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Calculations of separated objects behavior at high velocities

For many aerospace applications it is very important to know 
behavior of a body separated from vehicle moving with high 
velocity.

As a rule for such tasks typical aerodynamic time scale (a) is 
much less typical ballistic time scale (s). At that the task can 
be considered as quasi-stationary.

Currently the following procedure is used for estimation behavior of separated body:

 At different positions and angles of separated body the aerodynamic forces and torques are 
calculated.

 Using this data base, ballistic movement of the separated body is calculated.
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Main idea of using FloEFD for Ballistic trajectory calculation

The following procedure is realized with FloEFD:

 Calculations of aerodynamic forces and torques at initial time 
(t=0) just before stages separation with FloEFD.

 Calculation ballistic equations with specified time step t.

 Remove separated stage in according with ballistics.

 Calculation of aerodynamic forces and torques at ti+1=ti+t 
stages location with FloEFD.

If typical separation time scale (s) is much more typical aerodynamic time 
scale (a), aerodynamic and stage separation tasks can be separated. 

Main assumption  a<<s
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• Aircraft trajectories calculation in accordance with 
aerodynamics forces

• Rocket stage separation
• Separation of solid body from the aircraft
• Сargo discharge
• So on …

Ballistic Problems
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Goals:

• Plane trajectories of solid rocket boosters is the coordinate system of main stage
• Calculation of the ballistic equations
• Calculation of the series of quasi-stationary external fluid flow tasks in order to determine values of 

aerodynamic forces

Ariane 5 - Task definition

Parameters just before separation: H=55 km, M=9.5
Rocket parameters:
- Main stage– D=5.4 m, L=50 m
- Solid rocket boosters– D=3.24 m, L=30 m
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To estimate trajectory of the boosters following ballistic equations were used:

Fx, Fy and Mz – aerodynamics forces and torque, x, y and ϕ – coordinates and the angle of moving 
body to determine its position in plate trajectory, m – body mass, I – moment of inertia. Gravitational 
force should be taken into account in force calculation.

Plane ballistic equation
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Main assumption is that typical separation time scale 
(s) is much more typical aerodynamic time scale (a), 
aerodynamic and stage separation tasks can be 
separated. 

Rocket stage separation process satisfies this 
requirement.

Main assumption
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• Main rocket stage is fixed
• Boosters positions are determined with constrains: distances and angles

Ariane 5 - Solid rocket boosters handling
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• Forces component are measured in coordinate system related with the main stage
• Torque values are on the axis of the coordinate system related with the boosters

Ariane 5 - Aerodynamic forces measurement
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Parametric study allows to handle a FloEFD project parameters as well as a geometry constrains. 
All necessary constrains are added on the Input Variable tab of the Parametric Study window.

Ariane 5 - Parametric Study. Input Variables
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Output parameters supposed to be an objective function for the external optimizer but in this particular 
case output parameters are values of the aerodynamic forces. Force and torque goals are added in the 
Output Parameter tab of the Parametric Study window.

Ariane 5 - Parametric Study. Output Parameters.
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Scenario tab is to manage the calculation process. In case of integration with an External Optimizer start 
button just creates the XML file with the task description.
Task. Xml is a file with input data for the external optimization program.

Ariane 5 - Parametric Study. The start button.
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Cycling calculation of each trajectory point controlled with users program. For this particular case Visual Basic 
script was developed. The script has to repeat the actions in the cycle:
• Creating in.xml file with the values of coordinates and angle of current booster position
• Starting of current position calculation and waiting of Out.xml file appearance
• Calculation of ballistic equation due to determination of the next position of the moving body

Ariane 5 - External script. Main cycle 

Ballistic script

FloEFD Parametric Study
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File with input data In.xml

Ariane 5 - External script. In и Out

File with output dataOut.xml
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Ariane 5 - External script
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Ariane 5 - Parametric Study. Cycling process
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Ariane 5 - Parametric Study. Cycling process
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Ariane 5 - Parametric Study. Cycling process
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Ariane 5 - Results

Results of solid rocket booster trajectory calculation:
• coordinate chart and angle chart VS time
• Mach number and pressure fields

PressureMach 
Number
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“Hot” rocket stage separation

Parameters just before separation: H=55 km, M=9.5
Parameters of separated stage: D=2 m, m2=2160 kg, I2z=3770 kg*m2
Parameters in engine combustion chamber: P=70 bar, T=3500 K
Nozzle expansion area ratio: a1=137 , Ma1=4.94

a2=292 , Ma2=5.46

Ballistic equations:  𝑚2
𝑑𝑉2

𝑑𝑡
= 𝐹2𝑎 + 𝐹2𝑔

𝑑𝑟2
𝑑𝑡

= 𝑉2

𝐼2𝑧

𝑑𝜔2𝑧

𝑑𝑡
= 𝑀2𝑧

𝑑𝜑𝑧

𝑑𝑡
= 𝜔𝑧

6 m

7.5 m
Typical time scales estimations

a~L*/V~7e-4 s, 
s~(2*m*L*/(S*Po’))1/2~0.2 s 

a<<s
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“Hot” rocket stage separation - Results

Results of rocket stage separation trajectory calculation:
• coordinate chart and angle chart VS time
• Mach number and pressure fields

PressureMach Number
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Separation of solid body from the aircraft

Model was considered in 3D

Separation is started at altitude of 
H=8 000 m M=0.95

P=35570.3 Pa
T=236.15 K

Wing chord Lb~7.62 m, Ls=1.01 m

Store L~3.39 m

D=0.508 m

Thoms, R.D. and Jordan, J.K., “Investigation of Multiple-Body Trajectory Prediction Using Time-Accurate 
Computational Fluid Dynamics”, AIAA Paper 95-1870, June, 1995

Approach accuracy is verified by the results comparison with the data from the article:
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To estimate store position change the following ballistic equations were used:

Ballistic Equations for 3D task

𝑚
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𝑑𝑡
𝐼𝑦 − 𝐼𝑥 = 𝑀𝑦

Mass = 907.1525 kg
IX = 27.11644 kg*m2
IY = 488.0959 kg*m2
IZ = 488.0959 kg*m2
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Separation of solid body from the aircraft

T=0 s T=0.1 s T=0.32 s
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Body separation - Results comparison

Store Mass center displacement vs time
Store angular turn regarding mass center vs time
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Body separation - Results

t=0.32 s

t=0.22 st=0.12 s
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Thank you!


