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1 Introduction

1.1  The Simulation System

< High Pressure (HP) System >

Rerservoir Pressurization HP R.PU HF.)
Unit (RPU) Restrictor Restrictor
cwsan, . \ . -
- N ) J N :
= . \ . o
PN i PN :
LP RPU LP
Restrictor Restrictor
< Low Pressure (LP) System >
-
______ ~Reservoir
. i Relief Valve (RRV)
SN g - Restrictor
= : Check Valve

: Pressure Source with
defined Temperature

: Supply Line

_t_ Hydraulic Fluid
Level Variation

D 0o )

Hydraulic Reservoir
Figure 1 Simulation system

The investigated simulation-system is based on the hydraulic reservoir pressurizing system
described in Figure 1. In this system a hydraulic reservoir is pressurized via a high pressure
respectively a low pressure system. The boundary limits of the high pressure system can be
varying in a range pjigrn = 500000 Pa ... 2000000 Pa and T, = 350 °C ... 550 °C. The ranges
of the boundary limits of the low pressure system are pj,, = 100000 Pa ... 500000 Pa and
T = 150 °C ... 250 °C.

The hydraulic reservoir has an overall volume V;. The overall volume is split in a volume
fraction V., which is filled by air. The other fraction Vy,q, is filled by a hydraulic fluid. The
behaviour of the overall system due to a variation of the hydraulic fluid level can be
investigated with the developed simulation-model. The air pressure inside the reservoir is
controlled by pressure maintaining valve (RPU: Reservoir Pressurization Unit). The reservoir
relief valve RRV protects the reservoir against overpressure.

The opening function of the RPU is shown in Figure 2a. The valve is open until a pressure
PrrU = Piimit - Ap/2 1s reached. The valve is fully closed at the pressure prpy = piimic + Ap/2.
For the chosen system the opening function of the RPU is most suitable fitted by a pair of
variates pjmi; = 450000 Pa and Ap = 10000 Pa.
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The outflow function of the reservoir relief valve (RRV) is shown in Figure 2b. The valve
opens at a  Pressure€  Preservoir, » (Preservoir,l — Pambien) — Plimir,1- At~ the  pressure
Dreservoir.2 » (Preservoir.2 — Pambieny) — Plimir.2 the valve is fully open and a maximum mass flow of
0.00267 kg/s leaves the reservoir. For the simulated system a adequate pair of variates of
Pilimie.; = 550000 Pa and pjimir; = 625000 Pa can be used. The ambient conditions pumpiens and
Tambiens can be varying in a range between 0.2 Pa ... 1.2 Pa and -55 °C ... 90 °C.

1.0 0.0030 4
a) I Opening Function RPU I b)
0.9
2 o7
@ -
c 064 =4
=2 <] Pressure Range =
2 05 z 00015
= o
ot ¥ u,;_.
6
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S 03 g 00010
o]
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T — : Presslurr,- L nrrm | —— | = — | | . | . |
400000 410000 420000 430000 440000 450000 450000 470000 430000 490000 0 50000 100000 150000 200000
Pressure [Pa] Differential Pressure ((p___ P, ....-P, ... [Pa]
Figure 2 a) The opening function of the reservoir pressurization unit (RPU) (see Figure 1).

b) The outflow-function of the reservoir relief valve (RRV) (see Figure 1)

The pressure drop over the RPU is limited by the RPU-restrictors. For each pressure system
one independent restrictor is used. These restrictors are described by measured characteristic
maps. Using characteristic maps in a form shown in Figure 3a at a certain mass flow value the
pressure difference over the restrictor can be determined. For the simulation model
characteristic maps in a transposed form have to be used (see Figure 3b). In this way the
RPU-restrictors can be defined as flow resistances and at a given pressure drop the mass flow
through the restrictor can be determined.

5.0 B85
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459 ——Low Pressure |I sx Low Pressure
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D) oy T T T T T T T w777 T T 7
00 05 10 15 20 25 30 35 40 45 50 55 60 65 0.0 05 10 19 20 25 3.0 3% 40 45 50
Mass Flow [a/s] Pressure Difference [bar]
Figure 3 a) The measured characteristic maps of the used RPU HP (—) and LP restrictors (—)

(see Figure 1).
b) The transposed characteristic maps
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1.2  Mode of Operation of MATLAB/Simulink

Each component (see Figure 1) is related to an independent Simulink block. Each block can
be parameterized by a specific input mask (see Figure 4). The input parameters are divided in
parameters, which describe the component itself, and initial parameters, which are related to
the different state variables of the system.

=) Function Block Parameters: HP_Supply_Line

Subsystem [mask])

Parameters

_I_.ength_ _Maior Axis [m] _
0124 ]
Length Minor Axis [m)] .
0.0127 j

[I;n;ngth [m] Param eter |
|_ |
Thickness Wall [m]
10.00075 |

Thickness |solation [m]
0 - ]
quveclion Heat Transfer Coefficient Wall [J/s/mf/K] ‘
1o ]
Convection Heat Transfer Coefficient Isolation [J/s/mé/K]
0 |
Initial Parameter: Pressure [Pa]
800000 |
Initial Parameter: Temperature [K]

129315 1 |

_Inilial Parameter: \Water Vapor Content I n ltlal
|D e dctiieasi

Inia Paameter CO2 Cortent 1 Parameter

0

I_nilial Parameter. W ater Content
0 |

=
Minor Loss Coefficient . P

0 Parameter |
Mode = 0: State Variables = Average Input variables, Mode = 1: State Variables = Input Variables Higher Pressure
L |

[ 0K ” Cancel ][ Help J Apply

Figure 4 Input mask of the high pressure supply line.
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The interaction between different Simulink blocks is correlated to a so-called feedback
structure. Each block needs the information of the different state variables of its neighboring
block (see Figure 5b). Via the inputs of each block, information is transferred to the block,
and via the outputs, information is transferred to other blocks. The Simulink inputs
respectively the outputs are not strictly correlated to physical in- and outputs (see Figure Sa).

a)
Volume MATLAB/Simulink
Model-Block
—{—>—> —>
1 Input, 1 Output
1 Aperture

b) '
Volume
Flow Flow
Resistance Resistance
; ; _‘|! ; ; —

Figure 5 a) Differentiation between a real component and a MATLAB/Simulink model-block.
b) Feedback structure of a Simulink model

The inner structure of MATLAB/Simulink is combined with the characterization of time-
dependant systems. At each time-step df within a certain time-range At the states of the
simulated system are calculated. The state of the system is specified by a set of state variables.
The set of state variables is related to a set of state equations (see Figure 6).

Calculations:
State Variables <=> State Equations

|
———— /

t, t,+dt t+At

\/

Figure 6 The inner structure of an MATLAB/Simulink system.
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Three types of state equations can be distinguished. The time-dependant rate equations (see
Equation 1).

dy(t

Y _ peyin) 1)
dt

In general f(y(t);t) is not only function of y(t), but also a function of other time-dependant

variables. Equations according to form Equation 1 are solved by an integrator (see

Equation 2).
i—1 l0+i<d[
v, =2 dy, + { [f(vat)it): dr] + Yy i= 1N, At =N didy, =0  (2)
j=1 tp+(i—1)-dt

dy;

Equation 2 is only solvable, if the initial parameter for each state variable is known. The
second type of state equations is a quasi stationary equation (see Equation 3).

y(t)=f(t) 3)

These Equations are solvable without any knowledge of initial parameters. The third type of
equations is the steady state type (see Equation 4).

y(t)=y = Const 4)

The integrator in Equation 2 is an intrinsic function block of MATLAB/Simulink. The
functionality of the integrator is associated to the chosen solver mode. The solver function
defines the step size dt and the algorithm of integration. MATLAB/Simulink makes available
two different solver species. A fixed step solver and a variable step solver. For the developed
simulation model the fixed step solver ode4 with a step size of 0.0001s based of a Runge-
Kutta algorithm shows the best performance.
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1.3  Physical Description

The developed simulation model is based of three different component classes. At first
general and specialized flow resistances, generalized volumes and heat resistances. The
different state equations are derived by thermodynamical, mechanical and heat transfer
aspects.

1.3.1 Flow Resistances

The components of the class of flow resistance have to be distinguished in general and
specialized components.

The generalized components can be described by a parameter set and an analytical function.
The specialized components can be described by characteristic maps. As input the flow
resistance requires pressure, density and temperature. The output of the flow resistance is the
mass flow

Knowing the pressure drop the mass flow through the flow resistance can be calculated.
Under assumption, that incompressible flow properties are fulfilled, the outflow equation of
form 1 (see Equation 5) has to be used. This type of flow resistance can be used to specify the
flow properties of ducts, e.g. the flow properties of the different supply lines within the
simulation-model

2 1
V= Ap-—~L
P ARe(v))+¢
m(t)=A-p-v (5)
Re(v)zV.D.p

A 1is the cross section of the flow resistance. The equation Equation 5 has an initialization
problem. Calculating the velocity v the Reynolds-number Re has to be known. An iterative
loop is used to solve this problem. Density respectively temperature inside the resistance can
be calculated by the average of the input values (Mode 0), or are defined by the values of the
input with the highest pressure (Mode 1)

Systems, which can’t be described by incompressible flow resistances, can be simulated with
elements, which are based on compressible outflow functions (see Equation 6).

K+1

A. - -
=1 Pr ﬁ.M.(1+K_1M2) 2(x-1) (6)
J, R >

10
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The mass flow is a function of the Mach number M inside the system. Total pressure
respectively total temperature is always defined by the input with the highest pressure. The
state of the out flowing air is described by the isentropic state equations (see Equation 7).

PP oyt
(—) (Yﬂ ) (7

Kk =cy/cy is the ratio of the specific heat capacities by constant pressure c, respectively
constant volume cy. On the basis of the fact, that the Mach number M such as the mass flow is
a function of the flow velocity, the algorithm based on Equation 6 shows an initialization
problem. There is a lack of a convergent iterative loop. Therefore the equation Equation 6 has
to be solved approximately for three different regimes (see Equation 8a ...c). R is the specific
gas constant of the air mixture.

Subsonic Regime:  p/pr > 0.53

_ApT ZK £2/K_ £K+1/K
" \/i (K_l)R[(pTJ (pTJ ] &

Sonic Regime: p/pr <0.53

xk+1/ k-1
m:A'pT. f[ij (8b)
\/ﬁ R\k+1

Transsonic Regime: A > 1 (see Equation 6)

(8c)
M=

JE-R,-T

In the case of specialized flow resistance the mass flow is calculated by a characteristic map.

11
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1.3.2 Generalized Volume

The generalized volume needs as input mass flow and temperature. Based on the enthalpy
equation (see Equation 9), the differential form of the enthalpy can be written in following
way (see Equation 9). The difference of the potential energy and the kinetic energy of the start
and end state of a system can be neglected.

H=U+p-V

dH dp dv
->—>= +H,,,; +V—+[p— ©)
dt (Qdot dot,m,out) dt [p dt ]

A mass flow m, with the temperature 7;, and a specific heat capacity c,;, enters the system

and a gas flow defined by a mass flow 71, leaves the system. Under this assumption H

in,out
can be written, according Equation 10. The temperature 7" and the specific heat capacity c, of
the outgoing flow are defined by the gas mixture inside the volume.

=m,-c, 1T —m, -c T (10)

For a volume with a constant volume value, the differential equations (see Equation 11) for
temperature, density and pressure can be derived with help of the ideal gas law and the mass
balance of the system.

ar _ 1 N T dp

= vH, o )-1.4P
dt V 'p 'cv (Q lﬂ,()lt[) p dt

dp _1 dm _my, —m,, (11)
da V dt 14
dp dT dp

=R -p-—+R -T- L
g P T Ty

For a volume with a non constant volume value, the variation of the volume has to be
considered. Within a time step the volume changes from a value V' to a value V. In the case,
that V’<V the gas inside the volume is compressed. In the case, that V’>} expansion takes
place.

For a non constant volume at first the differential equation in form of Equation 11 will be
calculated. After the integration step the new density p’ = m/V’ due to the volume change is
computed. Using the density p’ and the equation Equation 7, the new values of the
temperature 7 and the pressure p ' can be calculated.

12
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1.3.3 Heat Transfer

The supply lines are a combination of an incompressible flow resistance and a
generalized volume. Inside the supply line heat transfer via the duct wall and the
insulation takes place between the air and the surrounding area.

Knowing the flow velocity respectively the Reynolds number, the Nusselt number
respectively convection heat transfer coefficient the can be calculated using equation

Equation 12.

D
Nu=(3.66" +1.66° Re Pr —%)'* Taminar Flow

duct

D
Nu=0.012 (Re*" -280) Pr’* (1+—2)** Turbulent Flow

77 . duct (12)
Pr = air ™ p,air
ﬂ“air
Nu — aair Dduct

air

The Prandtl number Pr is a relation of the viscosity 77, the specific heat capacity c, and the
thermal conductivity 4. The Nusselt number Nu is a relation of the convection heat transfer
coefficient «, the Diameter of the duct D ,... The thermal conductivity is a function of the air

temperature 7.

The overall heat transfer can be computed by equation Equation 13. The convection
heat transfer coefficient of the wall and the insulation are user defined parameters.

Awall (T_ Tambient)

(13)
air) + (l/awall) + (l/aisalation)

Qair,ambient = (l/a

13
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2 Description of the Components

The simulation-system is shown in Figure 7. The different model-blocks are described in the
following sections.

.,..ﬂ

RRV .
| = h EE =] : Check Valve
! ./ : RPU Restrictor
[

_: Supply Line + Check Valve

[ |, B & -
Hydrauli T—L% oo Hydraulic Fluid
Reservoir ! Level Variation

@

Figure 7 Simulink simulation model

14
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2.1

Component Name:
Component Class:

Symbol:

Parameters:

Number of Inputs:

Number of Outputs:

Output Variables:

Description:

Pressure Source with defined

Constant Block

Pressure Source with Defined Temperature

Temperature

< p, T = Const

Pressure [Pa]
Temperature [K]
Water Vapor Content
CO; Content

Water Content

Pressure [Pa]

Density [kg/m?]
Temperature [K]

Mass Dry Air [kg]

Mass Flow Dry Air [kg/s]
Water Vapor Content
CO; Content

Water Content:

p
T

XH20, gas
Xco2

XH20,lig

p

P

T

Majr = 0
mair = 0
XH20,gas
Xcoz

XH20,lig

Pressure, temperature, water vapor content, CO, content and water

content are given as constant
can be calculated.

s. Using the ideal gas law the density

15
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2.2 Restrictor

Component Name:

Component Class:

Symbol:

Parameters:

Number of Inputs:

Input Variables
I+2):

Input Variables
(beta):

Number of Outputs:

Output Variables
+2):

HP Restrictor, LP Restrictor

O
o]
3
T
N

2

Surface [m?]

Minor Loss Coefficient

Pressure [Pa]
Density [kg/m?]
Temperature [K]
Water Vapor Content
CO; Content

Water Content

Opening Angle [°]

Pressure [Pa]
Density [kg/m?]
Temperature [K]
Mass Dry Air [kg]

Mass Flow Dry Air [kg/s]

Water Vapor Content
CO, Content
Water Content

Generalized Flow Resistance - Quasi Stationary Block

p

T
XH20, gas
Xcoz2

XH20,lig

p

T

Myir = 0
mair
xHZO,gaS
Xco2

XH20,liq

16
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Description:

Component Name:

Component Class:

Symbol:

Parameters:

Number of Inputs:

Input Variables
+2):

Input Variables
(OF):

Number of Outputs:

Output Variables
+2):

The mass flow is calculated with help of the compressible mass
flow equation (see Equation 6, 8). The gas is described by the
isentropic state equation (see Equation 17).

HP RPU Restrictor, LP RPU Restrictor

Specialized Flow Resistance - Quasi Stationary Block

q1 \/ TF

2K
42 /\OF ¢
Characteristic Map Ap — m,

3
Pressure [Pa] p
Density [kg/m?] 0
Temperature [K] T
Water Vapor Content XH20,gas
CO, Content Xco2
Water Content XH20,lig
Opening Factor OF
2

Pressure [Pa] p
Density [kg/m?] Yo,
Temperature [K] T
Mass Dry Air [kg] Myir = 0
Mass Flow Dry Air [kg/s]  m,,
Water Vapor Content XH20,gas
CO, Content Xco2
Water Content XH20,lig

17
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Description:

The mass flow is calculated with help of a characteristic Map (see
Figure 3). The gas is described by the isentropic state equation (see
Equation 7).

18
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2.3  Supply Line

Component Name: Supply Line

Generalized Flow Resistance, Generalized Volume, Heat Transfer
Component Class: : ) . .
Unit - Dynamic Block, Quasi Stationary Block

Symbol:
p_ink

qp—out "\ m_dot_in k
4 m_dot_out T_a::;ZEI :

Parameters: Length Major Axis [m] D ingjor
Length Minor Axis [m] Diinor
Length [m] L
Thickness Wall [m] by
Thickness Isolation [m] bisolation
Convection Heat Transfer
Coefficient Wall [W / m?
K] Cwall
Convection Heat Transfer
Coefficient Isolation [W /
m? K] Qisolation
Minor Loss Coefficient .
Initial Parameters:
Pressure [Pa] Dinit
Temperature [K] Tinie
Water Vapor Content XH20,gas, init
CO, Content XC02,init
Water Content XH20,lig,init

Number of Inputs: 4

Input Variables

Pin): Pressure [Pa] p
Density [kg/m?] 0
Temperature [K] T
Water Vapor Content XH20,gas
CO, Content Xco2
Water Content XH20,lig

19
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Input Variables

(m dat,in) :

Input Variables
(Quor):

Input Variables
(T ambient):

Number of Outputs:

Output Variables
(pout) :

Output Variables

(m dot.out) :

Temperature [K]
Mass Flow Dry Air [kg/s]
Water Vapor Content

CO, Content
Water Content

External Heat Load [W]

Ambient Temperature [K]

Pressure [Pa]

Density [kg/m?]
Temperature [K]

Mass Dry Air [kg]

Mass Flow Dry Air [kg/s]
Water Vapor Content
CO, Content

Water Content

Pressure [Pa]

Density [kg/m?]
Temperature [K]

Mass Dry Air [kg]

Mass Flow Dry Air [kg/s]
Water Vapor Content
CO, Content

Water Content

T
m air
XH20, gas
Xco2

XH20,liq

Tambient

p

Y%

T

Mair

i, =0
XH20, gas
Xco2

XH20,lig

p

P

T

Mair = 0
mair
XH20,gas
Xco2

XH20,lig

20
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Description:

The supply line is a combination of a flow resistance and a
generalized volume. The heat transfer via the duct wall and
the insulation takes place between the air and the surrounding
area. The mass flow is calculated with help of the incompressible
mass flow equation (see Equation 5).

21
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2.4 Test Volume/Reservoir

Component Name:

Component Class:

Symbol:

Parameters:

Number of Inputs:

Input Variables
1+2):

Input Variables
(Quor):

Test Volume, Reservoir

Generalized Volume - Dynamic Block

1K

4 2K

oD Q_dot K
Volume

Initial Parameters:
Pressure [Pa]
Temperature [K]
Water Vapor Content
CO, Content

Water Content

Dinit

Tl'm' t
xHZO,gas, init
XCO2,init

XH20,lig,init

For a system with a non-constant volume the parameter V' is a initial

value.

Temperature [K]
Mass Flow Dry Air [kg/s]

Water Vapor Content
CO, Content
Water Content

External Heat Load [W]

T
mair
XH20, gas
Xco2

XH20,lig

0

22
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Number of Outputs: 2

Output Variables
(1+2): Pressure [Pa] p
Density [kg/m?] Yo,
Temperature [K] T
Mass Dry Air [kg] Mgir
Mass Flow Dry Air [kg/s]  m,, =0
Water Vapor Content XH20,gas
CO, Content Xco2
Water Content XH20,lig
Description: The generalized volume is described by the set of equations

Equation 11.
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2.5 Check Valve

Component Name:

Component Class:

Symbol:

Parameters:

Number of Inputs:

Input Variables
(Inlet+Outlet):

Input Variables
(beta):

Number of Outputs:

Output Variables
(Inlet+Outlet):

Description:

Check Valve

Jinlet Inlet K
\Outlet K
q Outlet beta k

Surface [m?]

Minor Loss Coefficient

Pressure [Pa]
Density [kg/m?]
Temperature [K]
Water Vapor Content
CO, Content

Water Content

Opening Angle [°]

Temperature [K]

Mass Flow Dry Air [kg/s]

Water Vapor Content
CO, Content
Water Content

Generalized Flow Resistance — Quasi Stationary Block

p

Yo,
T

XH20, gas
Xco2

XH20,lig

B

T
air
XH20, gas

Xco2

XH20,lig

The mass flow is calculated with help of the following equation:

V= }Ap-i,nh:Apv
Prr

24



Aero TN Reservoir 2007-11-05

Bibliography

Amies 1977

Baehr 2006

Boswirth 2000

Bohl 1998

Chawla 1990

Engelhardt 1996

Herwig 2004

Idel'chik 1994
Incropera 2003

VDI 2001

AMIES, G. E.; PIERCE, N. J.; GREENE, J. B.; LEVEK, R. l.: Aircraft
Hydraulic System Dynamic Analysis. Ohio : Air Force Aero
Propulsion Laboratory, 1977 (Technical Report AFAPL-TR-76-43)

BAEHR, Hans Dieter: Thermodynamik. Berlin : Springer. 2006

BOSWIRTH, Leopold: Technische Strémungslehre.
Wiesbaden : Vieweg, 2000

BoHL, Willi: Technische Stréomungslehre : Stoffeigenschaften von
Fliissigkeiten und Gasen, Hydrostatik, Aerostatik, Inkompressible
Stromungen, Kompressible  Stromungen,  Stromungsmefstechnik.
Wiirzburg : Vogel, 1998

CHAWLA, J. M.; WISKOT, G.: Wirmeiibertragung : Berechnung mit
dem PC. Diisseldorf : VDI, 1992

ENGELHARDT, Jorg: Computergestiitzte =~ Berechnung  von
hydraulischen Netzen in Passagierflugzeugen. Hamburg, Technische
Universitit Hamburg-Harburg, Arbeitsbereich Flugzeug-
Systemtechnik, Studienarbeit, 1996

HERWIG, Heinz: Stromungsmechanik : Eine Systematische
Einordnung von Begriffen und Konzepten der Stromungsmechanik.

Wiesbaden : Vieweg, 2004

IDEL'CHIK, L. E.: Handbook of Hydraulik Resistance. Boca Raton :
CRC Press, 1994

INCROPERA, FRANK P.; DEWITT, DAVID P.: Fundamentals of Heat and
Mass Transfer. New York : John Wiley & Sons, 2002

VEREIN DEUTSCHER INGENIEURE (Hrsg.): VDI-Wirmeatlas
Berechnungsblitter fiir den Wirmeiibergang. Berlin : Springer, 2001

25



Aero TN Reservoir 2007-11-05

Appendix: Simulation Results

Test Case 1

Boundary limits:

High Pressure System: p =20 10°Pa  T'=823.15 K = 550°C
High Pressure System: p= 510°Pa  T'=1523.15 K =250°C
Ambient Conditions: p=1.013 10° Pa 7=288.15 K = 15°C
Simulation Time: At =3060s

Time Step: dt=0.0001s

Solver Type: ode4 (Runge-Kutta)

Hydraulic Fluid Level Variation:

0,10

i Velurs Rassocl |
- hx i )k .ﬁ ”l ‘4\ hk it hl ““ W Mw
5

0,04 -
0,03 +
0,02 4

0,01 4

Volume [m?]

0’00 ||||||||||||||||||||
0 300 600 900 1200 1500 1800 2100 2400 2700 3000

Time [s]
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Temperature Profiles:
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Mass Flow Distributions:
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Mass Flow Reservoir
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0 300 600 900
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Density Reservoir:

7.5
| Density Reservoir I
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|
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4,5 |

Density [kg/m?]

|" i

I

4,0 +

HIWWI%

3,54

3,0 ,
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1200 1500 1800 2100 2400 2700 3000

i

| H‘w

i

L I L : I I . I M I
0 300 600 900
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y — T T T T T ' 1
1200 1500 1800 2100 2400 2700 3000

28



Aero TN Reservoir 2007-11-05

Test Case 2

Boundary limits:

High Pressure System: p =5 10° Pa
High Pressure System: p =1 10° Pa

T'=623.15K=350°C
T'=423.15K=150°C

Ambient Conditions: p=1.013 10’ Pa 7'=288.15 K = 15°C

Simulation Time: At =160s

Time Step: dt=0.0001s

Solver Type: ode4 (Runge-Kutta)

Hydraulic Fluid Level Variation:

Volume [m?]

0,10

0,09

0,08 —.
0,07 —-
0,06 :
0,05 :
0,04 —
0,03 —-
0,02 -

0,01 4
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Fluid Volume Reservoir

0,00 71T 1T 1T 1T 1T 1
0 10 20 30 40 50 60

LA L B LA N L L N N
70 80 90 100 110 120 130 140 150 160

Time [s]
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Temperature Profiles:
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Mass Flow Distributions:
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