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SUMMARY ﬂ./

A six degree of freedom flight dynamic modal incorporating an aerodynamic database
derived from DSTO wind wnnel data was developed for the Mk-82 store. The model cun be
linked with aircraft flight dynamic models, and forms part of a general programme to model
aircraft carriage and delivery, weapon release and store ballistics. A rudimentary ejection
model was also incorporated to represent the forces and moments experienced by the store at

the point of release. The model is valid for free stream flight only, and ignores the effects of
aircrafi-store interaction.
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NOTATION

@

Cx

b

q
QUAR

Subscripts
S

t

Variable of arbitrary value

Angle of attack or inctdence i degrees

Store reference diameter

Aungle of sideslip

Non dimeusiounal foree coellicient, x direction
Non dimensional force codllicient, y direction
Non diwensional force coceflicient, z direction
Rolling moment corflicient

Pitching moment cocflicient

Yawing moment coeflicient

Rolling moment derivative due to rate of roll

Pitching moment derivative due to rate of pitch

Yawing moment derivative due to rate of yaw
Yawing moment derivitive due to rate of roll
Side foree derivative due te rate of roll
Centre of gravity

Maoment of inertia about the X axis
Moment of inertia about the y axis
Moment of inertia about the z axis
Imaginary number

Fregquency

Mach number

Rate of roll

Roll angle

Rate of pitch

Dynamic pressure

Rate of yaw

Reference area

Pitch attitude

Body-axes X velocity

Body-axes Y velocity

Airpath velocity vector, true air speced
Body-axes Z velocity

Longitudina! axis (++) forward

Lateral axis (+) starboard

Vertical axis (++) down

Damping ratio

Sine basis for calculation of a and 3
Tangential basis for calculation of « and g



1 INTRODUCTION

Under Air Force Research Requirement AFRR 7/90 *F-111C/RF111-C Modelling’, DSTO is
providing support to the RAAF in the verification of store release and delivery accuracies of
the weapons systems in the F-111C Avionics Update Programme.

The accuracy of store delivery depends on a number of factors, including aircraft release
conditions, store ejector characteristics, acrodynamic release disturbances, store aerodynamic
characteristics and atmaospheric disturbances. The calculation of release point should ideally
account for these errors,

As part of the process of store delivery prediction and verification DSTO is developing dynamic
models which can simulate the store carriage and release, and store ballistic behavior of
unguided weapons. Information for use in these models is being derived from available data
reports, and from wind tunnel and flight test measurements.

In Lhis report the development of a flight dynamic model for the Mk-82 store which can be
linked with models of aircraft flight behavior is described. The model is valid for free-stream
flight only, but is structured to enable the eflects of aerodynamic release disturbances, detailed
cjector characteristies, and atmospheric disturbances to be incorporated.

2 FLIGHT DYNAMIC MODEL

The flight dynamic model of the Mk-82 store was developed using a standard Six Degrees of
Freedom model of rigid body motion developed in Air Path Axes (Reference 1). The model
was written using the Advanced Continucus Simulation Language (ACSL, Reference 2) at
ARL Melbourne. The program uses a fourth order Runge-Kutta integration method, with
quaternian parameters for the calculation of aircraft attitude, and direction cosines for the
gravity vectors. The use of ACSL cnables a range of dynamic system analysis tools to be
used during model development and application. The information used in the simulation of
the Mk-82 store is listed below. g

1. The physical dimensions, mass and inertia properties of the Mk-82 store were necessary
for body axes force and moment calculations (see Appendix A).

2. Body axes forces and moments were calculated in subroutine AERQO2, which retrieves
the appropriate aerodynamic coefficients from the wind tunnel database using database
access routines which convert the aerodynamic forces from missile to airpath axes (see

Appendix B).

3. A database of aerodynamic coefficients was incorporated in the form of data tables with
independent variables Mach No, angle of attack, and roll angle, The original database,
obtained from wind tunnel tests, covered only positive angles of attack and contained
non-zero acrodynamic values at zero angle of attack and roll angle (see Appendix C).

4, Unlike an aircraft, the Mk-82 store cannot be trimmed using movable control surface
deflections. The equilibrium condition of the modelled store is achieved by the addition
of incremental body axes forces and moments, and the use of a non linear equation min-
imisation technique. This procedure is initiated by keying the command ‘eigen’. With
the store in equilibrium, standard linear dynamic analysis techniques available within



ACUSL can he used to analyse the linear dynamic behavior, and provide information
about the mades of oscillation and other motions. See Appendix D Example Simulation
Run, step 12, for an explanation of the command ‘eigen’.

5. Store ¢jection was simulated by the addition of the two subroutines, EJECT and
EJLCT2, which provide a rudimentary representation of store ejection forces from the
outbouard and inboard stations of a BRRU-33/A Vertical Ejector Rack (see Reference 3,
also see Appendix B). Ejection is achieved by applying fixed ejection forces based on
measured data to the store model for 0.12 seconds.

6. The subroutine MAKEFILE was included to generate an ASCII file of the store trajec-
tory position, velocity, and orientation for use in a graphic display of the behavior of the
store flight behavior, using a program developed for a Silicon Graphics Workstation.

A more detailed discussion of the modifications and additions made to the aerodynamic
databasa is presented in Appendix B,

3 THE MK-82 AERODYNAMIC DATABASE

3.1 Database Source

The Aerodynamic Database was obtained from two sources of experimental data, viz the
DSTO wind tunnels at Salisbury, South Australia and Melbourne, Victoria. The Melbourne
data were measured in the transonic wind tunnel, and covered the Mach number range of
(approximately) 0.9 to 1.2 , with angle of attack (a) 0 to 30°, and roll angle (¢) —45° to
+45°. The tests were performed using a standard pitch/roll test rig with sting mounted strain
gauges to measure the forces and moments. Note, with sting mounted models, combinations
of angle of attack and roll angle are used to provide the required ranges of angle of attack and
sideslip angle. Because the sting is attached to the movable test model, the resulting force
and moment values are measured in body axes. However, the experimental results of both
Melbourne and Salisbury tunnels were resolved into missile axes and incorporated into a new

database with a differeni format.

Body axes and missile axes are defined as follows:

¢ Body axes are a set of orthogonal axes that are fixed to the body, with the x, y, z axes
for axi-symmetric bodies aligned with the principal moments of inertia of the body.

o Missile axes are similar to body axes, but with only the x-axis aligned with the corre-
sponding body axes moment of inertia, /-;. The y-axis remains in the inertial x-y plane
(horizontal) regardless of the motion of the body, such that body axes and missile axes
differ by a rotation of ¢ about their common x-axis only. Figure 1 shows the difference
between body and missile axes.

3.2 Original Format of Database

The database file contains the following data in 17 ASCII columns.

1. Data point number



2. Incidence set number

3. Roll angle set unmmber

1. Mach set nmber

5. Angle of incidenere, 0° to +30¢ (2¢ increments)

G. Store roll angle, —45Y to 445 (7.5" increments)
7. Mach number, 0.4 to 1,2

8. Cx - non dimensional foree coeflicient, x direction
1. Cy - non dimensional force coeflicient, y direction
10. C'z - non dimensional force coeflicient, z direction
11. Cy - rolling moment coefficient

12. ) - pitching moment coeflicient

13. C,, - yawing moment coeflicient

14. Y, - rolling moment derivative

15. Ch,, Cy, - pitching and yawing moment derivatives (a single value is provided for bath
variables: see section 3.3)

16. €'y, - yawing moment derivative due to rate of roll*

17. Cy, - force derivative due to rate of roll*

* Since the contribution to resultant force and moment provided by the terms C\,,
and Cy, is not significant and the quality of the data for these terms is not known,
these variables are not used in this simulation.

3.3 Assumption

Close examination of the database shows that values of the variable Cn, fora=a,f=bare
identical to those of C,,, for a = b, 8 = a. This is not strictly correct, but if the approximation
that a, = a; is used, the values in the case above are valid. The following simple comparison
test demonstrates the insignificance of the error in the assumption over the range covered by
the databasc:

a | B, ut/ s ﬁt/ B,

2 |1 |0.99954 | 0.99999
5 |1 |0.99633 | 0.99999
101 |0.98479 | 0.99999
201 | 0.93715 | 0.99998
301 | 0.85082 | 0.99999
2 |2 ]0.99999 | 0.99999
5 |5 {0.99997 | 0.99997
10 | 10 | 0.99952 | 0.99954
201 20 | 0.99201 | 0.99294
30| 30 | 0.95662 | 0.96723




where
tanay = wfu
tanfly = ofu
sinag = wfV
si;z/i, = ufV and

%, v, w are the components of the air path velocity vector V, along the body axes x, y, z.
Figure 2 shows the difference between a¢ and a,, and 8, and 8,.

Notice that the worst case error is for the case where a = 30°,8 = 1°, 0or 8 = 30, a = 1°,
where the associated error is approximately 15% . For the remaining tabulated values, the
error is less than 6.5% , indicating that the approximation a; = a, and §, = 3 is reasonable
over the range covered by the database.

3.4 Revised Database Format

A set of standard database handling routines developed by Air Operations Division at ARL
for use in flight dynamic simulations is used for accessing the aerodynamic data.

The original database was changed into the format required by the standard database extrac-
tion routines. The new database has the following format:

title mkB2cxdatabase

*

thruput cx (machno,phi,theta)
thruput cy (machno,phi,theta)
thruput cz (machno,phi,theta)
thruput ¢l (machno,phi,theta)
thruput e¢m (machno,phi,theta)
thruput cn (machno,phi,theta)
thruput clp (machno,phi,theta)
thruput cmq (machno,phi,theta)
*

machno varbpt 0.4,0.5,0.6,0.7,0.8,0.85,0.9,0.95,1.0,1.05,1.1,1.15,1.2/
phi conbpt -45.0,45.0,7.5/
theta conbpt 0.0,30.0,2.0/

.
cx POINTS
-0.1566, ~-0.1552, -0.1524, ~0.1476, -0.1472,

~0.1440, -0.13%4, -0.1327, -0.1254, =0.1170, etc.

The database subroutines will calculate the longitudinal and lateral force and moment coef-
ficients corresponding to the flight conditions of Mach No, roll angle ¢, and pitch attitude

9.



The thruput statements notify the subroutines that each force or moment coefficient is
determined from the independent variables Mach No (abbreviated to machno in the program),
Phi, and theta information, where M, ¢, 8 are calculated in the main ACSL program or
subroutines and are passed to the database access routines. The force and moment coeflicients
are called functions.

The varbt statement notifies the subroutine of all the values of machno, the values not being
spaced equally apart. The conbpt statement allows the lower and upper bounds of the
variables phi and theta to be stored with a constant interval, thus using memory economically.

The values of the database functions at the discrete values of the variables machno, phi,
and theta are called breakpoints. The data are listed until all breakpoint combinations
have been used. The urdering of the breakpoints is such that the function depending on the
last variable varies first. For example, if a function C, has two variables which have two
breakpoints cacl, the correct order for the data to appear is :

(l' ' ’o( I,?),(!, l),(g,Z)
thus cycling through all of the possible combinations.

The original database was provided in an ASCII format file. The database modification was
performed on an IBM I’S/2 model 70 personal computer. A listing of the program used for
the conversion is presented in Appendix C.

3.5 Database Bias

The aerodynamic data for the Mk-82 store as noted in Section 3.2 covers only positive angles
of attack up to 30° and roll angles of —45° to +45°. For the flight dynamic model, it is
necessary to assume that the data are syminetrical about 0° angle of attack so that positive
and negative changes in both angle of attack and sideslip can be simulated.

For a symmetrical acrodynamic shape at zero angle of incidence and zero angle of roll, it
would be expected that pitching and yawing moments, together with vertical and side forces,

should be zero.

Inspection of the database showed that non-zero values of pitching and yawing moments,
as well as vertical and side forces, were measured at zero incidence and roll. The non-zero
terms became evident when the simulation was run, resulting in non-linear behaviour at low
angles of incidence. Figure 3 shows the limit cycle oscillations of a due to the non-zero bias
in the database with the model performing pure pitching motion. Figure 4 shows the limit
cycle oscillations of a when all the degrees of freedom are included in the model. To ensure
continuity of the forces through zero angle of attack it is necessary to remove these biases.

The unmodified database caused incorrect eigenvalues to be calculated by the ACSL analysis
capability and therefore caused unpredictable stability characteristics at low angles of inci-
dence. Removal of the bias by linear subtraction caused the amplitude of the limit cycle to
approach zero, and resulted in acceptable behavior, as illustrated in Figures 5 and 6, thus
providing an acceptable solution. Figure 7 shows a plot of Cy, versus 4, clearly showing the

database bias. :

It is recommended that the current database be replaced by a more accurate database when
one becomes available. Further work is under way to improve the quality of the aerodynamic
database.



4 PROGRAM STRUCTURE

The Mk-S2 simulation program consists of a main ACSL program which contains the equations
of motion and a set of FORTRAN subroutines which determine the aerodynamic forces and
moments. Various additional subroutines provide necessary initial conditions and calculate
information for graphical ontput. Figure 8 shows a flow chart of the program, while Figure 9
shows the block diagram of the air path axes system for the store motion.

5 VERIFICATION OF FLIGHT DYNAMIC MODEL

In order to determine the validity of the six degree of freedom model, a series of tests was
performed on constrained versions of the model. The tests involved separating the lateral and
longitudinal modes and analysing them individually, All tests utilised the revised database.

5.1 The Longitudinal Model

The first test involved constraining the six degree of freedom model to a three degree of
freedom longitudinal model by removing the linear side force components, gravity, and the
roll and yaw moment components of the full model. The reduced model could now move only
in the x-z plane.

. After trimming the store at « = 0.0, an eigen analysis was performed to identify the dynamic

modes of the reduced model. The eigen values were :

L. —0.00872699

2. —0.2125 £ 1.9489;.

The first mode is a stable transient mode which corresponds to the drag force acting along
the x-axis.

The second mode is a stable oscillatory mode which corresponds to an undamped natural
frequency of w = 4.95 rad/s, and a damping ratio of { = 0.04. This mode is characterised
by a porpoise type of motion, with pitching and vertical translation oscillations occurring
approximately 90° out of phase.

To illustrate the oscillatory nature of the store motion, a simulation run was calculated with
the initial condition of a = 5°. Figure 10 shows a plot of a, while Figure 11 shows the eigen
vectors relating to the oscillatory eigen value.

The transient mode is illustrated as a drag force because the eigen vectors indicate
that velocity decreases as x increases.

The oscillatory mode shows a simultanecus pitch oscillation and translational ver-
tical oscillation, with 8, z, and a lagging pitch rate g by approximately 90°.

Note that J is always equal to zero in this case because the store may not move
laterally.



The Mk-82 store is modelled assuming identical aerodynamic forces in pitch and yaw zs noted
in Sections 3.2 and 3.5 aud so will have identical lateral and longitndinal dynamic properties.
The results of the dynamic analysis are consistent with these assumptions. Further testing of
the dynamic behaviour including the effect of rolling moments, inertia coupling, and non-linear
acrodynamic effects should be undertaken to verify all aspects of the six degree of freedom
flight dynamic model.

Figure 12 shows a plot of 4 for a simulation run with initial condition 8 = 5°, and Figure 13
shows the eigen vectors corresponding to the oscillatory mode, along with a representation
of the associated motion. This mode is characterised by a ‘fish tailing’ type of motion, with
yawing and horizontal translations occurring approximately 90° out of phase,

Figure 14 shows a plot of « versus time for a simulation run of the full six degree of freedom
model released at an altitude of 1000 feet and initial angle of attack of a = 5.0°. The change
in oscillatory behaviour at time t=3.5 seconds occurs when the roll rate coincides with the
pitch and yaw frequencies and demonstrates the effects of roll coupling.

‘Roll coupling’ is the term used to describe instability caused by the dependence of pitching
moment on both pitch and roll rate, and the dependence of yawing moment on both yaw and
pitch rate.

These preliminary tests indicate that the six degree of frecdom model behaves as expected.
However, it is recommended that model verification and validation tests are performed as fur-
ther data from wind tunnel, computational fluid dynamics and flight tests becomes available.

6 CONCLUSIONS

A six degree of freedom flight dynamic model has been developed for the Mk-82 store. The
model includes a linear analysis capability which is useful in the understanding of the store
motion. Preliminary tests indicate that the model is valid, but further testing is recommended.

The database used in the model was compiled from wind tunnel test data obtained from ARL
Salisbury and ARL Melbourne wind tunnel tests. Bias terms have been removed from the
data for use in the six degree of freedom simulation application. It is suggested that the
current database be replaced with a more accurate database when one becomes available.



ACKNOWLEDGEMENTS

The advice and assistance of Mark Cooper and Colin Martin in the developement of the gix

degree of freedom flight dynamic model for the Mk-82 store and the compilation of this note
is gratefully recopgnised.



REFERENCES

1. Gibbens, I>. A Flight Dynamic Simulation Program in Air-Path Axes using
ACSL, Aerodynamics ‘Technical Memorandum 380, Aeronautical Research Laboratory,
Melbourne, June 1986.

. Advanced Continuous Simulation Language (ACSL) User Guide/Reference
Manual, Mitchell & Gauthier Associates Inc., Version IV, Massachussets, USA, 1984.

. Hermsen, P. A. Ejection Characteristics of the BRU-33/A Vertical Ejector
Rack (VER-2) Aboard a Static F/A-18 Aircraft, Flight Mechanics Technical
Memorandum 448, Aeronautical Rescarch Laboratory, Melbourne, November 1991.

. Fairlie, B, D. Algorithms for the Reduction of Wind Tunnel Data from Strain
Gauge Force Balances, Aerodynamics Report 164, Aeronartical Research Labora-
tory, Melbourne, May 1984,

. Faitlie, B. 1., RRoberts, L. J., Broadbent, R. G. Transonic Wind Tunnel Tests on
a 1/8th Scale Mk82 Bomb Model, Acrodynamics Technical Memorandum 305,
Acronantical! Researeli Laboratory, Mdbourue, July 1977,




°
S 3)

® . 7.{
!
{
!

° Y

° °

Figure 1: Body and missile axcs systems.

® ®
® ®
® ®
[ ®
Figure 2: The difference between o, o and fg, B,
@ ®
19
o ¢ ®




8
o

3

o

8 1 1 I —

20 20 40 60 80 100

Figure 3: Result with gravity and linear forces set to zero, pure pitching moment,

11




200

-2.00

Figure 4: Resuit with navity and linear forces set to zero, including all moments.

12




3.00

1.00

a. 6

8

®

8 ] R ‘i 1

Yo 20 40 60 80 100

Figure 5. Result with gravity and linear forces set to zero, modificd database, purc pitching
moment.

13

—




Time, 8

Figurc 6: Rcsult with gravity and lincar forces set 10 zero, maodificd database, including all
moments,

O
3

Blas,

Figurc 7. The data bias.

. -
*)
L]
~
®
L
L
® @
®
®
@
®
®




- access Ao |
H Aoz || EULERANGLES |
POWIT | EVAL ZDERV |

T wnFiLE l
SCANFIXEDATAI—{  READR |

ATMOS

T )
= ouwev__ ——{ _ORawaD CLEARSCREEN |

Em

Figure 8: Program hicrarchy.

18

-




16

N *1 Fox=LyngCosa+NymgShha
. Ny Fgy = Mymg i
. e ® o] Forte-LymgSina+NymgCosa
- Stabilty
: Proput Fax Foy | For Gravity axes .
foroes ‘ torces forces ]
’ ___%. Fxs = Xp Cos a + 2p Sin o + Xa ¢ Fox P Fxw = Fx3 Gos p ¢+ Fys Sin p
~———z-’-- Fys = Yp « Ya + Fgy :y. Fyw = Fxs Sin ¢ + Fys Cos p
° 23
Fi1s~2pCosa-XNpSina + 2a ¢ Fgz Frw = Frs
i
Xal Yal Za| «] Asrodynamic ]
torces ]
i
CONVERTS 6o | DATABASE ]
ALPHA 8 BETATO | & ¢ | COEFFICIENT <
EULER ANGLES EXTRACTION .
LY ROUTINES i
C |G ‘
|
¢, |¢ :
' " X. V- Z- a p Q R :
C, |1Ca ;
L Body Axes :
Mach No. G c"“. Momants _ ).
of Computation of La Lelacosa-Nysinaslp | L | PalC eNG+(PCy+RCHQ
: VTAS - Aerodynamic Forcos| M, Ma M, o M M Gam Gy *RZ- P Cy + ARG,
ALT and Moments N, N .
POR (Stability Axes) Nelysina+Nycosa+ Ny R=NCy+LCy+(PCy- RCylQ
LFI MPI NPI :
| Propulsion Mormants ‘
1
|
B
pl o A Updated : Normalisod oction
Quaternions Quaternions Normalise Quatrnions Quakinions YT L?gs&m
Af] to - o il
1 - Yo{Pry ¢ Q.1+ Rory) " (e e e?e )" : Ly« 20y13 % 151)) My
] 1] '
—'—‘—*ﬁ 11 YfPrg - Qg+ Aurg) » T 1oty t2 Ly = 211y - 1o1y) __..._._..N’ ‘
—I—e] =Py Q- ATy :‘ - :.‘,;:“ My ® 2(r,ts - 1513) :
s ' fy 2" TN Ty 2
e SR i S LA g IR L My = 2157+ 17) - 1
My ® 21519 + 191))
Ny = 2(ty19 ¢ 1o1y) M, M, :
Figure 9: Block diagramn of airpath axes system for store simulation, :’ B ::";‘ "2’"’ ‘ Ny Ny
y = 2{rg" ¢ 15°) ~




L'»;,, . ' {
;4
A s
F P
————tpy{ PgePCosa+tRSNa
L.
a
wom——w=1 RAs=~-PSnat+tRCosa
Stabliiy
orcet A:xp:am Ps| s (As"'w“'.""“'
|- W [0 )
forces folces ‘ ‘ )
- :;: Fxw = FxsCos p + Fya Sin p :" - &'(QCosp-PsSinp*lemVI),‘Cogp o
4 o W . Am
F = Fys Sin 3 - -
) Fa yw peFnCorp - E F?wlth Rs Troe
T__ Frw = F1s Vi e Fxw/m
Fxb= XaCos a - Za Sia + Xp YWeVtCota
=1 Syb=VYa+Yp VbeViSing
- =% FzbeXaSinar+riaCosarip Velocty Whe ViSnad
- - components
P| Q} R Body Wind (body &xe3)  yUp| vo| we
Body Ax Body Ax Fxb] Fyb| Fzb axes componants
os y Axes foices
Montents Angular Rates lWﬂlW'lM
~NasnarLe »-H.L—q P =LC, +NCy+ (PG, +RCYQ P - Ax = Fxbimg Lia Vne = L,Ub + MyVb » NyWb - Vwn
[ M . ™
1 N Q=MC,+(R?-PHCy+ RPC, z - Ay = Fybimg N“- Voo = LoUb + MaVD + NaWb - Ve
] | . -~ 13 ¢
e Nycosa v Np| ] R=NGy+LCy+(PCy- RCYQ * Az - Fabimg T Vde = LUb ¢ MV ¢ NyWh - Verd
Axl Ayl Az
Np
hH Lineat Vne | Veo | Vde
b Momants acolerations
X « Vi
¥ = Ve
Nomiatisod Direction ALT = -vae
Cosincs
Qnt::bm Li=2ntond-1 | trs wetant (L)
[ o - L]
eyt 0 o] teT ) Ms oetan’ (- LyL 4 LY ) x|v
' Ly = 2(vyty - 1573) Ny
s M, = 21,1, - 150) soaniMyNy Vne | Veo | Vde
My = 2t ¢ 12) - 1 vl e‘ .l ‘ AANGE » (X? +
My = 2(113 * Tor)) I ) =) .Yer_ Ground spee
Ny = 2115+ 1q1) M, M Euler Angles 0 o Y01 = (Vun? + Vo) Y Fhght angie path
37 e | B AT Y 9-a A Cimb angle
‘ : Ny = 2(1a1y - 1o7)) Ny Ny -Tan' (- Vi £
mulation. 4 | Nl A=Tan' (- VueVan Y Angle of track HANGE
Ny = 2(15 + 1,5 - 1 1 = Tan'! (Vee/Vne) —




e
¥
p ——
a PaePCosa*RSna
a
As=-pSina+ACosa
1 plth Angulat rates
“axed Ps Ra
axe i S e
“xw . Angle of Attack
a={QCos p - PsSin p+ Fra/mVi)Cos ettt memgin
P @ '(: [ . Sin 0 ImViCos ¢ — Angle of
- - Sl
" Fiw B Frwimt - Ry Trve Aepeed
- Vi= Fxw/m —— — =\
Fube XaCosa-2aSha +Xp Ub=VtCos a Cos p
Fybe Yas Yp VbeViISing
Fiow e Sin w +ZaCos « + &p Vaocity WE=MShaCosd
: components
Wind (body axes)  yup| vb| we
Bady mponant
Fxb| Fyb| F2zb Aves ce s
trces 1anl\lwolwa
Ax « Fxbimg L1390 Vre=L,Ub+ MVb ¢ N\Wb - Vwn
Ay = Fyl¥mg - —-—-:;3—&45- Vee = L;lb+ M Vb * NWb - Vwe
.3
Az« Eztymyp =T Vde = igub e MV ¢ NgWb - Ve
— ’ . .
Axl Ay‘ Axl Velocty
<0
Lnear Ve | Vee | Vde {Eerth axee)
Accelarations
X = Vne
Y = Voo
ALT = -Vde
ST
) Posional
Y [ COvidingles
S ) x|v ar
Ve | Vee | Vde :
1
. RANGE = (X2 + ¥2) "
& . — _!g'— Ground speed
lot o) Vgr = (Vne® + Veeo©) Y Flight angle path
yea-a A Chmb angle
A= Tan ' (- VdefVor) . Angle of track RANGE
x = Tan ' (Vea/Vne) e g



a, deg.

500

M’V\/‘vvvvwww---

. 100

¢=—'-—_;nv

-10C

-3.00

SN0

Time, s

Figure 10; 'lime history of longitudinal model showing .




.- ) | .. _ /.’7/

X Tiamstent prode vy Q‘/\
¥
|
]
'
r X Y
3 i
2

- '(’ X
¥
\
]
| Y
' :
z
Y
R=0 A = hax a0
Wy B e vy.ge0 -~ Y, -f - max

Oouitptory maxde

<

— f|

Figure 11: Bigen vectors and motion of longitudinal madel,

IR,
|

(&




Figure 12: Timc history of lateral model, showing B.




A
[ ]

Transiont modo

® ®
. @ ®
o}
® o ®
Oscikatory mode
X
® ®
2z
« z
T,
* Q=0 Q = max 0-0 ¢ 4
6.2 & = —max 8,2 x=0 6,2 % = max
|
® o
|
1
|
|
® o
Figure 13: Eigen vectors and moiion of lateral modcl. |
® ®

20




5.00

g, deg
1.00 3.00

T

-1.00

-
=3
e

Figure 14:

Time, s

Typical time history of complete model, including gravity, showing a.

21

e

&

®

(¥

L R AN S T . SO 0 S LS GOt S U U




(g PUANYY) "AnNdwo93 ACIS 7SN YL

SOLAUNMU W SLOISUBLID IV

€8
1

®—- ——r
_ T /LT

A'— s81
- b/ ]
W82 jo ey 1595 Ly 10 0iBUR OF .1

SHUID 9UBIB}0) TUDWOW




Appendix A - The Geometric Properties of the Mk-82 Store

The geometric and mass data used in the simulation of the Mk-82 are as follows: s

mass = 239.5 kg o
Iee = 2.35 kg m? ® ®
I,y = 56.74 kg m?

lye = 56.74 kg m?

CG from nose = 1.00 m

reference dinmeter = 0.273 m ® ®

The physical dimensions of the store are represented in Figure 15 (Reference 5).

® ®
® ® [
® °
® ©w
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Appendix B - Additional Subroutines Developed for Mk-82
Simulation

Subroutine AERO2

The AERO2 subroutine is called from the ACSL simulation program, with inputs of the
angular rates p, q, r, and Mach number. The subroutine also has access via common blocks
to the angle of attack and sideslip variables, AlphaR and BetaR. These variables are passed te
a subordinate routine EULERANGLES which calculates the equivalent Euler attitude angles
of pitch (Theta) and roll (Phi) used by the database. The appropriate force and moment
coefficients are reteieved from the database using database routines, which have Machno, Phi,
and Theta as inputs. The coeflicients are then converted from missile axes to body axes via
a rotation of Phi about the X - axis. Total body axes forces and moments are calculated as
follows:

XAR = C..QBARS

YAR = C,.QBARS

ZAR = C.QBARS

LAR = (¢ + S22 .Q BARS.D
MAR = (Ch + 3559).QBARS.D

NAR = (C + B520).QBARSD

where Ct,, Cy,. and €, ave the damping derivatives in roll, pitch and yaw, QBARS is the

: . 2 . .
dynamic pressure multiplied by the reference area (1'—;:’—), V is the true air speed of the store
at a particular instant, and b is the reference diameter of the store, 0.273 m.

This subroutine has only one subordinate subroutine, called EULERANGLES.

Subroutines EJECT and EJECT?2

The ACSL subroutine FEJECT provides a sitnple representation of store ejection from the
outboard station of the Vertical Fjector Rack. The Subroutine can be called on line from
the ACSL prompt during the course of a simulation. The cjection of the store is simulated
by setting the incremental forces and moments used in trimming the store to representative
values for a specified duration to provide the correct impulse. The values used in EJECT are:

DZAR = 7828 N
DMAR=0.0N
DLAR = 0.0 N.m

Total Impulse = 940 N.s for t = 0.12 seconds,

EJECT?2 emulates store celease from the inboard station of the same Vertical Ejector Rack
after station one has been fired. Reference 3 indicates that for store release from the F/A-
18, cjection from the inboard station imparts initial roll and pitch rates to the store. The
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inzremental forces and moments are reset to zero in the simulation after 0.12 seconds have g ®
elapsed, ‘The values of the incremental forces and moments used are : ¥
DZAR = 8200 N :
DMAR = 19.8 N.m ° °
DLAR = 94.3 N.m
‘Total Impulse = 984 N.s for t = 0.12 secondls.
These values correspond to the correct impulse for release given in Reference 3, and are
interded to provide simple representations of store cjection characteristics, g g
Neither EJECT or E}ECT2 have any subordinate subroutines.
Subroutine MAKEVILE ® e

The MAKEFPILE snubroutine is used to record the trajectory and orientation of the store in

ASCIi format for each simulation run. The subroutine uses standard FORTRAN code to open

(or rev:pen) a file at the beginning of a run, overwriting any existing contents of the file with

the curent trajectory data. ‘I'he information recorded is the current time, X,y,z positions, ® ® ®
yaw, pitch, roll angles, angles of attack and sideslip, airspeed, rate of change of altitude, and

normal acceleration, with the following format:

“‘write(1,1000(E,* '))time, x, y, -z, Psid, Thetad, Phid, Aiphad, Betad,
‘v, vde, AN, 0, 0, O 7, ® ®

waere the last three zeroes are unused channels.

This Lle can be used to obtain the position, speed, and attitude of the store in any post-run
processing that is required.

The !t :st time that the MAKEFILE subroutine is called, the user is prompted with the screen
message:

“At what time would you like to begin the datafile? "

at  .ich point the program awaits a numerical input from the user. This is for the purpose
of a’iling the store trajectory data to part of the flight path of an aircraft, so that the store
and »rcraft coincide until the time specified by the user for the store simulation to begin.
The rle is overwritten each time a run is commenced, so that only the final simulation run is
rece led. The output file is called STORE.DAT. ®

Note: lor viewing the recorded trajectory, a graphics replay system has been
developed using an RIS graphics work station. The data file STORE.DAT can be
transferred to the IR1S workstation and the trajectory of the store can be viewed
using the graphics replay program. ®

The MAKEFILE subreutine has no subordinate subroutines.




Subroutine SOUNDSPEED

This subroutine is called from the main ACSL program, with the current altitude as input,
and speed of sound at that altitude as output, This value is then used to calculate the Mach

number whicl is required by the AERO2 subroutine and the specialised database extraction
subroutines.

The SOUNDSPLEED subroutine has no subordinate subroutines,

Subroutine EULERANGLES

This subroutine is called from AERQ2 and has angle of attack and sideslip as its inputs.
The outputs are the Euler angles ‘Fheta and Phi, with Psi being set at zero. The Euler
angles describe the oricutation in space of a body relative to an inertial reference frame, the
arth-Axes. The relevant formulae are reproduced here (see Reference 4) :

cosl) = cos{avjoos(jl) aud

tang = L)

sin(a) *

The correct sign of # is determined by testing for the sign of @, and equating the sign of 8,

The angles of roll (1'hi) and pitch (Theta) are returned to the AERO2 subroutine, where they
are needeil as input to the database access routines, along with the Mach number.

The subroutine FULERANGLLES has no subordinate subroutines,

Subroutine ACCESS

The subroutine ACCESS is called from the beginning of the main ACSL simulation program.
The purpase of ACCESS is o provide a platform for the calling of the database routine, RTD,
which opens and prepares the database for retrieval of specific data.

The subroutine ACCESS has the subroutine RT'D as a subordinate subroutine,
which is part of the database extraction routines.

)
®
®
o
)
®
»
®




Appendix C - Database Conversion Program

The database conversion program was developed to transform the format of the original
database into the format required by the standard database routines, The conversion was
achicved by reading the values of the variables from the oviginal database which is stored
as an ASCII file on a 3.5 inch flappy disk, and rewriting them to a new file in the required
format, Included in this Appendix is a copy of the Database Conversion program.
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10

20

program convertformat
real halfl(12),half2(5),1ine(15),lume(16,13,13,0)
integer L, 3,k,1,p,q, r,count

luwmp(a,a,8,:,2,3,4,5,6,7,8) refer to chcy,cs,cl,crn,cn,clp,cmq

print*, 'Roading Data!' '
open{10,flle='mkB2cx.dat ', status='old', actionw'read')
do 20 11,2704, 1
road (10,100) (halfl (i), 4=1,12)
read(10,110) (half2(3), 3=1,5)

do 10 k=1,15,1
if(k.le.12)1ine (kK)shalfl (k)
1f(x.gt.12)1ine (k)=had£2(k-12)

lump(line(2),1inec(3),1ine(4), 1) =1ine (8)

lump (line (2),1ine(3),1ine(4), 2) ~line (9)

lump (line (2),1ine(3),1ine(4),3) ~1ine (10)
lump(line (2),1dne(3),1ine(4), 4) =1ine(1ll)
lump(lina (2}, 14nc (3}, 1ine{d}, 5)=iinc (12)
ump(line (2),line(3),1ine(4), 6)=1ine(13)
lump(line(2),1ine(3),1ine(4), 7)=1ine (14)
Twep(line(2),1ine(3),1inc(4), 8)~line (15)

continue

open{il,file~'mk82db.dat', status~'new',actions='write’,
gcarriagecontrol='fortran')

print*, 'CX POINTS!

write (11,150)
write (11,160)
write(11,170)
write (11,180)
write (11,190)
write (11,200)
write(121,210)
write(1}1,220)
write(11,230)
write (11.240)
write (11,250)
write (11,160)
write(11,270)
write(11,280)
write(11,290)

write(11,160)
write (11,330)
write(11,11%5)
print?, ‘Writing to file®

print#, 'Doing CX."
count=0
do 30 r:3,13,1
do 31 g=1,13,1
do 32 p=1,16,1
write(11,120) lump(p,q,r, 1)
countcount+l
if (count.eq.5)then
write(ll, 115§)




32
30

35
34
33

306
37
36

41
40
39

count=0
endif
cont inue
cont inuve
cont inuve
write (11, 320)
print*, 'Finished CX.!

print*, 'Doing Cy.*
write(11,340)
write(11,115)
count=0
do 33 r=1,13,1
do 34 qri, 13,1
do 38 p=1,16,1
write(11,120) lump(p,q,x, 2)
count=gount+l
1£ (count.eq.5)then
writo(11,115)
count=0
endif
cont inue
cont:inua
cont inuo
write (11,320)
print*, '‘Finished CY."

print*, '‘Doing Cz2,°
write (11, 350)
weite (11,118)
count =0
do 36 =), 13,1
do 37 q-1,13,1
do 38 pe=1,16,1
write(11,120)ump(;. q, v, 3)
count=count+1
1f (count.eq.5) then
write(11,115)
count=0
endif
cont inud
cont inue
cont 4 nue
write (11, 320)
print*, 'Finished C2,"

print*, 'Doing C}1.¢
write (11,360)
write (11,115)
count =0
do 39 r=1,13,1
do 40 q=1,13,1
do 41 p=1,16,1
write (11, 120) lump(p,q, r, 4)
count=count.+1
if (count.eq.5)then
write(1l,115)
count:=0
endit
cont inue
cont inue
cont inue
write (11, 320)
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44
43
42

41
46

45

50
49
48

print+, ‘Finished Cl1.°

print+, '‘Doing CM.°®
write(11,370)
write(11,115)
count=0
do 42 r=1,13,1
do 43 qw1,13,1
do 449 p+=1,16,1
write (11,120)1ump (P, q, X, 5)
count=count+1l
1f£(count.oq.5)then
writoe(ll,115)
count=0
oendif
continue
continue
continue
write(11,320)
print*, '‘Finished CM."

print*, ‘Doing CN,°

write(11,380)

write (11,115)

count:=Q

d0 45 r-1,13,1
do 46 g=1,13,1
do 47 p~=1,16,1
write(ll, 120)lump (p,q, x, 6)
count=count +1
{ £ {count ,eq.5)then
write{l1l,115)

count=0
endif
cont inue
continne
cont inue

writo(l,320)
print*, 'Finished CN.!

print*, '‘Dedng Clp, !
write (11, 390)
write (11,115)
connt =0
do 48 r~1,13,1
do 49 q=1,13,1
do 50 p=1,16,1
write (11,120)lump(p,q,x,7)
count=count +1
if (count,eq.5)then
write(ll,6115)
count=0
ondif
cont inue
cont:inue
cont ingo
write(1l1,320)
print*, 'Finished Clp.'

print*, 'Doing Cmq,"*
write(1l,100)
print+*, 'OK1'
write (11,115)

0
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® ®
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53
51

100
110
115

120

180
160
179
180
130
200
210
220
23
240
250
260

270
280
2%0
300

320
330
340
350
360
370
k1))
39
400

print?,'0K2!
count=0
print*,'0xa?
do §1 r=1,13,)
do 52 g=1,13,1
do 53 p=y,1s,1
write (11,120) ump(p, q, x, 0)
count=count+l
if (count.eq.5)then
write(11,115)
count,=Q
ongit
continug
cont inue
cont inue
writa(ll, 320)
print*, 'Findished Cnq.'

format (415, 1015.4,7£13,4)
format (3lx, S£13,4)
formatc(in')

format ('4',1113,4,+,")

format (' title mka2exdatabase!)

format (' »+)

tormat (! real X, 0y, €7, ¢, Cm, e, cdp, Chgt)

tormat: (' thruput cx (alpha, rol), machno) ')
format (° thruput cy (alpha, rol), machno) ')
format (' thruput ¢z (alpha, rol), machno) ')
format: (' thruput ¢l (alpha, roll, machne) ')
format (' thruput cm {alpha, roll, machno) 1)
format. (' thyruput ¢n {(Alpha, roll, machno) ')
format: (* thruput clp (alpha,rol}, machno) ')
format (¢ thruput cmq (alpha, yoll, machno) ')

format (' »)

format (' alpha conbpt 0,0,30.0,2/")
format (' xoll conbpt: «45,0,45.0,77.5/")

format (' machno varbpt 0.4,0.5,0.6,0.7,0.8,0.85,0.9.0.95,1.0,1.05

§,1.1,1.15,1.2/1
format (' *1)

formnt {! +HY)
format (' CX POINTSY)
farmat (' Cy POINTS')
format (* Cz POINTS')
format (' C) POINTS')
format. {* Cm POINTS')
format. (' Cn POINTS!)

format: (* Clp POINTS')
format (* Cmq POINTS')

stop
end
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Appendix D - Example Simulation Run

Run with Clean Relense

In this first example, the store is relensed inte the free stronm withont the benofit of any
ejoction forees or moments, The operntor input is shown here in lower case, but it should be
noted that the program is sot case sonsitive, The computer echo of the inputs are shown in
upper case. “The source code file is named admuacsl, with the setup file named admsetup.
The executable file is callod ndm.exe. To ran the program, type

. adm

The propram prompts with
Roading data.....plodse hold

The progeam then seans the hreakpoint data, and ceads the polnts CX, CY, .
o+ CMQ. When CMQ has been read, the cursor awaits the next usor input.,

& unad=10

s omd= 1) dnstenets the propram to take its input from the setup file, vutil
instructed otherwise by astatement contained within the inpat file,

The pure ACSL sement of the program paraphrases each insteuetion on the
sereen, coming beck with § CMD=10.

s x0=1000

I the simulation output tile STORE.DAT is to be used in a ftight path re.
coustruetion in conjunction with another aireraft, the store trajectory must
begin at the down vange distanee of the aiveraft at the time of release, so that
the staie does not loap hack to X =0,

adit
The BT subroutine is not a standard ACSL command, but allows the setting
of the airevaft parameters and release conditions, ‘The aireraft parameters are
all preset to values rellecting the characteristics of the Mk-82 store, and the
release conditions are set to default values which need to be moditied for each
different release.

a1t0=1000

ALTO & the initial altitude in metres of the stare, Note that the values within
EDIT are input differently to those values input in the main ACS1, program.

q0=0.01
al s the initiel pitel rate experienced by the store. iu radians per second.

VoR0=300




~vek is the initial velocity of the store at the point of release, in knots.

8. thetdv=10

thetd0 is the initial pitch attitude of the store, in degrees.

9. alphd0=2

alphdo is the initial angle of attack of the store, in degrees.

16. betad0=2

hetad0 is the initial angle of sideslip of the store, in degrees.

11. trim

The first time this routine is called, the user is prompted with the question, “At
what time would you like to begin the data file?” The program awaits '
the input of a number that represents the time in seccnds that the parent air- * d
craft flies hefore the store is released. This is only velevant if the flight graphic
replay is going to be used in conjunction with another aircraft. If the store is
intended to be visualised exclusively, the start time can be set to zero. Note

that this value affects only the STORE.DAT file which is used in later graphic
replay, and not the simulation.

The only reason that this store is trimmed is so that the EIGEN function
is applied to a body in equilibrium. TRIM introduces artificial incremental
forces and moments which negate all accelerations experienced by the store
at the point of releas..

EDIT has now been exited, and the user is returned to the pure ACSL envi- ® L4
ronmont.

oigen

EIGEN performs an cigen analysis, producing eigen vaiues, eigen vectors, and *
the Jacobian matrix. These may be printed out by inputting the statement ‘s o

prn=9 ' prior to the input of the EIGEN statement. This causes the output

of the EIGEN routine to be diverted to an output file, ADM.1, |, which may

then be printed out with the command PRINT ADM.L after the program has
been exited.

dtz

To remove the incremental forces and moments quickly, they can all be set to
zero with the statement DTZ, which simply stands for “Deltas to zero”.

s tstop=10

The length of the simulation run is set by the statement,

s tstop=10

, where the time is entered in seconds.



GO begins the simulation.

(%

16. d alg

The statement ‘d alt’ displays the final value of the specified variable. In
this case, the final altitude is Y8 feet, indicating that the run time is too A d g
short. Repeat the last three statements iteratively until satisfied with the

final altitude of the store.

When complete, type

Run With Ejection Release

stop Py ®
or Cortrol-c, which will exit the ACSL program. The STORE.DAT file con-
tains only the final simulation run, and will be overwritten every time ADM
is run, so if the file is needed, it is necessary to copy STORE.DAT to a more
appropriate file name.
If L4 o
|
s prns0 ‘
{
has veen set, ADM. L will contain the results of the eigen analy<is, which may 1
then be printed, ;
e O o
{
i

To ran a simulation including simulated ejection forces and moments, the user must invoke

one of the ejectivn routines after the store has been trimmed and all the incremental forces ‘
‘ set to zero (step 13). The precedure EJECT simulates the ejection forces and moments e L4

acting op a store released from one station on a vertical ejector rack, and EJECT2 simulates

¢yection forces and anements fror: a s .ond station on the same rack, after the first store is

released. The applied impulse is different in both cases due to the different stiffnesses and ‘

iaertias encountered by the rack in each case, resulting in different forces .nd moments being !

appiied (see Appendix B.2 for details of ejection impulses). The actual - jection of the store is

[ ] L 3
completed in 0.12 scconds, so the ACSL program tests for thme greater than 0.12 seconds, and ;
scts the incremental forces to zero when this condition is true. Because of this, it is necessary
to call EJECT or EJECT2 each time the simulation is run, ie before the command GO is '
iLput. ;
Note: if it is necessary to trim the store again during the course of a simulation study, the L] e
program will crash and exit unless at least one of the incremental forces or moments is reset
to a non zero value to prevent a division by zero.

I
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