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Abstract. This paper documents the work performed for the implementation and validation of a satellite platform
propulsion system modelling library within the existing tool EcosimPro ® and using test cases relevant for space
applications.

EcosimPro® is a Physical Simulation Modelling tool that is an object-oriented visual simulation tool capable of
solving various kinds of dynamic systems represented by writing equations and discrete events. It can be used to study
both steady states and transients. The object oriented tool, with the propulsion library for example, allows the user to
draw (and to design at the same time) the propulsion system with components of that specific library with tanks, lines,
orifices, thrusters, tees. The user enhances the design with components from the thermal library (heaters, thermal
conductance, radiators), from the control library (analogue/digital devices), from the electrical library, etc.

1. INTRODUCTION

The paper presents first a simulation concept that is a system engineering tool dedicated for complex
systems, the European Space Propulsion System Simulation (ESPSS) libraries, and in a second part
the simulation application for designing and modelling space propulsion sub-systems, in particular for
the validation of the simulation results with respect to available ground experimental data.
EcosimPro® is a Physical Simulation Modelling tool developed for ESA by Empresarios Agrupados
International (Spain) since 1989. EcosimPro® was a precursor and now with its 20 years of careful
growing it belongs to the last generation of the common engineering tools after CAD and integrated
engineering analysis tools available on classical PC.

This generation is based on a visual simulation tool for solving simple and complex physical
processes that can be expressed in terms of differential-algebraic equations or ordinary differential
equations and discrete events. The modelling of physical components is based on a basic “EcosimPro
language” (EL), an object-oriented programming language which is very similar to other
conventional programming languages ( Basic) but is powerful enough to write equations for
modelling continuous and discrete processes. EcosimPro employs a set of libraries containing various
types of components (mechanical, electrical, pneumatic, hydraulic, etc...) which can be
interconnected to model complex multi-domain dynamic systems. The ESA European Space
Propulsion System Simulation (ESPSS) is a set of libraries EcosimPro® written to model all aspects
of a functional propulsion system.

The Libraries section describes those libraries, focusing on their physical modelling. Some realistic
cases of interest are chosen to give an overview of the capabilities of the software. The Validation
examples section describes the modelling of these physical systems, and comparisons with
experimental data are discussed.

2. ESPSS LIBRARIES

The following libraries have been developed as part of ESPSS: “Fluid Properties”, “1-D Fluid Flow”,
“Tanks”, “Combustion Chambers” and “Turbomachinery” libraries. An overview of these propulsion
libraries is presented here [2, 9].

2.1 Fluid properties

The fluid properties library is in charge of the calculation of fluid properties. Functions available on
this library are mainly used by the 1-D fluid flow library for the simulation of fluid systems.



Three main classes of fluids are available:

s, Ideal gases, with temperature dependent thermodynamic and transport properties;

s, Simplified liquids, with temperature dependent properties;

s+, Real fluids, with tabulated properties depending on both temperature and pressure.

where the last class covers liquid, superheated, supercritical and two-phase fluids. Table 1 lists the
thermodynamic and transport properties provided in the 2-D tables or calculated for any fluid class.

Table 1: Provided fluid properties

Symbol Description (Unit) Symbol Description (Unit)
P Pressure (Pa)
T Temperature (K) cv Spec. heat const. v (J.(kg.K)™)
r Density (kg.m™) g Isentropic exponent (-)
n Spec. volume (m*kg™) b Volumetric expansivity (K
h Enthalpy (Jkg) k Isothermal compressibility (Pa™)
s Entropy (J.(kg.K) ™) Vs Sound speed (m.s™")
u Energy (Jkg) [ Conductivity (W.(m.K)™)
cp Spec. heat const. P (J.(kg.K)™") u Viscosity (Pa.s)

Two-phase, two-fluid mixtures of a real fluid in any thermodynamic state with a non-condensable
(ideal) gas are allowed. The homogeneous equilibrium model is used to calculate the properties
quality (mass ratio of vapour/(vapour+fluid)), void fraction (volume ratio of vapour/(vapour+fluid)),

c...) of a real fluid in two phase conditions, with or without a non-condensable gas mixture. User-
defined fluids are available for all fluid classes, which can be defined in external data files.

The fluid properties library does not contain any component. Instead, it provides a large collection of
functions returning the value of a fluid property (or the complete thermodynamic state) by
introducing relevant parameters. In particular, the complete set of fluid state variables (temperature,
pressure, density, internal energy, enthalpy, entropy, etc..) is defined by any combination of two
independent state variables (for example density and internal energy) for of a pure fluid, and 3
thermodynamic state variables in the case of a mixture of two fluids (for example the two partial
densities and internal energy).

2.2 1-D Fluid Flow

The one dimensional "1-D fluid flow" library allows transient simulation of two-fluids, two-phases
flow systems. It is linked to the fluid properties library described above, which provides the
necessary functions for assessing fluid conditions. Flow inversion, inertia and high speed phenomena
are considered in pipes, volumes and junctions. Pipes are also incorporating an area-varying non-
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Figure 1: 1-D fluid flow symbol palette



Hydraulic or pneumatic complex systems where heat transfer and control are coupled are easily
evaluated with the 1-D fluid flow library. Bubble formation due to the cavitations phenomena or to
the presence of a non-condensable gas in a liquid is calculated in pipes or other components. Besides,
the 1-D fluid flow library permits to analyze in great detail transient aspects due to inertia (water
hammer) and bubble collapse.

2.2.1 Component overview.

Figure 1 shows the main library components. In an EcosimPro fluid network, every component is
either a “capacitive component” or a “resistive component”.

s, A capacitive component receives the flow variables (volumetric, mass and enthalpy flows) as
input and gives back the state variables (pressure, density, velocity, chemical composition and
enthalpy) at output;

s+ A momentum resistive component receives the state variables as input in inlet and outlet and
gives back the flow variables as output.

To build a fluid network, the user has to connect resistive components to capacitive ones,

alternatively. So, from a computational point of view, components are divided into two classes:

s, C (capacitive) elements, integrating the mass conservation equation and the energy conservation
equation. Thermodynamic functions are used to calculate the complete thermodynamic state;

s, M (momentum) elements, calculating explicitly (inertia terms) the mass flows between C
elements. It is to be highlighted that reverse flows are allowed.

This computational scheme prevents the appearance of algebraic loops and high index DAE

(Differential Algebraic Equations) in the mathematical model of the pipe network.

Pipe component. As an example, a detailed description of the pipe modelling is given. This
component simulates an area-varying non-uniform mesh 1-D pipe that exchanges heat with a 1-D
thermal port. The general case of a mixture of two fluid components, for which the first one can be
either one phase or two-phase, and the second one is non-condensable gas, is simulated through the
solution of the following 4 conservation equations:
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This set of equations (where v is the velocity, x" is the non-condensable mass fraction in the total
mass) is closed by a thermodynamic equation of state (EoS), which is described in the fluid
properties library, and hereafter written under general following forms:

p=p(r,u) , and in the case of two fluids, three state variables are required to calculate the rest of
thermodynamic variables: p = p(r ,x" ,u).
The choice of density r, x™ and internal energy u as independent thermodynamic variables is the
most efficient one regarding CPU-time when the EoS is left under arbitrary form.
The different source terms in V{w) are the following:

s+ In the third equation governing the mixture momentum conservation, a source term represents
the equivalent distributed friction: DX, proportional to Dx, is the pressure drop coefficient.

s+, In the same equation, another term accounts for gravity, and the last one is responsible for the
area variation DA and size of the control volume V;



s+ In the last equation governing the mixture energy conservation is included a source term DQ
(proportional to Dx) taking into account the heat exchange with the wall surface (S) through a
heat port.

The implementation of this set of equations must take into account various parameters, i.e. geometry
(flow area and dx can vary along the pipe), numerical
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Figure 2: Pipe discretisation

The inner fluxes are computed using one or the other of these schemes, and the first and last
junctions (1 and n + 1) ones are given by the fluid ports, as they are calculated at resistive type
components using momentum equation with sonic flow limitation. Note that the first and last half-
nodal inertia are included in the junction component equations. Using the centred scheme, a
staggered mesh approach is applied, for which the state variables (pressure, density, velocity,
chemical composition and enthalpy) are associated with the n nodes, and the flow variables
(volumetric, mass and enthalpy flows) are calculated at the internal junctions (each junction has
associated two half volume inertias). With this scheme, the various fluxes to be computed at the
inner junctions are simply the flow variables, except for the mixture momentum flux that is
associated to the n nodes. The momentum flux term includes an artificial dissipation term driven by a
global parameter so-called “Damp” that allows a reduction of the numerical oscillations.

2.2.2 Tanks

The tanks library enables the transient simulation of rocket engine and spacecraft tanks. As in the 1-
D fluid flow library, gas, liquid and two-phase flow regimes can be modelled inside a Tank for ideal
or real fluids. Different tank components representing the same physical component (and having
formulations with different degrees of sophistication)
are available in the Library: homogeneous equilibrium
tank (represented by a unique temperature), two zones -
tanks (gas and liquid tanks), and 1D tanks with njq Tork Single Cylinder_ins Tank_cwoes Tank_Bladder
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Figure 3: Tanks symbol palette
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The 1D combustor components has the main advantage of being able to simulate start-up and
shutdown sequences. They can be directly connected the respective pipes, valves and regenerative
circuits of a real engine system. In this respect, many cases have been run successfully for modelling
different kind of cycle engine (gas generator cycle, staggered cycle and expanders' cycle) where the
turbomachinery and the feeding tanks are included.

2.2.4 Turbomachinery

Turbomachinery is an EcosimPro® library for the simulation of pumps, turbines and compressors.
Pump components are provided with dimensionless
turbopump characteristics curves adapted to positive and )
. . ump_vacuum

negative speeds and flow zones. Turbine and compressor Pump Pump_gen
components are provided with dimensionless performance {3
maps as a function of the reduced axial speed and pressure
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Figure 5: Turbomachinery symbol palette

2.2.5 Other compatible libraries

Three libraries part of the EcosimPro software are compatible with the ESPSS libraries described
here: the thermal library, the mechanical library and the control library. Their components can be
easily used along with the ESPSS components. A short description follows for each of these
libraries:

Thermal library. This library provides components for the prediction of temperature distributions
and heat flows in systems and devices using the thermal network method. The thermal network
method is also known as the lumped parameter method or the resistance/capacity method. It is
essentially a finite difference method and involves modelling a continuous medium as a discrete
thermal network of nodes representing the capacitance of the system linked by conductors
representing its conductance. The modes of heat transfer that can be considered in thermal model are
conduction, radiation and natural convection. Additional features allow the handling of phase-change
phenomena using components called “DNphases”.

Mechanical library. The mechanical library allows the modelling of 1-D mechanical systems. Most
of the typical mechanical units are included as components that can be used to build graphically
complex systems:

#. Translational components for systems with linear displacements driven by forces with frictional
losses

s+, Rotational components for systems with angular displacements driven by momentum with
frictional losses

s, Kinetic converters (levers, gears, ideal gear rotational to translational) transform an angular
movement into other angular movement at different velocity or into a translational movement.

The most important elements can be grouped in the following groups: masses and inertia (Sliding
mass, End stop mass, Inertia and End stop Inertia), which implement the second Newton law. Force
and torque generators (Coulomb friction, dampers and springs) calculate force or torque from the
position or the velocity in their ports. Actuators (force, position, torque, acceleration and angle
generators) provide force, torque, acceleration, position and angle depending on an external input
signal (user defined law).

Control library. This library provides the custom items needed to represent analogue and digital
control systems. All basic operations can be performed on analogue or digital signals (addition,
multiplication, multiplex/demultiplex, derivative, integral, logical operations), and some more



advanced control operations are implemented (linear or discrete space-state, filter, PID control,
transfer functions, etc.).

3. VALIDATION: FILLING OF STRAIGHT EMPTY TUBES

The filling of a straight empty tube from a pressurized tank ( £,,, ), induces at the end of the filling a
first water hammer peak pressure (DP) followed by, after a rather long duration (DTIME ), a
second water hammer peak having lower amplitude ( DP,). This typical behaviour can be assessed

roughly for the first peak pressure (Joukowsky, cited in [1]) and for the duration (Wylie and
Streeter, cited in [1]) by the two following simple equations:

DP=ar.v and DTIMEZEz—L
a

tank

where a is the speed of sound (see sketch on fig. 7).
There are no simple equations for the assessment of
the amplitude of DP,, except that the damping, due to
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Figure 7: Water hammer pressures from tests

Figure 8: Test set-up for water hammer
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The test setup, described in references [4,5,6], is defined by a line filled up to the fast valve V7 that
isolate the empty line up to the valve V10. Two main pressures measurements are available Pypsiream
near V7 and P gownsieam n€ar V10.

The pressure outputs of the ground test are shown in fig. 7. Based on the test set-up, using
exclusively the generic objects of the library ESPSS [3], with the particular dimensions of the
hardware, the model on EcosimPro®, fig. 8, looks identical to the hardware set-up fig. 6.

As shown on fig. 9 and fig. 10 the results of the simulation are surprisingly good with respect to the
experimental ground data: very similar peak pressures for the first peak pressure (a little bit higher
for the simulation: that is a quality of robustness of the simulation for being used safely operationally
for designing and for the justification of the design), the duration between the two firsts spikes is also
nearly identical and the damping for the second pressure peak is also very compliant with the
experimental data.

4. VALIDATION: FILLING A SATELLITE MANIFOLD

A similar validation of the water hammer occurring in satellite tubings has been undertaken with tests
data provided by CNES from a real satellite functional model of the CNES satellite “Stentor” [7].
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Figure 13: EcosimPro® model with objects of ESPSS (the calibrated orifice is included into the Teel data)
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As shown on fig. 14 and fig. 15 the results of the simulation are surprisingly similar to the
experimental data, with a safe robustness for the simulated pressures that are always higher than the
pressures obtained in experimental tests, and in addition the complex sequences of the successive
pressure spikes (due to the non-simultaneous filling of each of the two downstream branches of the
tee tubing) computed by EcosimPro® is strictly conform to the one of the experimental data.

5. VALIDATION: BUTANE PRESSURISATION

The validation with ESPSS of the behaviour of biphasic mixtures under dynamic process of
pressurisation and expulsion has been made possible thanks to available data for Butane propulsion
[8]. The set-up of the feed system is composed of a very well thermal-insulated storage tank with
heaters, fig. 16. The output line includes valve, tubing and mass flow regulator, as sketched in fig.
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Figure 17: Sketch of the experimental set-up
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A typical sequence of the ground tests was, from ambient condition, a first phase long duration
heating of the tank in order to reach a significant pressure inside the tank, and then a second phase of
expulsion of the gaseous phase at constant mass flow rate in order to simulate the feeding of the
thrusters.
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Figure 18: Test set-up for Butane test under EcosimPro® with objects of ESPSS

As described above, using the generic components of the ESPSS libraries, the model on
EcosimPro®, fig. 18, looks identical to the functional part of the hardware set-up of fig. 17. The
simulation on EcosimPro® starts by the heating of the tank for a duration of 39600 s [8]. Then the
expulsion phase occurs for duration of 7200 s. The results of the ground test during the expulsion
phase are shown in fig 19 and the output of the simulation tool (with pressurization followed by
expulsion) is shown in fig 20. The quantitative results for the heating phase with the real
experimental test and the simulation is shown in table 2. The results are very similar. This shows the
suitability of the data and equation used into ESPSS for solving the problem of heating a biphasic
mixture.



Table 2: Comparison of Experimental and simulation
Heating phase Temperature initial to final | Pressure initial to final
X) (MPa)
Ground test 283 to 329 0.140 to 0.580
EcosimPro simulation 283.5 to 327 0.151 to 0.553

The quantitative results for the expulsion phase with the real experimental test and the simulation is
shown in table 3. The results are almost identical. This shows once more the suitability of the data
and equations used into ESPSS for solving the problem of managing a biphasic mixture.

Table 3: Comparison of Experimental and simulation

Expulsion phase Temperature initial to final (K)

Pressure initial to final (MPa)

Ground test 327 to 284

0.5515t0 0.153

EcosimPro simulation 327 to 283.5

0.5519t0 0.151
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Figure 19: Results of ground tests during the expulsion phase: several tank skin temperatures and tank pressure
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CONCLUSION

The Physical Simulation Modelling tool EcosimPro® with the ESPSS libraries has been presented
and assessed for several validation cases relevant in the area of the propulsion sub-systems for
satellite platforms. The results of the simulations show good compliances with the experimental
results on ground.

In addition for the water hammer pressure the simulation produces slightly higher pressures than the
experimental data. This robustness enables the use of the tool and library for operational purpose, for
designing safely the propulsion systems and with a drastic reduction of the tests to be performed for
the justification of the design.

The main advantage of using this new generation of simulation tool is the ability to manage complex
systems, sub-systems and their components like objects for several different engineering purposes.
There was no need to develop several software tools, one for water hammer purpose and another
one for biphasic mixture purpose: the components described by equations into the unique set of
libraries into ESPSS can be used like hardware components for solving or assessing many different
problems saving lots of efforts and money. In addition, by carefully analyzing the obtained simulation
data, this class of tools can highlight the occurrence of certain conditions necessary to trigger
particular phenomena, e.g. the so-called "adiabatic decomposition of hydrazine" during the filling of
the lines, etc.

EcosimPro® is already used successfully for several space applications and in many other areas, the
fidelity and quality of the simulations obtained make that this new generation of simulation concept
with libraries like ESPSS will become in the next years a commonplace as CAD stations are today.
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