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Abstract

In cooperation with the Airbus Deutschland
GmbH the Hamburg University of Technol-
ogy (TUHH) patrticipates in the German na-
tional funded project KATO (TPO7 "Kom-
fortverbesserte Klimaregelung”). One of the
goals of this project is to model the inside of
an Airbus A340 fuselage using dynamic sys-
tem simulation in such a way that it can serve
as a control path for advanced controller de-
sign. A model library is currently under devel-
opment using the modeling language Modelica
This library can be used for the setup of simula-
tion models, that describe the thermo-pneumatic
conditions in the pressurized fuselage. An ad-
equate simulation model including heat flux,
mass flow and momentum balance will be pro-
vided, which will serve as a control path, both
for the computer-assisted controller development
and for "hardware in the loop" applications. The
Modelica» simulation environment (Dymofta
[3]) used for this task offers the possibility, to
export models through an interface to the soft-
ware Matlab/Simulink [7]. Here they can pro-
vide a basis for controller optimization tools,
e.g. MOPS [4], or can be integrated into control
loops. By using this method, new control tech-

niques and control concepts can be tested quickly

and economically.

1 General Introduction

In the past of aircraft construction engineering
activities focused especially on the solution of
numerous technical problems, which mainly had
the goal to optimize the flight performance, e.g.
by improving of the airplane aerodynamics and
engine performance. Other activities concen-
trated on the enhancement of the mechanical
structure and on other security relevant factors
for the passengers and cabin crew. These days
also the investigation of possible improvements
of the passengers’ comfort plays an important
role. Apart from the seat comfort and the kind
of available entertainment system, the health as-
pect due to air quality and cabin climate partic-
ularly on long-range flights is of great interest
[1], [2], [9]. Besides the layout of the air con-
ditioning facility, the choice of suitable tempera-
ture sensors and their positioning in the aircratft,
it is decisive, with regard to the required thermal
comfort specifications for a changing cabin lay-
out, to achieve an optimum design of the temper-
ature controllers.

While the question of positioning the sensors can

be determined best by means of a CFD-program
due to its higher spatial resolution, the applica-
tion of a 3D-model, as a control path for the con-
troller design, is hardly realizable considering the
limited technical possibilities that we still have
today. Here the limits are set in particular by the
immense expenditure of time for model setup and
simulation and the needed amount of computing



power to perform this task.

For those reasons a high performance sys-
tem simulation tool and the modeling language
Modelicav were chosen to handle the TUHH part
of the KATO project.

2 The Simulation Environment

2.1 The Modelicav Language

The object-oriented modeling language
Modelica~ is designed for modeling dynamic

heterogeneous physical and technical systems.

The language is a product of the Modelica
Association [8], a non-profit organisation that
was founded in February 2000. The basic idea

behind this language was to set up a standard for
the exchange of models and model libraries for 3

physical and technical systems. The key features
of this language are:

e Non-causal use of algebraic mathematical
equations (differential, algebraic and dis-
crete equations)

e Modeling of complex systems of heteroge-
neous physical areas with continuous and
discrete behavior

e Facile reusability of models due to inheri-
tance, instantiation and replaceability

e Flexible combination of models via con-
nectors

2.2 The Simulation Environment Dymolaw

The simulation environment Dymota Dynamic
Modeling Laboratory, is suitable for modeling
various kinds of physical systems and objects
[3]. Dymola~ supports the composition of hier-
archical models, libraries of truly reusable com-

ponents, connectors and composite acasual con-

nections. The new modeling methodology used
in Dymola» is based on object orientation and

equations. The simulation environment supports
automatic formula manipulation that removes the
usual need for manual conversion of equations to
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a block diagram. Other key features of Dymela
are:

Handling of large, complex multi-domain
models

Support of Graphical model composition
Symbolic pre-processing

Open for user defined model components
Open interface to other programs

3D Animation capability

Possibility for Real-time simulation

The Environmental Control System

The environmental control system (ECS) is of
great importance in order to keep the cabin pres-
sure at a constant level and to provide air con-
ditioning to the passengers and crew during the
flight. In this chapter the function of the ECS dur-
ing normal mode of operation is explained. With
the exception of the new bleed-less ECS concepts
a standard ECS works as shown in Figure 1.
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Fig. 1 Scheme of a standard ECS with its sub-
systems [12]

The bleed air (high pressure, high tempera-
ture) is taken from one of the compressor stages
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of the aircraft enginesAjr source$. It then
passes the flow control valveBGV) and enters
the air conditioning packs. One part of this air
is led through air cycle machine®dck 1and
Pack 2, where it is expanded and cooled down.
The other part is stored in tHeéot manifold In

the Mixer unit the cooled air from the packs is
mixed with filtered recirculation air coming from
the cabin. The temperature in théixer unitis
adjusted in such a way that it meets the lowest

required zonal cabin temperature. Subsequently

the mixed air is further distributed through the

ducting to the cabin zones. Depending on the
demand in the different temperature zones the
fine adjustment of the air temperature is accom-
plished shortly after th#lixer unitby blowing in

hot air through the trim air valve§F AV). The part

of the supply air that is not reused as recircula-
tion air leaves the aircraft through th@tflow

Comfort-Improved Climate Control
4.1 The Control Volume

The control volume approach used for this work

is based on the staggered grid finite volume
method described in [10]. It is commonly used

for system modeling and one-dimensional dis-

cretisation. The thermodynamic model inside the
CV contains the equations for mass and energy
conservation for a system of constant volume:

dM n (0]
_ . o 1
at i:E Min,j J_Zlmout,] (1)
du . o . .
— = Hini— ) Houti W 2
dt i; in,i jZl outj +Q+Ws  (2)

The calculation of thermodynamic states in
the CV is realized by a coefficient database and

a collection of functions for the thermodynamic
behavior of air, which is already part of thdod-
elica Standard Library8].

The fluxes on the border of the control vol-
ume are calculated by the half grid staggered flow
model, which contains either a stationary pres-
sure drop model or in case of a discretized con-

Thermodynamic systems in general consist of o] volume (pipe model) a dynamic momentum
single units, e.g. fans, heater, cooler and vol- pajance [11], [6]:

umes, that are connected by each other and are
flown through by a working agent, such as water 4 5 The Flow Model
or air. Depending on the required level of detail
the single components can be described through The flow models used for this task are simplified
sets of algebraic, differential and/or partial differ- pressure loss models. Right now there are three
ential equations. different variants possible: A constant laminar, a
The most important elements for the modeling of constant turbulent and a detailed friction pressure
a thermodynamic system are the control volume loss model.
(CV) and the flow model. While the first two models calculate the pressure
A control volume can be regarded as a contin- loss by a constant linear or a constant quadratic
uously stirred tank. This means that there ex- dependency between pressure loss and mass flow
ists only one thermodynamic state in the CV and rate, the detailed friction model is basically based
that every outgoing mass flow corresponds to this on the equations that provide the basis for the
state. To connect adjacent CVs, a flow model is Moody Chart In order to avoid a division by zero
necessary that calculates the mass flow betweenin the laminar region at zero mass flow rate and to
the two due to a driving force, e.g. the pressure allow a flow reversal the equations of the detailed
difference. friction model have become mathematically rear-
ranged [5].

valve), which is responsible for the adjustment of
the cabin pressure.

4 Modeling Approach



5 The Simulation Model

The simulation model basically consists of two

major parts, for which experiments have shown
that they have a significant influence on the cabin
temperature behavior: the supply air distribution

system (ducting) and the cabin itself.

5.1 The Ducting Model

The ducting system has a significant influence on
the thermal behavior due to its large heat transfer
area and its heat accumulation capacity. It mainly
consists of insulated pipes made of glass-fiber
reinforced plastic GRP. The ducting is repre-
sented in the simulation model by a network of
pipe models. Those models, in order to meet the
behavior of real pipes (see Figures 2), where dif-
fusion and friction effects lead to axial disper-
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Fig. 3 Dirac response of the pipe model in de-
pendence of the discretisation N

and finally another heat transfer model to the sur-
rounding ambient air.

sion, are programmed as cascades of connected

CVs.

o
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Fig. 2 Dirac response of an ideal pipe vs. a real pipe

The number of CVs of the pipe models is
defined by the discretisation (N). Its influence on
the behavior of the model can be seenin Figure 3.

This technique derives from the domain of

chemical engineering, where pipe reactors are
modeled in a similar way.
Each of the CVs in the pipe model contains a
dynamic heat transfer model [13], that enables
the CV to calculate the heat transfer coefficient
automatically, depending on the geometric pipe
data, the media properties and the flow velocity.
Additionally the CVs contain two wall models,

5.2 The Cabin Model

Depending on the selected discretisation, the
cabin model is represented by a more or less com-
plex network of control volumes, that are con-
nected via flow models. Contingent upon the ar-
rangement of the volumes in the cabin, the CVs
can contain heat sources (passengers, crew, elec-
trical systems etc.) and heat accumulators (e.g.
hat racks or seats).

As the used flow models are currently not de-
signed for calculating the mass flow rate in a dif-
ferent way to standard pressure loss models, it
is unfortunately not possible to cover the mass
transport due to the momentum driven vortices
that develop in the real cabin (see Figure 4).

In the simulation model this effect has to be
covered by inserting an additional heat transfer
between adjacent control volumes.

6 Validation/Simulation Results

First simulations of the cabin model, which ne-
glected the influence of the ducting, showed that
the results were not meeting the expected be-

that calculate the heat conduction and the heat havior measured in flight tests (see Figure 10).

accumulation in the pipe wall and the insulation,

Therefore in addition to the comparison of the
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complex cabin models with the few available sets
of flight test data an Airbus test rig was con-
structed (see Figure 5) for the validation and tun-
ing of the simulation models.

Fig. 6 Scheme of KATO test rig

temperature zones are equipped with numerous
electric bulbs that represent the additional heat
load due to passengers, crew and electronic de-
vices.

The experimental data from the test rigs duct-
ing system showed a good correspondence with
the simulation results obtained with the ducting
model (see Figure 7).
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With this test rig the acquisition of the neces-
sary transient temperature data for the improve-
ment of the system models could be obtained
much more flexible and comfortable. Fig. 7 Test rig ducting model
The test rig comprises of three cabin temperature
zones, including the ducting. A scheme of this
test rig is shown in Figure 6. Figure 7 shows the measured input temper-

When compared to the scheme of the ECS ature, the measured output temperature and the
(Figure 1) some analogies can be noticed. The simulated output temperature of the test rig duct-
mixer unit is represented by the air splitter. The ing model. The demand of the test rigs controller
task of the trim air valve is performed by an array unit for this experiment was for a double input
of fast working heater units and the behavior of temperature step from 28 to 60 and from 60 to
the ducting is replicated by insulated polypropy- 70 degree Centigrade. The overshoot on the in-
lene pipes. The pipes in the test rig disembogue put temperature was caused by the controller unit
into six air inlets that are connected to the three triggering the heater units.
independent temperature zones. The box shaped  After the validation of the pipe model it was
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integrated into the cabin model (see Figure 9).

Afterwards a comparison of the simulation re-  Simulinkw, the so calledDymola Block Within
sults with available flight test data showed a more thijs block the Modelica model can be chosen,
realistic behavior of the cabin model temperature compiled and edited. For a successful export to
(see Figure 10). Simulink~ a simulation model has to be prepared
in Dymola~ by dragging the necessary input and
output values as signal connectors to main model
layer. This procedure is required because other-
R wise the in- and output connectors won't be ac-
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cessible in Simulink. Figure 11 schematically
% shows the export procedure.
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Flg 9 Modelica~ cabin zone model with ducting Model of three cabierm temperature Integration of the "DymolaBlock"
zones in Dymola/Modelica as a control path into a control loop

Currently the test rig is further upgraded by Fig. 11 Schema of the export to Simulinkand
the installation of a hot manifold, to better meet the integration of th&®ymola Blockinto a control
the behavior of the trim air system, and a cabin 100P
contour, to better converge the cabin air flow pat-
tern.

7 Using the Cabin Model as a Control Path 8 Outlook

For the export of the Modelica simula- Although first simulation results look already
tion model Dymola offers an interface to  quite promising, the simulation models intro-
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duced in this paper do not describe the temper-
ature behavior of a cabin in a satisfactory way.
Therefore TUHH’s further contribution to the
project KATO will be to identify factors of in- [12]
fluence that have not been considered yet and

to integrate those factors into the models. This [13]
covers in particular a further refinement of the
cabin model discretisation. The time-frame for

the project KATO ends in June 2007.
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