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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 (z,) is
much less typical ballistic time scale (). 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 assumption t, <<t

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

The following procedure is realized with FIOEFD:

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

» Calculation ballistic equations with specified time step At. 4V
m—=F
» Remove separated stage in according with ballistics. dd_f
w —
— =M
» Calculation of aerodynamic forces and torques at t;,;=t+At dt

stages location with FIoEFD.
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Ballistic Problems

e Aircraft trajectories calculation in accordance with
aerodynamics forces

*  Rocket stage separation

 Separation of solid body from the aircraft

e Cargo discharge

* Soon..
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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

Goals:

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

aerodynamic forces
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Plane ballistic equation

To estimate trajectory of the boosters following ballistic equations were used:

d?x
mdtz = F,

d?y
mdtz = F},

d?
I dr2 =M,

L

Fx, Fy and Mz — aerodynamics forces and torque, x, y and ¢ — coordinates and the angle of moving
body to determine its position in plate trajectory, m — body mass, | — moment of inertia. Gravitational
force should be taken into account in force calculation.
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Main assumption is that typical separation time scale
(T.) is much more typical aerodynamic time scale (t,),
aerodynamic and stage separation tasks can be
separated.

Rocket stage separation process satisfies this
requirement.

Cut Plot 1: contours
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Ariane 5 - Solid rocket boosters handling

NX & 9~ @ ~ o {1 Switch Window [[] Window ~ = NX 11 - Modeling - [Arian 5.prt (Modified) ] SIEMENS - O X
Home Assemblies Curve Analysis View Render Tools Application 2 B a 8 - & X
o Assembly Mavigator [
| Descriptive Part Name & In.. | R
ﬁ"-? -z Sections
b i--Etﬁ Arian 5 (Order: Chronological) H
=l —:Tl Constraints
88— - WAL Fix (MAIN STAGE
F@
-~ A" Distance (Arian 5, BOOSTER)
ﬁ ~ "} Distance (BOOSTER, Arian 5) "Y1"
~ "} Distance (BOOSTER, Arian 5) "X1"
o"'-\\ -~ "M Distance (BOOSTER, Arian 5)
-~ A" Distance (BOOSTER, Arian 5) "Y2"
-~ "M Distance (BOOSTER, Arian 5) "X2"
@ - B 24 Angle (Arian 5, BOOSTER) "ANGLE2"

| Zéﬁmgle (BOOSTER, Arian 5) "ANGLE1"
-~ L8 Main Stage
~ M @ Booster x 2

2@

* Main rocket stage is fixed
e Boosters positions are determined with constrains: distances and angles
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Ariane 5 - Aerodynamic forces measurement

NX & 9~ @ - © & switch Window [ Window v ¥ Menu~ < NX 11 - FIOEFD Simulation - [Arian 5.prt (Modified) ] SIEMENS - O X
Analysis  Application ~ Curve Developer Render Tools View Assemblies Flow Analysis [Finda Command O] @, & @ = & X
& | FIoEFD =

@, [E Projects

= E|h‘;® Arian 5

b ..£2. Project

Ok == o

52 Project
?—1 =-# Input Data
------ ) Computational Domain
aﬂ ------ @ Fluid Subdomains
- Boundary Conditions

N| FESeals

o - 2 Fxl

';9 vvvvv ﬁ Tz1

LR T2

4 [-j@ Mesh

- . Global Mesh

ﬁ‘ B8 Results (Not loaded)

| !

* Forces component are measured in coordinate system related with the main stage
e Torqgue values are on the axis of the coordinate system related with the boosters

© 2017 Mentor , a Siemens Business, Company Confidential 9



Smarter Analysis for ‘ : MGI'IIDI“”

the Design Engineer ~ A Siemens Business

Simulation Conference 2017

Ariane 5 - Parametric Study. Input Variables

© | Assembly Navigator |

| Descriptive Part Name =i External Optimizer + | = A | H|Extemalﬂptimizer1 e 2 X
]E.F ----- = Sections

E%Input\fariabl&sl e Output Parameters | Scenario |

- W Cd Booster x 2

: — Bt Arian 5 (Order: Chronological
L ¢ S Mo m x || =
' —oiwm COnstraints _
e e e Parameter CurrentValue WVariation Type # VWalues
ﬂ,.@—, ~BA <+ Fix (MAIN STAGE) ANGLE1 p8 0 ++ Range 2 0<Value <180
MM Distance (Arian 5, BOOSTER X1p2 Om ++ Range 2 30 <Value < 100
] - @'} Distance (BOOSTER, Arian 5) "Y1" Y1p1 0m i+ Range 2 4<Value<100
-~ @AM Distance (BOOSTER, Arian 5) "X1" AMNGLEZ p7 0- -A—A- Hange 2 0<Value <130
o B Distance (BOOSTER, Arian 5) X2 p6 om S L CE L L Ll
- E2".X Distance (BOOSTER, Arian 5) "Y2"
@ A" Distance (BOOSTER, Arian 5) "X2"
- 24 Angle (Arian 5, BOOSTER) "ANGLE
- 24 Angle (BOOSTER, Arian 5) "ANGLE
B - v %
- M C# Main Stage
Flease select parameters you wantto beinput parameters forthe study
AN
-

i External Optimizer 1|

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

© | FIoEFD -
2 E Projects
7 | =-F® Arian 5
pid -2 Project
™ EIEE Parametric Studies = External Optimizer - | = | H|EHtemaletimizer‘l W @ x
o3 External Optimizer 1
EI-@_) — = = - [ Input Variables |lf_‘60uiputF'ammeters (] Scenario | ® Goals
iy T EICE:
@ 22 Input Data |
B B Parameter Target Importance Constraints
------ 0 Computational Domain
------ Fluid Subdomains Fx1 [N No target 1 None
o - Fy1 [N] No target ; None
Fac2 [MN] Mo target 1 Mone
Fy2 [MN] Mo target 1 Mone
@ Tz1 [MN*m] Mo target 1 Mone
| Tz2 [N*m] Mo target 1 Mone
{'L}
B
-
& Ready to run
[ | %8 Results (Not loaded) 1 External Optimizer 1

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.
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Ariane 5 - Parametric Study. The start button.

# External Optimizer v | 5 =l | | [Estemal Dptimizer 1 (P 2 4

= Input Variables | kg Output Paramsters Scenario| ¥ Goals

B Create Optimizer Task B =5 | [ ] ‘ Bl ~ = baximum simultaneau:

Summary

ANGLET pa [] Fun et

X1 p2 [m]

Y1 p1 [m] MUFREEr @i EEros:

AMNGLEZ p7 [7] Sawve full results:

X2 pb

v E"E [[rrnn::|| Close monitor:

Fx=1 [M]

Fy1 [N] <?xml version="1.0" encoding="UTF-8"7>

Fx2 [N] - <Project product _key="NIKA\FIloEFD FEX17" version="1" workpath="D:\Arian 5\ 1\Parametric Study 1" name="External Optimizer 1">>

Fy2 [N] - <ProjectInputParameters>

Tz1 [N*m] <ProjectInputParameter name="ANGLE1 p8 [°]" upperbound="3.14159265358979" lowerbound="0" index="0"/>
. <ProjectInputParameter name="X1 p2 [m]" upperbound="4100" lowerbound="30" index="1"/>

Tz2 [N*m] <ProjectInputParameter name="¥Y1 p1 [m]" upperbound="100" lowerbound="4" index="2"/>

Status <ProjectInputParameter name="ANGLE2 p7 [°]" upperbound="3.14159265358979" lowerbound="0" index="3"/>

Run at <ProjectlnputParameter name="X2 p6 [m]" upperbound="100" lowerbound="30" index="4"/>

<ProjectInputParameter name="¥Y2 p5 [m]" upperbound="100" lowerbound="4" index="5"/>
</ProjectInputParameters>
- <ProjectOutputParameters>
<ProjectOutputParameter name="Fx1" index="0" weight="1"/>
Ready to run <ProjectOutputParameter name="Fy1" index="1" weight="1"/>
- <ProjectOutputParameter name="Fx2" index="2" weight="1"/>
|EE External Optimizer 1 <ProjectOutputParameter name="Fy2" index="3" weight="1"/>
<ProjectOutputParameter name="Tz1" index="4" weight="1"/>
<ProjectOutputParameter name="Tz2" index="5" weight="1"/>
</ProjectOutputParameters>
</Project>

Optimal Points:

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.

© 2017 Mentor , a Siemens Business, Company Confidential 12
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Ariane 5 - External script. Main cycle

Ballistic script I

in.xml

results.xml

v — - FlIoEFD Parametric Study

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

e Starting of current position calculation and waiting of Out.xml file appearance

e Calculation of ballistic equation due to determination of the next position of the moving body
© 2017 Mentor , a Siemens Business, Company Confidential 13
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Ariane 5 - External script. Main cycle

<?xml version="1.0" encoding="UTF-8"7?>
- <InputData>
- <Point pointnum="1" index="0">
- <InputParameters>
<InputParameter index="0" value="0"/>

Ba”|St|C Scrlpt - ‘ <InputParameter index="1" value="31.91780"/>
in.xml

<InputParameter index="2" value="4.58201"/>
<InputParameter index="3" value="0"/>

<InputParameter index="4" value="31.91780"/>
I <InputParameter index="5" value="4.58201"/>

</InputParameters>
</Point>
< /InputData>

results.xml

LB - FlIoEFD Parametric Study

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

e Starting of current position calculation and waiting of Out.xml file appearance

e Calculation of ballistic equation due to determination of the next position of the moving body
© 2017 Mentor , a Siemens Business, Company Confidential 14
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Ariane 5 - External script. Main cycle

Ballistic script

in.xml

[ V' N

<7?xml version="1.0" encoding="UTF-8"7?>
- < QOutputData>
- <Point status="normal" pointnum="22" index="0">

- <InputParameters>
<InputParameter index="0" value="0"/>
<InputParameter index="1" value="31.91780"/>
<InputParameter index="2" value="4.58201"/>
<InputParameter index="3" value="0"/>
<InputParameter index="4" value="31.91780"/>
<InputParameter index="5" value="4.58201"/>

</InputParameters>
- <QOutputParameters>

5 mm

< QutputParameter index="0"
<QutputParameter index="1"
< QOutputParameter index="2"
< OutputParameter index="3"
< QOutputParameter index="4"
< OutputParameter index="5"
</OutputParameters>
</Point>
</OutputData>

value="-1844.62333296517"/>
value="-1322.63067493238"/>
value="-17611.5373602153"/>
value="-1859.49628014235"/>
value="1314.01596482391"/>
value="17576.7690356027"/>

=

FlIoEFD Parametric Study

out.xml

N users program. For this particular case Visual Basic
in the cycle:

angle of current booster position

Out.xml file appearance

of the next position of the moving body

© 2017 Mentor , a Siemens Business, Company Confidential 15
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Ariane 5 - External script. In u Out

File with input data In.xml File with output dataOut.xml
<?xml version="1.0" encoding="UTF-8"7> <?xml version="1.0" encoding="UTF-8"?>
- <InputData> - <OutputData>
- <Point pointhum="1" index="0"> - <Point status="normal" pointhum="22" index="0">
- <InputParameters> - <InputParameters>
<InputParameter index="0" value="0"/> <InputParameter index="0" value="0"/>
<InputParameter index="1" value="31.91780"/> <InputParameter index="1" value="31.91780"/>
<InputParameter index="2" value="4.58201"/> <InputParameter index="2" value="4.58201"/>
<InputParameter index="3" value="0"/> <InputParameter index="3" value="0"/>
<InputParameter index="4" value="31.91780"/> <InputParameter index="4" value="31.91780"/>
<InputParameter index="5" value="4.58201"/> <InputParameter index="5" value="4.58201"/>
</InputParameters> </InputParameters>
</Point> - <OQutputParameters>
</InputData> <QutputParameter index="0" value="-1844.62333296517"/>
<QOutputParameter index="1" value="-1322.63067493238"/>
<QOutputParameter index="2" value="-17611.5373602153"/>
<QutputParameter index="3" value="-1859.49628014235"/>
<QutputParameter index="4" value="1314.01596482391"/>
<QOutputParameter index="5" value="17576.7690356027"/>
</OutputParameters>
</Point>
</OutputData>

© 2017 Mentor , a Siemens Business, Company Confidential 16
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Ariane 5 - External script

. Initial paramsters
I = 3740000

Ma==s = 33300

dt = 0.2

Fi = 0

X = 31.91775553
¥ = 4.582014666

Ve =0 : Vy =0 : W =0 : =20
. R R R R R R R R R R R R R R
. Main cycle
While (Abs (X} <= 70) Bnd (¥ <= 30)
X0 =X YO =Y : Fi0d = Fi : WVx0 = WVx : VyD = Vy : WO = W
Set t_in=fso.CreateTextFile (TaskPath & "in.xml", true)
t_in.Writeline ("<?xml wersion=""1.0"" encoding=""mtf-&"" ?>") : T_in.Writeline ("<InputData>")
T_in.Writeline ("<Folnt index="""& 0 &""" pointnom=" : T_in.WritelLine ("<InpuntPFarameters>")
T_in.Writeline ("<InputParamster index=""0"" wvalues : ¢ in.Writeline ("s=InputParameter index=""1"" walue="""& ¥ & """ /J/>")
t_in.Writeline ("<InputParameter index=""2"" wvalus="""& Fi & """ S="y oz t_in.WriteLine ("</InputParameters>"}
t_in.WriteLine ("</Point>") : t_in.WriteLine ("</InputData>")
t_in.Close ()}
. R R R R R ) ) ) ) ) ) ; ; ; ; ; ; R R R R R R R R R R R R
. Runing the calculation of current position
WshS5hell.Run PathEXE & " """ & TaskPath & "task.xml"" " & "-start -wait",1, True
=3+ 1
While Mot fso.FileExists (TaskPath & "omt.xml")
WScript.Sleep 10000
Wend
. - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
. Parsing of the resulting out.xml
ValueCut = """
objXML.load (TaskPath & "ont.xml")
Set ParametersCuts = objXML.documentElement.childNodes
For Each ParameterOut In Parametersfuts
Set QutParams = Parameterfut.childNodes
For Bach Param In CutParams
If Param.nodename = "OntpontParameters" Then
Set OFs = Param.childNaodes
For Each CFP In CP=s : Valuel = OP.gethAttribute ("wvalue") : Valuefut = Valuelut & "|" & Valuel : Next
End If
Hext
Hext
CutputValue = Split (ValueCut,"|")
ForceX = CutputValue (l) : ForceY = CutputValue (2) : TorgueZ = CutputValue (3)
" - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
. Ballistic Eguations
Wx = W0 4+ (Fg-ForceX/Mass)*dtc
Ty = Wy0 + (Force¥Y + Fl)/Mass+*dtc
W = WO + dt* (TorgqueZ + M1)/T
X = X0 + do*(Vx + Vx0)/2
¥ = YO + dt* (Vy + Vy0)/2
Fi = Fi0 + dtc* (W + W0)/2

Wend
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Ariane 5 - Parametric Study. Cycling process
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Ariane 5 - Parametric Study. Cycling process

NX @ % b - e @ Switch Window [ Windew « JF Meau ~ 5 NX 11 FIOEFD Simulalion  [Arian 5.pr SIEMENS - m X
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Q  riecro (=]
| EF Projecs 4‘
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~ 1 Project
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a6 E 9 8RR

o Cxisrnal Optimizer » | oF bl | et [ESGnd Dpnica 1 | veo@xX
H— s B e Vi Ly Ouipait Dot F ] Seenano] B Gomls | 43 CunPlos |43 G Pl 2
0 w0 ;“J"" ) W Cleate Optiniizer Txk = W | ® M- Misiermaes el s 1w
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W Benincinny Conainnng X1 g2 (] 31 NI778R8S Al NA444RD A1 NR4ESTN A1 N7RNTI
- - “m‘ i Yipl ) 48800 1467 4 8400082 471220400 4 TIBERARND Mraterbsoar 11643 s 1 v
PRk M ANGIE2 7 [1 ) N167573222 N3SHA7H0R2 N AOSPPEN04 B ns fill rroclt v
| B X2 of [rrd] 31 0177585 310344420 31 NR4F4TE 319733303 -...,. L =
! o ] (W | ' 1 |
Py Yo s ] 4 RRON 1467 4 R4NDNNRR 471920876 4 TISANORN W ettt
Py rxs Fal [N) 1730 AA302 1731 0277 1/84 61004 ’
B by Fyl[N] 1452 50732 1450 40577 1463 2661
= Fx? [N} 1772 04010 172786137 1RE2 N7
T Fy2 [N] 1451 DA77 1450 28300 1470 ARARY
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M) cilabal Mash T2 [N'] 19388 7000 19415 083 1971 3986 ’
Sitmalion  Finishentl Finischiont ) Finishiwel Finislwatl
: : 2::: ::“:: “ Mo =t Thiw coompunatesr  Thiw comguamr  This corngaime  This corgiiime !
) v Coprnrimt Poalen
U B Results (Nat Iaaded) ik

Leeuluting: Susign i1
[ Lxtermnal Optimizer 1

© 2017 Mentor , a Siemens Business, Company Confidential 19



Simulation Conference 2017

Smarter Analysis for

the Design Engineer

Ariane 5 - Parametric Study. Cycling process

fEESIEsEFETETTESES

NX & o~

Analysis  Application Curve

E - 89 Switch Window D Window ~ 5§ Menu~ =

Developer  Render

Tools  View  Assemblies Flow Analysis

NX 11 - FIoEFD Simulation - [Arian 5.prt]

SIEMENS - O X

~ Wizard 18 I Boundary Condition = = @@ .® - §h Check Geometry Elﬁ o -
[ New General ? - E| Engineering Database
Clone Project gaptnes & B Global Goals ~ - > - ! - IR Create Lids ~ @ M
Project - Insert - | Mesh ¥ [Solve « Results - Tools > | Help - -
H Menu = | No Selection Filter | | Entire Assembly - FL RNy BEEHOo E-e-@ e -

© | FIOEFD O
55 Projects
| i
7| | =@ Arian 5

Project

O - H Parametric Studies

85— =3 External Optimizer 1
Fe

&

+ External Optimizer « | =™ | | H‘Extemaiﬂpt\mizeM
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Project
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ANGLE2 p7 = 0.369379088 *
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Calculating: Design Point 4
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Results of solid rocket booster trajectory calculation:
e coordinate chart and angle chart VS time

 Mach number and pressure fields
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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, m,=2160 kg, I,,=3770 kg*m2
6m Parameters in engine combustion chamber: P=70 bar, T=3500 K
Nozzle expansion area ratio: ¢,,=137 , M,;=4.94
£,,=292 , M,,=5.46

‘ Ballistic equations: m, ddV = Fyq + Fyy drz =V,
-— dt
dw, 2%

I, dtz = M,, dtZ = Wy

! Typical time scales estimations

1.~ /V~vT7e-4 s,

o~ (2¥mM*LY/(S*P0’))/2~0.2 s =
Ta<<Ts
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Results of rocket stage separation trajectory calculation:
e coordinate chart and angle chart VS time
* Mach number and pressure fields
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Separation of solid body from the aircraft

Approach accuracy is verified by the results comparison with the data from the article:

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

Model was considered in 3D Wing chord L,~7.62 m, L,=1.01 m

Separation is started at altitude of

H=8 000 m M=0.95

P=35570.3 Pa
T=236.15 K

Store L™~3.39 m
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Ballistic Equations for 3D task

To estimate store position change the following ballistic equations were used:

d?x

m_dt2 = F,
d?y

m d£2 = Fy
d“z R

Mgz~ 2T \9
d?o Y

be gz = M ‘
d?0  dody y

+ (I, —1,)=M

Ydtz dtdt " Y Mass = 907.1525 kg

d?0  dodo

|, = 27.11644 kg*m2
|, = 488.0959 kg*m?2
|, =488.0959 kg*m?
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Separation of solid body from the aircraft

T=0s T=0.15s T=0.32s

L]
HJF
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Body separation - Results comparison
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