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Abstract

This document contains information about the théromaupling, as it is integrated in Airbus DS’
analysis tool FiP& This tool provides the unique capability of siating interconnected systems
under technical aspects, in particular dynamic #metmal fluid-structure interactions. The tool's
development was co-founded by the German Space c&g€DLR) in frame of the launcher
technology maturation program PREPARE. FiSintroduced by a description of its basic fuontil
principle, the components it consists of and ofritedes of operation. This is followed by an ovemwie
of how the of thermal models are created for tlagiplication in FiP$ and the way of visualizing
thermal simulation results.

1. Introduction

Simulation of in-flight spacecraft behaviour and @orresponding control is challenging. Both odrid attitude
control must work precisely in order to reach degibn and to avoid losses. Environmental and Vehiternal
effects influence orbit and attitude of a spacecrAfmong all the requirements for an accurate oth@& most
important one is that the spacecraft points towtlrdsorrect, i.e. the flight direction.

What appears obvious can transform into an arbitramomplex problem on trying to consider the syste
"spacecraft" as realistic as possible. Realistidhat the spacecraft has propulsion tanks filléth viree to move

propellants. Realistic is, that a moving propellar@ss influences the motion of the whole spacecRetlistic is

also, that heat is conducted into the tanks, g.gokar exposure, engine activity or simply by #hectrical system of
the spacecraft. As a consequence, cryogenic peopedlets in contact with warm tank walls. Due tapration,

tank pressure changes. That in turn influenceghhester efficiency of the cold gas attitude cohggstem. These
points are only a few examples for many processesrdng within the system "spacecraft”. But thpeets are the
relevant driving forces for the development of thermal coupling included in FiPS[1][2]

FiPS’ is a software tool for resolving and visualizingndmic and thermal interactions between a spademnafits
propulsion tanks' contents. On the basis of thecjple "actio est reactio”, vehicle's motion is ptaa to that one of
the propellants [3]. Setting a closed loop contnmldel on top of this interaction, FiPServes amongst others as
testing environment for control algorithms. The thgansfer processes allow the improved estimatibmission's
propellant mass budget and also the enhancemeheadesign of existing hot gas thruster models el ag the
design of cold gas thruster models.

In the following, the components of FiP&re briefly described. Moreover, this paper gigasinsight on how the
thermal coupling, as it is currently implementediRS’, works from a functional point of view.
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2. The building blocks -implemented tools

2.1 Main components

MATLAB ® and Simulink®: The Matrix Laboratory, or short MATLA®, is a numerical computing environme
for the solution of mathematical problems, in pad@r the manipulation and solution of matri and the graphical
display of these solutions. Simulihiks an extension of MATLAB and allows the modeling and simulation of ¢
physical andechnical systems. In conjunction with F®, Simulink® is used to simulate and to visualize the cor
process, which is implemented in a spacecraft'trabsystem, as well as the rigid body dynamics tnedpropulsior
system. [4]
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Figure 1: Simulink block example

FLOW-3D®: FLOW-3D" is a CFD code, which is usedAirbus DSfor the determination of fluid motion and flu
thermal behavior within spacecraft tanks. Basedhupe volume of fluid and thdinite volume methos, FLOW-
3D" solves basically the Navi@tokes, the mass continuity and the fluid energyatigns for thre-dimensional
computational cells (compare Figue [5]

A

Figure 2:Complementary model of a cylindrical tank withimash block (left) and sloshing liquid within therss
cylindrical tank (right) in FLOW-363

ESATAN-TMS®: The thermal analysis tool ESATATMS® is applied at Airbus D$or the determination of he
distribution on the surface and within the interidrspacecrafts. Thermal analysis is performedctorductive anc
radiative heat transfer processes within solidcstmes e.g. to determine the heat input due tor sltacsure.
Convective heat transfer processes within fluids simulated in order to estimate e.g. the consempsef
evacuation of aifilled cavities during the spacecraft's launch.ohder to establish a model in ESAT-TMS®,
components of the spacecrafte idealized in form of nodes (: Figure 3 with assigned characteristics to -
component they represemispectivel. Solutions are obtained bylgimg heat equations for finite differenc [6]
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Figure3: Node model of a satellite in ESATAN-TMS

2.2 Post-processing and visualiion

In order to display simulation resultee component's respective visualization featuagshe used in first place. F
example, in MATLABE’ implemented plotting functions can be used to shismulation results ce.g. the forces' and
torques' variation of time.

Secondly there is a procedure integrated in F®, which sums up and displays all simulation resiDisplay
methoddgor thermal analyses only and for combined dynaanid thrmal analyses ar@vailable.

The key to put the pieces togethecisrentlythe "Virtual Reality Modeling Language" (VRML). MATAB® has

already implemented a VRML feature to visualizerésults. In case of FLO-3D®, the FLOW-3D® output has to
be processed into a .wile, which is tte file extension of VRML. At first, the liquid swa€e is transformed into ST

(Surface Tessellation Language) format with a FL-3D® postprocessing feature. This way -files are obtained
for any desired simulation time step. In a secoteg,sa convesion tool converts these -files into a .wrl-file.

Finally, vehicle's VRML information is merged witiATLAB ®'s dynamic and FLOVBD®™'s propellant VRML
information. After that, simulation results can $fgown in form of pictures or also as an animatior the whole
spacecraft. The example below shows an Ariane Supfter stage with implied payload, LH2 and LOX t:

Figure 4: Plot of a FiPSanalysisresult of an Ariane 5 ME upper stage with enplied payload
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3. The basis functional principle of FiPS®
3.1 Modes of operation

FiPS® consists of a Microsof¥isual Basic graphical user interf: (GUI), a MicrosoftEXCEL data base, a ma
code written in C/C++, a rigid body FORTRAN code darthe before mentioned commercial to
MATLAB ®/Simulink®, FLOW-30° and ESATAMTMS®.

The GUI enables the user a convenient applicatidfiRE®. Together with the EXCEL data be the GUI facilitates
the management of simulation inputs. All requiraegdut is then passed on to the main code. Its taghk istart
observe and terminate MATLAB Simulink®, FLOW-3D° and ESATAN-TMS, further referred to as process
Hence, the main cadis the core of int-process communication. It provides a shared merateg, by means «
which the processes exchange data. A schematiesemation of the main components of I* and their
interactions is shown in Figure 5.
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Figure5: Block diagram of FiPScomponents

It is possible to simulate any usdefined amount of tanks. A basic configurationasconsider épacecraft's fuel
and oxidizer tanks only. An expanded and more sgalmodel is to include also pressurization angqzad tanks
into the simulated system.

Each tank is regarded within FiP&s a rodule, the basis of which is a CRbodel created bmeans of FLOW-
3D®. Depending on the preferred operation mode, thk taodule may also contain a corresponding ESA-
TMS® process. There are twoodes of operation: dynamic o or dynamic and thermi combinatior

When a pure dynamic analysis with S® is required, then each tank module consists sa&lyne FLOW-3D®
process. The coupling type in use is the dynamigpliog, which represents the data exchange onlyesst
MATLAB ®/Simulink® and FLOWS3D® via the main code. This is described more imitlét sectior3.2.

A thermal analysis is conducted by means of thentkcoupling¢in combination with the dynamic coupli. Here
each tank module consists of one FL-3D® and one corresponding ESATAN-T#$rocess. Data exchange tal
place only betweethese two, again via the main code. The descripiothe thermal coupling can be found
section 3.3When a combination of both coupling types is chpsginthree components, MATLA®/ Simulink®,
FLOW-3D® and ESATAN-TMS are in use

3.2 Dynamic coupling

Imagine a welloaded road tanker that suddenlys to break when approaching a traffic lighthich turned
unexpectedly to redt is quite a struggle for the driver to stop theck. Even afterthe driver managed the truck
stop, the sloshing liquid load inside of the tarik keep the whole vehicle wobblirfor quite a whili after the stop.
The course of actions taking place between thektamd its tank contents is comparable to that « a spacecraft.
Whenever the spacecraft changes its state of mdtientank contents will re¢ to it, even thoug inertially. The
difference of the spacecratt the road tanker is that there is no road a bvemKd be effective c. There is nothing
the spacecraft could hold on.tdhe only means of a spacecraft to handle liqumtion as a consequence
maneuverss by treating them as disturbance forces and &waun the whole system of the spacecraft. It allte:
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controller to react respectiveby activating or deactivating the thrusters. Thait is ensured that the vehicle sti
within the preferred attitude franaad o1 the provided track.

In order to simulate dynamic interactions betweespacecraft and its propellants, an interface een SimulinR
and FLOW-3[¥ was developed. In Simuli®, the whole system "spacecraft" is modeled in fofma closed l0o)
control. Simulink addresses the rigid body cc which solves the equations of motion taking intocamt also th
disturbance forceand torques resulting from liquid motion. These previded by FLOV-3D®. In return, FLOW-
3D® receives as a result from the solution of the éqnatof motion linear and angular accelerations t@mnof this
exchange of quantities there is a clc-loop attitude control. It compares the command variabdethe measure
values and adjusts vehicle movement by thrustévedicin respectively, if necessarThe explained relations a
displayed in Figure 6.
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Figure 6: Control structure of FifS

3.3 Thermal coupling

The resolution of thermal interactions between plapts and surrounding tank structure is realizgdneansof a
data exchange between FLOW3Bnd ESATANTMS®. The capability of simulating thermal interactionihin
the tank system enables to determine the corresppmaessure development within the tank due tqoeration
processes. If the pressure is knotiris information can be used at first for the desagd then for the simulation
a cold gas propulsion system. It supplies realis¢ibavior of the upper stage due to a more accrgatgion of the
attitude control. The cold gas propulsion systerth all its pipes, branches, valves etc. can be fedd&
Simulink®. Knowing the pressure conditions within the pipe, the available thrust level at each thruster cal
derived.

The state-of-thext before the development of the thermal couplilag hat models of a cold gas propulsion sys
were based upon a simplified polynomial mathemhtivade. They considered pressure decrease in the pipe
system during thruster activation phases and aspresncrease during phases when the thruste not in use. In
this casepressure evolution is only specified by- and offtimes of the thrusters. This does not representeht
physical conditions.

In FiPS’ tank voids and the therein moving propellants aceleted by means (FLOW-3D®. The tank walls are
modeled by means of ESATANMS®. This approach was chosen, as ESATAN-TNMSmuch faster than FLO-
3D® in calculating heat conduction in tank walls usa comparable mesh grigsolution.If heat processes are
resolved realistically, evaporatioates can be determined likewise accurately. Aers@guence, the evolution
pressure can be obtained, which is the sourcepot iior a cold gas thruster moc
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The interaction between both tools is based upoexahange of heat flux and tempera information (see Figure
7) [7]. In order to be able toxehange data, the models used for both tools nedaktcompatible. As for tt
interface, it was decided that the ESAT-TMS® model is generated by means of FL-3D®. Chapter 4 gives a
more detailed description of the way, how thermatiads are buil
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Figure 7:Basic functional principle of FiF® with the integratethermal couplin

4. Thermal modeling for the applicationwith FiPS®

A straight and plainvay to generate compatible models is to use ornleofoolsin order tocreate the input data for
the model of the other todThe easiest w: to do this is by means of an oneeme approach. In the case of F®, a
tank is modeled first in FLOW-3D This step isin any casaecessary, as the dynamic coug part of FiP$ needs
a CFD tank model for simulatioBut then, in a consecutive step, the thermal (E&R-TMS) model is created t
means of this CFD modéh a way, that one FLO-3D® cell is one ESTAN-TMS node How this is done is
illustrated in Figure 8.
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Figure8: EMG method “find neighbors by distance”
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Figure 8 shows the currently used method of findiegghbouring nodes by distance. The search distdepends
on the mesh cell size times a magnifying factorenghs magnifying factors between 1.4 and 2.0 asor&ble. By
this range it is ensured to cover big distancesden two nodes which are adjacent by definitiont &uhe same
time no nodes are grouped together, which areeim tlistance beyond closer neighbour nodes.

During the node generation process, not only ttaesolocations are determined, also the node ctarstics are
assigned. To these belong:

¢ surface area of the tank wall element,

¢ thickness,

¢ volume,

¢ heat capacity

¢ and mass
of each tank wall element represented by a nodehé&m for each node pair the characteristics efdbnductor is
determined, which are in main distance and crostsosel area between the nodes.

Figure 9 shows the result of a thermal model geadray means of the CFD tool FLOW-3or an Ariane 5 ESC-
A LOX tank. This process is called “ESATAN-TMS moédeneration” (EMG).

Figure 9: Visualization of an ESATAN-TM%0de model of a Ariane 5 ESC-A LOX tank producgd®hOW-3D"

In theory, by EMG any geometry can be translatechfFLOW-30F to ESATAN-TMS®. Supposable is for example
the use of the EMG method to create ESATAN-TMSodels for the application in the frame of therramhlysis
with ESATAN-TMS® only in an automated manner. So far, the EMG éslder simulations with FiPSonly.
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5. Visualization of thermal results

The function of visualizing FiPSsimulation results was implemented first in thary8006. Figure 10 shows a
screenshot of the animation for an ASME upper stagés example shows the upper stage implied binbug its
contours and thus giving insight into the stagmsk$. Each propellant is displayed monochromatithé given case
the LH2 propellant is colored red and the LOX pitgre blue. The distribution of the propellants it the tank
depends on the effects of the flown maneuvershénshown case a spin maneuver has been flown,aschih
propellant cumulates in form of a ring at the otgark walls.

Figure 10: Animation screenshot showing uni-colgoeapellants within the tanks of an ASME upper stag

Due to the new feature of the thermal coupling,rteed arouse to display additionally the thermsiliits of a FiP%
simulation run. As the thermal coupling represehtsinteraction of heat exchange between liquichpision and
tank wall, it is required to show both propellantddank wall temperatures.

The animation method used for FP8 based upon the virtual reality modeling langu§gRML). The CFD tool
FLOW-3D® produces for each history time step a file in sheface tessellation language (STL) format of ardds
object, i.e. the propellant or the tank wall suefathe facets of these surfaces can then be colitbdespect to
their temperature.

For the visualization of the thermal results twéfedent view types have been developed. The fipgir@ach is
shown in Figure 11. The picture shows an ArianeS&EEA upper stage without payloads. In this illustrathe LH2
propellant is colored, while the LOX propellantheld in grey. As both propellants have completeljecent
temperature ranges (LOX around 90K and LH2 arouwif)) 2it is not reasonable to show both propellart®red
according to their temperature in one picture atghme time.

The second approach comprises the illustratiorheftank wall temperature. In order to illustrate tamperature
development in the best way, the tank was cut im &wd swung open, as exemplarily shown in Figurdéot2he
LOX tank of the Ariane 5 ESC-A upper stage. Agélirg propellant is held in grey and partially traaosmt in order
to focus on the tank wall. It was decided to shbe propellant in this form, as it is essential ioderstanding the
change of the tank wall temperature as a consequafmropellant motion.
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Figure 12: Temperature distribution at the tank watface in
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6. Conclusion

The recently in FiP%implementedthermal coupling enables the anal of the pressure development inside
propellant tanks as a consequence of vehicle andehgropellant motion. This is crucial for the exdi®n of the
simulated system in particular tiye propellant lines and thrust¢ So far, the modeled thermal tem is limited to
the vehicle’s propellant tanks. As a next stefs #@spired to expand it to a simplified model af thhole vehicle. B
this, effects like solar exposure, thruster adgégitand o-board electronics, that conduct heat from the Vel
structure into the tanks, are supposed to be cdvergiP<® simulations as well. FiF%lays an important role ithe
reduction ofdevelopment costs andhence amongst otheirs/olved in the Ariane 6 progra

Abbreviations

A5ME Ariane 5 Midlife Evolution

CFD  Computationl fluid dynamic

EMG ESATAN-TMS model generatic
ESC-A Etage Supérieur Cryotechnic Type A
FiPS® Final Phase Simulator

LH2 Liquid hydrogen

LOX  Liquid oxygen

STL Surface tesselation language
VRML Virtual reality modeling languai
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