Introduction to Flight
Simulations

Episode 1: Dissecting the Black Box
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Mathematical Model Numerical Methods

R=V sin y (12)

, V cos y siny 5.1.1 Euler’s Method
0= R cos ¢ (13

The sinplest method for numerical integration utilizes a Taylor Series Expansion around the
current iteration (y;, ¢;). This can be written as

(/-):Vcos y Cos y

14) ! ;
R ulte + A0 m y(t) + AL Zl(w, 1) + O(AP) (5.1)
dt
V= —D—g sin y+.QzR cos d)( sin y cos d)_ cos y sin 4) cos y) Neglecting higher order terms, the discrete form for the next iteration is
dy .
; V2 15 Yo R+ AL (5.2)
y=-|L cos o+ cos y|——g | +2QV cos ¢ sin y ] ‘
%4 R Euler's method works by evaluating the derivative at the current state and propagating this
5 . . change lorward in time. Of course, it is always possible to propagale time backwards, bul
+£2°R cos ¢( COs y cos ¢+ SIn y €os y sin ¢)] (16) the reason lor doing so is discussed later. The approximation sign is dropped for simplicity.
vt — e AL T 5.
y —1|Lsin 0+V2 cos y sin y tan ¢—2QV(tan y cos y cos ¢ A i o
V=7 sy TR OSSNV y cos y
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Physics

* The motion of arigid body is driven by the forces that act on it
* Motion is defined by the states of the rigid body throughout time
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Physics

Dynamics
— Kinetics
* The motion of arigid body is driven by the forces and moments that act on it

— Kinematics
* Motion is defined by the translational and rotational states of the rigid body
throughout time

Forces and moments Dependencies
e Gravitational  Atmosphere
* Aerodynamic * Geodesy

* Propulsive
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Mathematical Model

Equations of Motion
— Translational Equations of Motion
— Rotational Equations of Motion
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— Translational Equations of Motion
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— Rotational Equations of Motion
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Translational Equations of Motion
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= dv
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Equations of Motion
— Translational Equations of Motion
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Rotational Equations of Motion

 Kinetics:

 Kinematics:



Mathematical Model

Equations of Motion

— Translational Equations of Motion
* Kinetics:

v(ty) = vg

— Rotational Equations of Motion
* Kinetics:

w(ty) = Wy

é(to) = 50




Mathematical Model

Equations of Motion
— Translational Equations of Motion

_ (12)

L )
dt

_ (14)
dv F . -
- — + (non — intertial terms)
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NUMERICAL METHODS 101

Numerical integrators
> Solves the differential equation at each timestep

INITIAL CONDITIONS

x(ty) = xg
v(ty) = vy

w(ty) = Wy

é(to) = éo

=

CHANGE IN STATE

CURRENT TIMESTEP dx
At —
- . dt
x(t;) = x; It
A -
) . L
v(ti) =7 dé
+ At — =
— — dt
w(t;) = w; do
At —
~ ~ dt
0(t;) = 6;

Numerical Methods

NEXT TIMESTEP

FINAL STATE

X(tiv1) = X
v(ti41) = Vg
w(ti+1) = Wo

é(ti+1) = 50

(tr) = Xy
(tr) = vy
w(tr) = wy

0 (tr) = 5f




NUMERICAL METHODS 101

Numerical integrators
> Selection criteria
> Accuracy
> Behavior of differential equation(s)
> Computational Cost
> Examples
> Runge-Kutta 4
> Fixed time step
» Explicit
> Fourth Order Accurate
> Dormand-Prince 5
> Adaptive time step
> Explicit
> Fifth Order Accurate

Numerical Methods
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Stardust Capsule Return (2006)

 Ballistic Reentry
* Assume rotational dynamics are taken care of
* 3 DOF Simulation
* Required Inputs:
* Mass
* Forces |
* Initial position and velocity




Modelling the Forces

* |[nvacuum
* Gravitational Forces (Weight)
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Gravity Models

* Constant Gravity ﬁ 1

gl = 9.81m/s w

. InverseSqL{are g ﬁ D
TR A a7

e Spherical Harmonic Gravitation

§g=vU

U(r,\, ¢) = H Z Z ( ) m(sing)( nmcosm)\+5nm81nm)\)
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Modelling the Forces

* |[nvacuum

* Gravitational Forces (Weight)
* Inatmosphere

* Gravitational Forces

* Aerodynamic Forces
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Aerodynamic Models

* Expressed in coefficients

¢+ L=Cp-opV2s <4um
* Aerodynamic Coefficients
« Liftand Drag(C;, Cp)
* Aerodynamic moments (C;, C,,, Cy,)
* Dynamic coefficients (Cmq, )

 And many more!

* Fidelity depends on
* How the data was obtained

* What conditions are being considered
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Aerodynamic Models

* Expressed in coefficients

+ L =Cy(aRe(p,n), Ma(y,R,T)) -5 pV?S
* Aerodynamic Coefficients

« Liftand Drag(C;, Cp)

* Aerodynamic moments (C;, C,,,, Cy,)

* Dynamic coefficients (Cp, , ...)

), and more...

 And many more!
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Modelling the Forces

* |nvacuum
 Gravitational Forces (Weight)
* Inatmosphere
* Gravitational Forces
* Aerodynamic Forces
* Depends on atmospheric model

W

Dr3%

N e\o c'\W

>
=
>
©
-
O




Density [kg/m’]
0.0 0.5 1.0
1 1 1

Atmospheric Models

e 1976 Standard Atmospheric Model
* Linear, piecewise variation in temperature
» Solves for pressure and density using
hydrostatic equations

— Temperature

80 7 — Density

(*2]
o

N
o

Altitude [km]

* Global Reference Atmospheric Model 24
e Variations in seasons
o Statistical variations can be modelled

I I !
210 240 270
Temperature [K]




Modelling the Forces

* Invacuum
 Gravitational Forces (Weight)
* Inatmosphere
* Gravitational Forces
* Aerodynamic Forces
* Depends on atmospheric model
* Depends on geodesy model
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Geodesy Models .

* Sphere
e 1., =6,371,007.1809 m
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 Ellipsoid (WGS84/Oblate Spheroid)  z
* 1,=06,378,137.0m
¢ = 6,356,752.3 m




Geodesy Models

e Sphere
* 1., =6,371,007.1809 m

 Ellipsoid (WGS84/Oblate Spheroid)
* 1,=6,378137.0m
¢ = 6,356,752.3 m
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Stardust Capsule Return Summary

Assumptions: ballistic trajectory, 3DOF, constant ballistic coefficient
Mass: 45.76 kg

Entry Altitude: 134.441696 km
Entry Geodetic Latitude: 41.7529875 deg
Entry Longitude: 236.079820 deg

Entry Velocity: 12.799359 km/s (inertial), 12.4506423 km/s (relative)
Entry Angle: -8.234229 (inertial), -8.46652246 (relative)
Entry Heading: 96.536837 deg (inertial), 96.7247718 deg (relative)

Numerical Integrator: RK4, At=0.05s

Recommended Models:
Gravity Model: J2
Aerodynamic Model: Constant Cd from Ballistic Coefficient
 Ballistic Coefficient: 60 kg/m”"2
Atmospheric Model: 1976 US Standard Atmosphere
Geodesy Model: WGS84
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