first determined as follows: 
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The angle of attack , <ks. and angle of sideslip, {35• are given by (see Figure 11) 

<ks= tan- 1(wA 5 /uA 5 ), 

fJs = sin- '(vAs/VAs), 

Curve fits for temperature, T, and pressure, P, as a function of altitude were 
obtained from standard ICAO atmosphere data.' 21 > Air density , p. and Mach 
number, MN, are then obtained from the following formulas: 

T = S 18.67- .00356616y5 (for Ys ~ 36,000 ft) 

P = 1013.25(5l8.67/Tf 5 •255877 

Ps = .00121668402 P/T 

MN5 = --VAS ~518.67 )½ 
1116.44 T 

The aerodynamic forces are given by 

where, QA s = .Sp5 Vi 5 is the dynamic pressure. The aerodynamic moments are 

-------



FIGURE II. SEAT I MAN AERO FORCES 
AND MOMENTS 
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where, S5 and hs are the reference area and reference length, respectively, for the 
seat/man configuration. 

As the seat moves from the cockpit into the airstream the reference 
area, reference length , and center of pressure are modified to account for the seat 
partially exposed to the airstream: 

YcggE - YcgREO) Ss YcRRE < Ycse3 
YcsB3 - YcRREO FULL OUT' 

YcRRE ;.ii YcsBJ 

(
YcgRE - YcgREO~ 6:' 

- _ SFULL OUT' 
bs = Ycse3 YcRREO 

YcRRt:: < Ycse3 

bsFULL OUT YcRRE ;.ii YcseJ 

~

SSCGJ 
SSCG 

7.sscc 

+ ( Ycsu_- YCRRE ) ~x::jc ' 
Yc513 YcRREO ZsR 

FULL OUT 

YcRRE < YcsB3 

~

sscj 
SSCG 

ZsscG FULL OUT 

YcRRE ;;;. YrseJ 

8. Stabilization 

The DART system is used in the SEU-3/ A Escape System to stabilize 
the ejection seat during sustainer rocket bum time. As the seat moves away from 
the aircraft, the DART lines play out through a brake mechanism in the DART 
frame. The brake force is a~umed to act along the DART lines from the time that 
the DART lines first become stretched to the time that the lines separate from the 
seat (see Figure 12). The vector from the right DART frame confluence point to 
the right DARY. line attach point on the aircraft is given by 
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Similarly, the vector from the left DART frame confluence point to the left DART 
line attach point on the aircraft is given by 

The DART forces in the right and left OART lines, presented in the SMCS, are 
given by 

= FAQART 
2 

= FAQART 
2 

--+ rgcrc 
l~pcl 

---+ 
rLcPc 
l~pcl 

whereJ' A O ART is the average lJART force in both lines. The total DART fo.-ce is 
then F O,. RT = F;'"0 + ~ 0 . The corresponding DART moments are given by 

- - ~ - ~ MDART = rSRCP X rRD +rSLCP X rLD. 

D. Drogue Container Equations of Motion 

The initial conditions for the drogue container in the EFCS are given by: 

-

- -- AT -roe - rs+ sErsoc 

where, VO P is the projection velocity of the drogue container with respect to the 
SMCS. 
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The particle equations of motion of the drogue container are given b~ 

where, 

XADC = Xoc - wx 

ZADC = Zoe - wz 

VADC 
- ( • 2 • 2 ·2 )½ - XA DC + Yoe + ZA DC 

Ee = .SpsCDc VA Dc/mc 

MNc = v.uu; e·tr 1116.44 

C0 c is a functiol" of Mach number, MNc. 

Prior to WORD rocket ignition, the vector from the WORD to the drogue 
container is given by 

The extraction of che drogue chute from its c:mtainer is dependent on whether 
drogue chute line stretch occurs prior to or after WORD rocket ignition. If the 
condition lrw RD DC I < eDC L is always satisfied prior to WORD ignition , the drogue 
chute opening equations are not computed. This corresponds to the Inertia - WORD 
(low speed) mode of operation. 

On tl\e other hand, if drogue line stretch occurs prior to WORD ignition 
(i.e. , lrw RO DC I ;;a. eDc L ), the drogue chute will be extracted from it!i container and 
subsequently will open. This condition corresponds to the Drogue - WORD (high 
speed) mode of operation. 
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E. Drogue Parachute Equations of Motion 

As explained previously, when the drogue chute lanyard stretches prior to 

WORD ignition. the drogue chute is deployed from its container. In this situation, 

the initial conditions for the drogue chute will be the same as the final conditions 

of the drogue container. In addition , a filling time is computed for t ,1e drogue 

chute as follows• 2 

This filling time expression is based on the assumption that the parachute must 

travel a constant distance (k 0 c ), under all conditions, in order to fill completely. 

Following the development ~f the parachute opening equations presented in 

Reference 8 , it is assumed that the parachute can be approximated by a flat 

circular parachut':! of nominal diameter. D0 . The geometry for the parachute model 

is pictured i,-. Figure 13. During opening, the canopy shape is approximated hy a 

hemisphere of projected diameter Dp, and a frustrum of diameters, Dp and d. 

Assuming a linear increase in projected area Sp during the filling process, we obtain 

where, tL s = time at line stretch. At t = tL s + t., the projected diameter is a 

maximum for the fully inflated canopy, i.e., Dp = 2D0 /,r. Therefore. 

and 

K = 
71'02 p 

D2 D~ 
Sp = ~ (t - t ) = .:::JJ. T 

71'tf LS 71' 

where, r = (t - tLS )/tr is a non-dimensional time parameter. The "included m,i~;,'' 

air in the canopy is pV, where V is the volume of the hemisphere and frustrum. 
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FIGURE 13. PARACHUTE GEOMETRIC MODEL 
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where, 

e2 = [<eSL + Do/2- 11'Dp/4)2 - D~/4] 1/i 

4~sL DoT½ d = 

The empirical fonnula for apparent mass is given in Reference 8 as .25,rp(np/2)3 

for a fully inflated canopy. Assuming a linear increase in the apparent mass during 
the filling process, we obtain, for this term, .25,rp(D,/2)3 T or 

where, DP = (200 /rr)T'll . Combining the tenns for included and apparent air mass, 
we obtain 

m = 1l'p - ~ + - - Te - - e + ~ { 
2 ( D T½) 

3 
I ~(Do~ 

2 
(a) 

2 l nJ,. 
5 

I 
21 

a 3 71' 3 ff 2 2 ~ 4,r3 

Reference 8 gives the following approximation for m
1

, valid when D0 ~ e5 L 

m
1 

= ~P [,,S /

2 
-

2 
(T- 1.31)

2 
+ .7062] 0.;; T 4' I 

,r2 s 4 3( 1.62) ' 

11 D3 

m --~ T>l a - 12 11'2 • • 

Differentiating with respect to time, 

0, T > I 



l11ese approximations for m
1 

and 111
1 

are used in this math model. The equations 
of motion of the drogue chute are 

•oc = [ - <Enc + m,o c JX, oc + 1,,c "• oc. + F•so c + F,w o 1 /moc + m•oc) 

Yoe = [-<Eoc + rit,liioc + Loe"• oc, + F ,soc + F ,w oc - W•~f<moc + m,n c) 

Zoe = [-<Eoc +rit,ocli,oc +Lnc"•oc, •F•soc +F,woc Ym•c +m•ocl 

where 

X = Xoc - wx Aoc 

ZA = 2oc - wz DC 

VAoc ( 'i ·2 ·2 ) ½ = X DC +yA +zAoc 

Enc = .5p(SCD )DC VA DC 

Loe = .Sp(SCL >oc Vi o c 

The angle of attack of the drogue chute is taken to be the angle between the 
vector from the drogue chute to the WORD and the drogue chute velocity vector : 

....... _,,,... _.. ...... 
0 oc = cos- '(-rWRDDC • VAoc/lrwRoocl IVAocl) 

where, prior to WORD ignition , 

- -- T-rWRDDC - roc-ASErSW kD R - rs -
and after WORD ignition, 

_,.. ..... ·--
rWRDDC = roc-'WRD' 
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The drogue chute drag and lift coefficients are computed in terms of the tangential 
and normal force coefficients which can be obtained from tables in Reference 12. 

C0 0 c = Cy PD c cos a0 e + CN p D c sin a 0 c 

CT r :rnd CNP are the tangential and normal force coefficients corresponding DC DC 
to a projected reference area. These coefficients are tabulated for a0 e in the range 
0 .;;; a0 e .;;; 90° . For a 0 e outside these limits the canopy is assumed to collapse , 
in which case 

where, k5 Q O e is a coefficient > I. Reference 12 (p. 36 7) suggests a value of 
k5 0 0 e = 16. For a0 e within the table limits 

l 
fl'Dp2 C0 T/4 , Q ._; T E;; 

(SCD )DC 
DC DC 

1rD,2 C0 /4 , T > ) DC DC 

~ 
,rD,2 CL T/4, . 0 .;_; T .;_; 

DC DC 
(SCL )DC 

•D~oc CL oe 14 ,r > l 

The lift unit ve,tor, ~De , is perpendicular to the drogue chute velocity vector and 
lies in the plane formed by the drogue lanyard and velocity vector (i.e. , in the 
plane of a0 e ) .. 

,_,,,,., ..... ..... __.. __,.. _,. 
= [VAnc X (VAoc X rwRooe>l/lVAoc X (VAoc X rwRooe>I 
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or 

Figure 14 illustrates the vectors involved in thic: .. omputatio11. Prior to WORD ignition the drogue chute is attached to the seat via the WORD rocket, and as such 
exerts a force and moment on the seat/man. The drogue chute suspension lines and bridle are as.,umed to act like a linear spring. Under this assumption, the force that the seat/man exerts on the drogue chute, presented in the EFCS, is given by 

where, 

t 
...- 1 'winoc --ksoc<lrWRDflC - eDCL - eSLoc>I~ I ,lrwRoocl > eDCL +eSLDC = WRDDC 

0, otherwise 

k5 DC is the coefficient of elasticity for the drogue lanyard and suspension lines. 

The force and moment that the drogue chute exerts on the seat/man, presented in the SMCS are given by: 

prior to WORD ignition 

after WORD ignition 

prior to WORD ignition 

after WORD ignition 

F. Deployment Rocket Equations of Motion 

A Wi\)d Oriented Rocket Deployment (WORD) subsystem is employed in the SEU/3A Escape System to deploy the recovery chute. At WORD r')cket ignition the initial conditions of the WORD rocket are given by 
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The unit vector u,;R D specifies the direction of the WORD longitudinal axis, which 
coincides with the WORD thrust vector, presented in the EFCS. For the low speed 
or Inertia-WORD mode of operation (when drogue chute line stretch does not occur 
prior to WORD rocket ignition), u;R O is assumed to align opposite to lhe sustainer 
rocket thmst vector. 

-UWRD 

For the high speed or Drogue-WORD mode of operation (when drogue chute line 
stretch occurs prior to WORD ignition), °¾,R O is assumed to align with the vector 
from the WORD to the drogue chute , ~R O DC' 

- - -UwRo = rwRooc/lrwRoocl • 

llte particle equations of motion of the WORD rocket are given by 

Xw R o = (- Ew R D x ~ w R o + T w R Dux w R o + F x D cw + F x R cw + F x s w )/m.,, 

where 

z Aw R D = 2w R o - w z 

VA w It D = ( xi w RD + Yi RD + ii w Ro) 1/a 
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MNWRD = 
VAwRp 

1116.44 

For the Drogue - WORD or high speed mode of operation, the WORD rocket will 
exert forces on the drogue chute after WORD ignition. In this case, the force that 
the WORD exerts on the drogue chute is given by 

--
{

-ksoc<lr;Roocl- i!ocL -eSLoc>
1
!.800cj,1r;Roocl > eocL +eSLoc = rWRDDC 

0, otherwise 

The equal and opposite force that the drogue chute exerts on the WORD is given 
by 

The opening of the recovery chute container is dependent on the altitude of the 
seat. The altitude below which the container will open is designated by YR c O . 
Above this altitude the seat/man combination descends under the influence of the 
drogue chute which is attached to the WORD rocket which, in turn, is attached to 
the back of the seat head rest. For Y5 > Y RCO, the WORD exerts a force and 
moment on the seat. The vector from the recovery chute contairer to the WORD is 
given 11u 

-rRCWRD 
- - T-= rWRD - rs - ASErSRCC 

The force thaf the seat/man exerts on the WORD is given by 
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where 

ks w RO is the coefficient of elasticity of the WORD lanyard. 

The equal and opposite force that the WORD exerts on the seat/man is then 

~ --+ --+ 
MW RDS = rSRCC X FWRDS 

W.._enever y 5 4' YR c 
O 

, 

G. Reco~ry Panchute Equations of Motion 

The initial conditions for the recovery chute are computed when the recovery chute container open~ and WORD/recovery chute line stretch occurs (i.e. , Y s 4' YR co and Ir R ~ w R o I = ew R o L ) : 

The recove~ chute simulation is divided into five phases, illustrated in Figure 15. 

Ph• 1 - Canopy extraction : 

Canopy extraction occurs during the period that the condition 
--+ 

0 < Ir RR c I <: eR E c O v holds, where the vector from the midpoint of the riser attach points to the recovery chute is given by 

so 
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and eR Eco v is the length of the recovery chute canopy. During this phase the WORD/recovery chute lanyard is treated as an elastic line of modulus of elasticity k5 w R O • As this line stretches. te!!!ion develops which pulls the recovery chute from its container. A strip-out force, r-0 5 0 , exerted by the seat on 1he recovery chute opposes the extraction of the canopy. Figure 16 depicts the recovery chute deployment model used. Following a method similar to that of References 10 and 14, we first determine the equation of motion of the u:1furling parachute relative to the seat. From this equation, we can then obtain the equation of mo!1on of the recovery chute relative to the earth. 

where. 

m = mass flow rate of the parachute from its container 
The expressions for the velocity, i-R ~c • and acceleration, ;~•cc • of the furled portion of the recovery chute are given by 

;.R~c = AiE<v;+w; X rs:c> 

f~~c - Ai£ (V;+ 2w;- Xv;+ w: X (w:x rs:c> + ~; X rs:c] 

The vector from the midpoint of the riser attach points to the recovery chute. presented in the EFCS, is given by 

--+ 
O)V lrBBcl 

ARC e 
RECOV 
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The elastic force that the recovery chute exerts on the WORD is given by • 

where, the vector from the recovery chute to the WORD is 

fR~WRD 

The equal and opposite force that the WORD exerts on the recovery chute is then 

Rewriting the equation of motion of the unfurled canopy. we obtain 

When lrR; c l = eR Ec ov· the canopy is completely extracted , completing phase I. 

Phase 2 - Firing lanyard extension: 

The equations of motion of the recovery chute during firing lanyard 
extension are given by: 

where 

• -= rR~ - W 



When dRRc = eREcov +esG +i>FL• the tiring lanyard is fully extended completing phase 2. 

Phase 3 - Suspension lines and riser extension: 

When rhe firing lanyard stretches, the spreader gun fires, opening the canopy mouth. At spreader gun fire a filling time is computed for the recovery chute using the same formula that was used for the drogue chute. 

where, tLSRC is the time at spreader gun fire. The equations of motion of the recovery chute for this phase of the simulation arc given by 

where, 

DJRcPs[s 3/2 4 l 
m•Rc = 11'2trRc LiiTRC - 3(1.62)(TRC - l.31~ 

The recovery chute angle of attack, drag, and lift coefficients are detennined in the same m~nner as for the drogue chute: 



<SCo>Rc = 11'0~Rcr~ccoRc/4 

(SCL)RC = 1rD;RCr;CcLRC/4 

1l1e presence of the magnification factor, n, (n = 1.2,3,4) was suggested by 

Reference 16. For aR c outside the table limits, the canopy is assumed to collapse 

giving 

ERC = .Sps(SCD >Re VA RC 

LRC = •5Ps(SCL)RC Vi Re 

The unit vector in the direction of lift is determined from the triple cross product 

or 

---+ -+ -+ ---+ -+ --+ 

uLR~ = (VARc • rRRC)VARc - IVARcl
2

rRRC 

The aerodynamic terms used in the above equations are illustrated in Figure 17. 

When the risers play out and develop tension (i.e., lrR;cl = eRISER + eSLRC), 

seat/man separation occurs. This completes Phase 3 of the recovery chute simulation. 

Phase 4 - Man alone/recovery chute simulation during opening: 

After seat/man separation. the recovery chute/man alone combination 

is modelled a~ two bodies connected by elastic suspension lines and risers. The 

equations of motion of the recovery chute now incorporate these fore .- ~: 
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FIGURE 17. RECOVERY CHUTE LIFT AND DRAG 

Co 
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where, -ER c , LR c , m1 R c , m1 R c , uL R c are the same as in phase 3. 

Elastic forces are computed in the right and left risers as follows: 

The vectors from the right and left riser attach points to the recovery 
chuk are 

The forces exerted on the parachute through the right and left risers are given by 

-+ 

{

-ksRc(lr;;Rcl- eSLRC - eRIS ER)1;
8

•
88

c1 , 1rR:Rcl > eSLRC +eRIS ER 
= RRRC 

0, otherwise 

--+ 

{

-ksRc<lr;;Rcl- esLRc - eR,sER) 
1
~ 8c

1
, l~Rcl > eLsRc + eR,s ER 

= ~RRC 

0, otherwise 

Total force on recovery chute 

Forces in the MACS 
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Total force and moment on man 

- - -
FRCM = FRCRR +FRCLR - - - - -

MRCM = (rMRR X FRCRR)+(rMLR X FRCLR) 

Phase 4 of the simulation is complete when the recovery chute reaches full 

inflation, i.e., t = tLSRC + trRc-

Phase 5 - Man alone/recovery chute simulation after full inflation 

The equations of motion of the recovery chute are the same as those 

for Phase 4 with the following excrptions, 

02 
(SC) ~C 

L RC = ff LRc 

ERc = -5Ps(SCo>RcVARc 

LRC = -5Ps(SCL )RC Vi R c • 

H. Man Alone Equations of Motion 

The man alone initial conditions at seat/man separation are given by 

- -+ --+ -+ --+ -+ 

VM = vs +ws X rSM ' WM = W5, AME = AsE· 
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The six-degree-of-freedom rigid body equations of motion for the man alone are: 

where, 

qM = (XA + YB + ZC)/(- Ix y M A + ly y M B - ly z MC) 

PM = 1z z M (A + 1x v M QM ) + 1x z M (Z + 1v z M ciM ) B 

r M = (Z + 1x z M PM + 1v z M QM )/lz z M 

A = 1x v M 1z z M + 1x z M 1v z M 

B = 1x x M 1z z M - ·~ :.'-M 

Aerodynamic coefficients are tabulated as a function of angle of attack 
(0 < a M < 360°) and angle of sideslip (0 < '3M < 180°). 

T = 518.67- .00356616 YM 

P = 1013.25(518.67/Tf 5 •255877 

PM = .00121668402 P/T 
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Reference 22 contains aerodynamic coefficients for the man alone as a function of 
angle of attack and angle of sideslip. 

I. Seat Alone Equations of Motion 

Tht: initial conditions for the seat alone six-degree-of-freedom rigid body 
equations of motion are determined also at seat/man separation : 

where 

VS A = Ps A W SA - r S A Us A - gas A E 2 2 + QA SA Ss A Cy SA 

qsA = (XA+YB+ZC)/(-lxvsAA+lvvsAB- lvzsAC) 

PsA = llzzsA(A+lxvsAqSA)+lxzsA(Z+lvzsAqSA)]/B 

rsA = (Z+lxzsAPSA+lvzsAqSA)/lzzsA 





IV. CONCLUDING REMARKS AND FUTURE PLANS 

The formulation described herein, together with ICARUS and Reference 7. 

represent a "first step" toward achieving NWL's long range goal of developing a 

Navy capability to simulate the performance of any aircrew escape system. In view 

of this goal, ICARUS was programmed in modular form so that it could be used a!I 

a "working model." Escape system subsystems correspor d to pro~am subroutines so 

that different escape systems can be easily modified by recoding only appropriate 

subroutines. For example, to model a tractor rocket extraction system might only 

require modification of the catapult and sustainer rocket subroutines of the present 

ICARUS program. By modifying the basic program in this manner, it is hoped that 

a capability to simulate the performance of all ejection seats, extraction systems, 
and c.ipsule systems can be achieved. 

While preliminary simulations of the SEU/3A Escape System 7 indicate that the 

present ICARUS program adequately predicts test performance . certain segments of 

the program may require greater sophistication in the future. For example, 6D-0-F 

aircraft equations, modified crewman rigid body equations, and improved parachute 

equations may be warranted. Again, modifications of this type can be easily 

accomplished because of the modularity of the ICARUS program. 
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ACRONYMS FOR THE SEU-3/ A ESCAPE SYSTEM 

The following is a list of acronyms a~ociated with the SEU-3/ A Escape System. 

(I) DART is an acronym for pirectional 1utomatic !ealignment of Trajectory. The DART is designed to stai"Uize the ejection seat, utilizing brake lines, during sustainer rocket bum time. 

(2) SBR is an acronym for ~eat !ack ~ocket. The SBR subsystlm consists of two rocket motors which provide sustainer rocket thrust to the ejection seat. 

(3) WORD is an acronym for !ind Qriented ~ocket !,)eployment. The WORD is a smaU rocket which, either by itself or in conjunction with the drogue chute, deploys the personnel recovery chute. 



LIST OF SYMBOLS AND NOTATION 

Coordinate Systems 

The following notation is employed to identify the various coordinate systems 
used in the formulation: 

EFCS 
WAS 
APCS 
ccs 
SMCS 
MACS 
SACS 

earth fixed coordinate system 
airplane wind axis system 
airplane body fixed coordinate system 
catapult coordinate system 
seat/man body fixed coordinate system 
man alone body fixed coordinate system 
seat alone body fixed coordinate system 

Figure 1-8 illustrates typical orientations for these coordinate systems as well as the 
labels attacht'!d to the coordinate axes. Not shown are the MACS and SACS which 
usually are chosen to coincide with the SMCS at seat/man separation. 

Modified Euler Angles 

X, 'Y, µ specify the orientation of the WAS with 
respect to the EFCS 

specify the orientation of the C'CS with 
respect to the APCS 

specify the orientation of the SMCS with 
respect to the CCS 

specify the orientatior, of the SMCS with 
respect to the EFCS 

specify the orientation of the MACS with 
respect to the EFCS 

specify the orientation of the SACS with 
respect to the EFCS 
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Airplane Coordinate System (ACPS) Position Vectors: 

vector from the aircraft C.G. to the origin 
of the CCS presented in the APCS 

vector from the aircraft C.G. to the 
seat/man C.G. presented in the APCS 

Catapult Coordinate System (CCS) Position Vectors: 

.. 
rcse. 

I 

re RR EO 

(?CLREO) 

vector from the catapult to the seat/man 
C.G. presented in the CCS 

vector from the catapult to the man 
alone C.G. presented in the CCS 

vector from the catapult to the aircraft 
C.G. presented in the CCS 

vector from the catapult to the ith slidrr 
blo~k presented in the CCS 

vector from the catapult to the drogue 
container presented in the CCS 

vector from the catapult to the recovery 
chute presented in the CCS 

vector from the catapult to the right 
(respectively, left) DART line attach point 
on the aircraft presented in the 
ccs 

vector from the catapult to th~ 
bottom end of the right (respectively. ldt) 
rail end presented in the CCS 

initial value of 1, RR E (respect iwly, 

fc LR E ) 
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vector from the catapult to the right 
(respectively, left) catapult tube presented 
in the CCS 

vector from the catapult to the attach 
point of the WORD lanyard on the 
recovery chute container presented in the 
ccs 

vector from the catapult to the right 
(respectively, left) riser attach point 
presented in the CCS 

vector from the catapult to the seat alone 
C.G. presented in the CCS 

vector from the catapult to the seat/man 
aerodynamic reference C G. presented in 
the CCS 

vector from the catapult to the seat alone 
aerodynamic refe,·ence C.G. presented in 
the CCS 

vector from the catapult to the man 
alone aerodynamic reference C.G. 
presented in the CCS 

vector from the catapult to the WORD 
rocket presented in the CCS 

vector from the catapult to the 
WORD-drogue line attach point in the 
SMCS 

vector from the catapult to the right 
(respectively, left) sustainer rocket nozzle 
presented in the CCS 

vector from the catapult to the right 
(respectively, left) DART confluence point 
presented in the CCS 
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vector from the i1h slider block to the 
seat rails, which is perpenclicular to the 
Y c axis, presenteci in the CCS 

Seat/Man Coordinate (SMCS) Position Vectors 

.. 
rjR R 
O's LR) 

.. 
rSWR DR 

vector from the seat/man C.G. to the i111 

slider block contact point presented in the ccs 

vector from the seat/man C.G. to thl' 
recovery chute in the SMCS 

vector from the seat/man C.G. to the 
drogue container in SMCS 

vector from the seat/man C.G. to th • 
bottom end of right (respectively. le ft) 
rail presented in the SMC'S 

vector from the seat/man C.G. to the 
right (respectively, left) catapult tube 
presented in the SMCS 

vector from the scat/man C.G. to tlw 
attact, point of the WORD lanyard to the 
recovery chute container presented in the 
SMCS 

vector from the seat/man C.G. to the 
right (respectively , left) riser attach point 
presented in the SMCS 

vector from the seat/man C.G. to the 
midpoint of the riser attach points 
presented in the SMCS 

vector from the seat/man C.G. to the 
WORD rocket presented in the SMCS 

vector from the seat/man C.G. to the 
WORD-drogue line attach point in the 
SMCS 
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vector from the seat/man C.G. to the 
right (respectively, left) sustainer rocket 
nozzle presented in the SMCS 

vector from the seat/man C.G. to the 
right (respectively, left) DART confluenc.e 
point presented in the SMCS 

vector from the right (respectively, left) 
DART confluence point to the DART line 
attach point on the aircraft presented in 
the SMCS 

vector from the seat/man C.G. to the 
man alone C.G. presented in the SMCS 

vector from the seat/man C.G. to the seat 
alone C.G. presented in the SMCS 

vector from the seat ' 1nan C.G. to the 
seat/man aerodynamic reference C.G. 
presented in the ~MCS 

vector from the bottom of the right 
(respectively, left) rail end to the ith 

slider block contact point for i = 1,2,3 
(respectively, for i = 4,5,6). 

Man Alone Coordinate System (MACS) and Seat Alone Coordinate System (SACS) 
Position Vecton: 

vector from the man alone C.G. to the 
right (respectively, left) riser attach point 
in the MACS 

vector from the man alone C.G. to the 
midpoint of the riser attach points in the 
MACS 
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vector from the man alone C.G. to the 

man alone aerodynamic reference C.G. 

presented in the MACS 

vector from the seat alone C.G. to the 

seat alone aerodynamic reference C.G. 

presented in the SACS 

F...arth Fixed Coordinate System (EFCS) Position Vectors 

4 

rw R DOC 

vector to the aircraft C.G. presented in 

the EFCS 

vector to the seat/man C.G. presented in 

the EFCS 

vector to the man alone C.G. presented in 

the EFCS 

vector to the seat alone C.G. presented in 

the EFCS 

vector to the drogue container/drogue 

chute prese.nted in the EFCS 

vector to the recovery chute presented in 

the EFCS 

vector to the WORD rocket presented in 

the EFCS 

vector from the WORD rocket to the 

drogue container/drogue chute presented in 

the EFCS 

vector from the recovery chute 

container/recovery chute to the WORD 

rocket presented in the EFCS 

vector from the midpoint of the riser 

attach points to the recovery chute 
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Direction Cosine Mat rices 

Direction Cosine An1les/Unit Vecton 

(aR s a R • PR s a R • 'YR s BR) 
(aLSBR • J3LSBR • "YLSBR) 

vector from the right (respectively, left) 
riser attach point to the recovery chute 

direction cosine matrix from EFCS to APCS 

direction cosine matrix from APCS to ccs 

direction cosine matrix from ccs to SMCS 

direction cosine matrix from SMCS to APCS 

direction cosine matrix from EFCS to SMCS 

direction cosine matrix from EFCS to MACS 

direction cosine matrix from EFCS to SACS 

direction cosine matrix from EFCS to ccs 

direction cosine angles of right 
(respectively, left) sustainer rocket thrust 
line with respect to the CCS 

vector along right (respectively, left) 
sustainer rocket thrust line presented in 
the SMCS 

unit vector along WORD longitudinal axis 
presented in the EFCS 
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Velocity Components 

.. T 
Ww = <Pw, qA, rw) 

.. 
(pA' QA' 

T 
WA = rA) 

.. T 
vs = (Us , Vs, Ws) 

.. T 
VA = (uA ' VA ' WA) s s s s 

<xs , Ys , 
• )T 
Zs 

.. T 
VM = (UM' VM' WM) 

.. 
V 

AsA 

unit vector in the direction of drogue 
chute (respectively, recovery chute) lift 

true airspeed of the aircraft 

velocity of the aircraft presented in the 
APCS 

velocity of the aircraft presented in the 
EFCS 

angular velocity of the aircraft presentcJ 
in the aircraft WAS 

angular velocity of the aircraft presented 
in the APCS 

velocity of the seat/man presented in the 
SMCS 

velocity of the seat/man with respect to 
the wind presented in the SMCS 

velocity of the seat/man presented in the 
EFCS 

velocity of the man alone presented in 
the MACS 

velocity of the man alone relative to the 
wind presented in the MACS 

velocity of the seat alone presented in the 
SACS 

velocity of the seat alone relative to the 
wind presented in the SACS 

angular velocity of the seat/man presented 
in the SMCS 

8-9 



➔ 

WM = 

➔ 

"'s A = 

MN5 

:. 
roe = 

➔ 

V ADc 

➔ 

T 
(pM' qM' rM) 

T 
<PsA• qSA' rsA> 

. . . T 
<xoe • Yoe• Zoe> 

. . 
=(xA ' Yoe• ZA DC DC >1 

angular velocity of man alone presented in 
the MACS 

angular velocity of seat alone presented in 
the SACS 

Mach number of the seat/man 

velocity of the drogue container/drogue 
chute presented in the EFCS 

velocity of the drogue container/drogue 
chute with respect to the wind presented 
in the EFCS 

Mach number of drogue container/drogue 
chute 

velocity of the recovery chute presented 
in the EFCS 

velocity of th" recovery chute with 
respect to the wind presented in the 
EFCS 

velocity of the WORD presented in the 
EFCS 

V 
Awpo 

= (xA , YA , iA >1 velocity of the WORD with respect to the 
WRD WRD WRD 

wind presented in the EFCS 

projection velocity of drogue container 
with respect to the seat pre~ented in the 
SMCS 

wind velocity components presented in the 
EFCS 

wind velocity components rresented in the 
SMCS 

8-10 



T 
(uw M ' Vw M • Ww M ) wind velocity components presented in th .! MACS 

(UWSA' WWSA' WWSA)T wind velocity components presented ir. the SACS 

fR CC 
velocity of the furled portion of the recovery chute canopy presented in the EFCS 

Quaternion.1 
.. 
As = <>'os • A1s• A2s• A35)T quaternion components defining the -Jrientation of the SMCS .. 

T AM = <Ao M • A 1 M • A2 M • A3 M > quaternion components defining the orientation of the MACS .. 
T AsA = (AOSA' AlSA' A25A' A3SA) quarternion components defining the 

ortentation of the SACS 
Airplane. Seat/Man. Man Alone. and Seat Alone Parameters 

g 

1xx , 1vv • 1zz s s s 1x v • 1x z • 1v z s s s 

1x x , 1v v , 1z z M M M 1xv ' 1xz •1vz M M M 

1
xxSA. 

1
vvSA' 122 sA 

•xvsA ' •xzsA ' •vzsA 

airplane load factor in APCS 

gravity constant 

mass of seat/man, man alone, seat alone 
and aircraft, respectively 

weight of seat/man, man alone. seat alone . 
and aircraft, rrspectively 

moments of inertia of seat/man 

moments of inertia of man alone 

moments of inertia of sea t alone 
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Par. ·hute P1rametffS 

m
1 (m

1 
) 

DC R 1 

m ' 

i's L oc 

i's LR c 

reference area of seat/man, man alone, and seat alone, respectively 

mass of drogue chute (respectively, recovery chute) 

included plus apparent air mass of the drogue chute (respectively, recovery chute) 

time rate of change (respectively, m
1 

) 

RC 

of m 
•oc 

weight of drogue chute (respectively , recovery chute) canopy 

projected diameter of drogue chute 

nominal diameter of drogue chute 

reference area of drogue chute 

mass of unfurled recovery chute _;anopy during the extraction process 

linear mass density of recovery chute canopy 

distance from fully extendrd suspension lines to drogue chute C.G. .along drogue chute axi~ of symmetry 

length of drogue lanyard 

coefficient of elasticity for drogue lanyard and suspension lines 

c.Jrogue chute filling time cr ,stant 

distance from fully extended suspension lines to recovery chute C.G. along recovery chute axis of symmetry 
B-12 



ksoRc 

Do Re 

DART System Parameters 

WORD System Parameters 

length of risers 

length of spreader gun 

coefficient of elasticity for recovery ch11tr 

suspension lines and risers 

coefficient for collapsed recovery chute 

canopy drag area 

length of firing lanyard 

length of collapsed recovery chute canopy 

from apex to skirt 

projected diameter of recovery chute 

nominal diameter of recovery chute 

filling time constant for recovery chute 

altitude at which recovery chute container 

opens 

drag and lift coefficients of recovery 

chute 

drag and lift coefficients of drogue chute 

length of DART lines at beginning of 

DART action time 

length of DART lines at end of DART 

action time 

mass of WORD 
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¾Ro 

dw R OCG 

Drogue Container Parameters 

Slider Block Parameten 

Event Times 

le I 

lcu 

t,s 

tR I 

tR BO 

weight of WORD 

WORO reference area 

drag coefficient of WORO 

length of WORD 

coefficient of elasticity of WORD lanyard 

distance from WORD pivot point to 
WORD C.G. 

mass of drogue container 

weight of drogue container 

reference area of drogue container 

drag coefficient of drogue container 

spring constants for slider blocks 

coefficient of friction for rail/slider block 
contacts 

catapult ignition time 

catapult unlock time 

catapult separation time 

sustainer rocket ignition time 

sustainer rocket burnout time 
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tw RD R 

tw RD I 

Forces and Moments 

.. 
Fe = (Fx c• Fy e, Fzc>1 

i\s = (FxAs' FyAs ' FzAs)T 
.. 
Fo e s = (FxD~s· Fvocs ' Fzncs>T 
.. 
Fs o c = (F F F ·)T Xsoc ' Ysoc · Zsoc 

drogue container projection time 

WORD release time 

line stretch of recovery chute 

line stretch of drogue chute 

spreader gun firing time 

start of DART action time 

end of DART action time 

WORD ignition time 

drogue chute filling time 

recovery chute filling time 

drogue chute non-dimensional filling time 
parameter 

recovery chute non-dimensional filling time 
parameter 

recovery chute container opening time 

seat/man separation time 

summation of ex ternal forces on seat /man 

catapult force on S:.!at/man in SMCS 

aerodynamic forcec: on seat/man in SMCS 

drogue chute forces on seat/man in S~A('S 

seat/man forces on drogue chute in F.FCS 
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.. 
FR ,.. w == ( Fx F F )T , Re w· YRcw· Zkcw 
.. 

FwRc == <FxwMc · FywRc ' •:zw R c >1 

.. 

F,'\Ps = ffx 1•s· FyAPS' F7A1·s)r 
.. 
F . . = <F F F- )r .. S R ( XS k C' • y S I{ C • ZS k C 

JF . = <F . F F )Tl l MRl X 1kl" ' Y 1RC ' ZM I{< ' f 

.. 

recovery r h u t l ' for ·cs 'Hl 

lrcspt>ctivel_. man alonr J 
frcspci.:tivcl . MAC l 

. eat/man 
in SMCS 

rcl'.over l'.hut c f1>rl'.es 011 WORD 111 FFCS 

WORD fori.:cs on n:cover t:hutr 111 F.FCS 

airplane fnrl'l'S on sea l / man 111 SMCS 

seal / man respectively, l man alonl' f fon:cs 
on recovery chute in SMCS I respectively 
MACSJ 

Fl>ART = (FxnA1<r' Fy,, k T' FzllA RT)T DART forces on ~eat/m an in SMCS 

.. 
Fsw RD 

.. 
FWR DS 

== 

F 1: r ( ." \ " I) ( " Fy . z ) ., ' w I) ( . . w I)(' WORD forces on drogue d111tc in EFCS 

drogue chute forces on WORD in Ercs 

(FXSWRl.l' FySWRn ' Fzsw1<o)r seal/man force on WORD in F.FCS 
= ffxwRos· FywRos· Fz w Rns? WORD force on se:! t /man in SMCS 

i
111 

slider hlock force on sea l / man in CCS 
for i "' 1.2. • • • .6 

summation of fo rcc·s on the sea l /man 
from rail /slider block intcrai.:tion in SMCS 

friclio•ia l fori.:c at i111 slider blot:k for 
i = l.~ ... ·.6 

rl'l'ovcry t:hull.' strip out for<:l' 

av<:rage DART forcl' in both li1ws 

for ' l ' CXl'rkd hy 
right (rt~spcl'livcly . 
riser in the EFCS 
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➔ 

FMRe = (FxMRC' FyMRc· F-zMRc>
1 

➔ 

FReM = <FxRCM ' FyRCM ' FzRCM)T 

.. 
FAM= <FxAM' FvAM' FzAM)T 

.. 
fAs• = (Fx. ' Fy. ' Fz. )1 

n nSA nSA nSA 

.. 
MAs " (LAS' MAS' NAs>1 

total force man alone exerts on recovery 

chute in EFCS 

force that the recovery chute exerts on 

the right (respectively, left) riser in thl' 

MACS 

tN al force recovery chute exerts on man 

alone in MACS 

man alone aerodynamic forces in the 

MACS 

seat alone aerodynamic forces in the 

SACS 

summation of external moments on 

seat/man in SMCS 

catapult mom~11ts on seat/man in SMCS 

sustainer rocket moments on scat/man 

SMCS 

i1h slider block moments on seat/man in 

CCS for i = 1.2. • • •6 

summation of rail/slider block moments 

on seat/man in SMCS 

seat/man aerodynamic moments in SMCS 

right \respectively . left} OART moments 

on seat/man in SMCS 

.. 
MoART = ( LOART' MoART' NOART)

1 summation of DART moments on 
seat/man in SMCS 

.. 
Moes = <Loes • Moes· No es >

1 drogue chute moments o seat/man in 

SMCS 
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~ 

MRCS = (LRC'S• MRCS' NRcs>1 

.. 
recovery chute moments on seat/man in 
SMCS 

T MwRos = (LwRos• MwRos • NwRos> WORD moments on seat/man in SMCS 

~ 

MRCM = (LRCM' MRCM • NRCM )T 

·• 
MAsA = (LAsA ' MAsA' NAsA >1 

l>ynamic Pressure, Aerodynamic Angles 

T 

p 

Tables 

man alone aerodynamic moments in 
MACS 

recovery chute moments on man alone in 
MACS 

seat alone aerodynamic moments in SACS 

dynamic pressure on seat/man 

angle-of-attack of airplane 

angles of attack and sideslip for seat/man 

angles of attack and sideslip for man 
alone 

angles of attack and sideslip for seat 
alone 

angle of attack of drogue chute 

angle of attack of recovery chute 

standard %CAO temperature at aJtitude y 

standard ICAO pressure at altitude y 

right (respedively. left) catapult thrust vs. 
time tables 

thnast vs. time table for WORD 
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CN . Cr 
"nc "oc 

CN . Cr 
"Re "Re 

ri~ht (respectively. left) sustainer rocket 
thrnst vs. time table 

nonnal and tangential force coeflfrienrs 
for drogUl' chute 1correspondi11!! to 
proj('ckd area) vs. o-D c 

nomial and tangl·ntial force coefficients 
for n·cowry chute (corrl'Sponding lq 
prniectcd area) vs. o-R c 

aerodynamic force and moment coefficients 
for scat/man vs. o-

5
. '3

5
. and MN

5 

aerodynamic force and moment 
coefficients for man alone vs. o-M and i3,\I 

aerodynamic 
coefficicn ts for 
and MN5 A 
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force and 11101111.: 111 
scat alont' vs. as A . J3s A . 
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