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e, Introduction

CHEMNITZ UNIVERSITY
OF TECHNOLOGY

graphical representation of a physical system

consists of a set of elements that are linked by bonds

bonds are characterized by flow and effort variables

relatively large number of elements, e.g. capacitive or resistive
elements, O-junctions, transformers, gyrators...
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e, Introduction

CHEMNITZ UNIVERSITY
OF TECHNOLOGY

e simpler structure
o fewer components than Bond Graphs

e — interface for endoreversible thermodynamics
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. q General facts
E Endoreversible Thermodynamics ’ -
: Formal description

CHEMNITZ UNIVERSITY Summary
OF TECHNOLOGY .

Endoreversib

e partition of irreversible systems into .
reversible subsystems

e irreversibilities only at the interactions
between the subsystems

>
e simplified calculations k
e quantitatively measurable entropy -~ 4
production A
e at first only investigation of heat engines J/;\
o later also chemical engines, electrical
engines, etc.
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=== . q General facts
E Endoreversible Thermodynamics ’ -
: Formal description

CHEMNITZ UNIVERSITY Summary
OF TECHNOLOGY .

Extensities :

extensive quantities intensive quantities V
P

volume pressure

entropy temperature AB b AB k
charge electrical potential

momentum velocity

angular momentum angular velocity |

particle number chemical potential 2\ , p
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. q General facts
Endoreversible Thermodynamics A
- Formal description
CHEMNITZ UNIVERSITY Sulﬂlﬂar\,’
OF TECHNOLOGY E

Subsystems

e reversible

e each subsystem is characterized by
contact points through which

energy and extensities are B ;
exchanged

e subsystems interact (irreversibly)
with each other

e subdivision in reservoirs and
engines
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. q General facts
Endoreversible Thermodynamics A
- Formal description
CHEMNITZ UNIVERSITY SU mmary
OF TECHNOLOGY .

Interactions connect two subsystems.
e each interaction consists of two fluxes: energy and extensity

e subdivision into reversible and irreversible interactions
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=== . q General facts
Endoreversible Thermodynamics A
- Formal description
CHEMNITZ UNIVERSITY SL““I'”JI’V
OF TECHNOLOGY .

Interactions

Reversible:

[N

e intensities at both contact points are equal
e unlimited energy and extensity flux
e direct contact without losses
Irreversible:
®
Vg

e transport law for flux of energy or extensity
e production of entropy, which is deposited
\ : l E‘\ through an additional contact
(2

Katharina Wagner ETA-Graphics




= . q General facts
Endoreversible Thermodynamics A
- Formal description

CHEMNITZ UNIVERSITY Summary
OF TECHNOLOGY —

Reservoirs

e thermodynamic system in equilibrium that
acts as energy storage

o infinite reservoirs: characterized by constant
intensities

e finite reservoirs: characterized by extensities
and energy function; intensities are variable
(e.g. the temperature of a heat bath
decreases when energy is emitted)
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i q A eneral facts
E Endoreversible Thermodynamics e o
- Formal description

CHEMNITZ UNIVERSITY Summary
OF TECHNOLOGY .

Engines

Yy
o reversible subsystem that transferres energy .
from one extensity to another — ):

e contact variables are linked via special

balance equations

e the sum of the energy fluxes has to equal zero \
e the sum of the extensity fluxes has to equal g
\

Zero

Katharina Wagner ETA-Graphics



=== . q General facts
Endoreversible Thermodynamics
: Formal description

CHEMNITZ UNIVERSITY Summary
OF TECHNOLOGY

... consist only of
® reservoirs
e engines
e interactions

With the help of endoreversible models various characteristics of a
system can be investigated, e.g.:

o efficiency n
e power P

e entropy production
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E General facts
Example

ETA-Graphics

CHEMNITZ UNIVERSITY

Novikov-engine in ETA-Graphics
OF TECHNOLOGY

e graphic-based interface to endoreversible thermodynamics
e construction and analysis of endoreversible systems

e simplified access to endoreversible thermodynamics

e supported input of transport laws

e automated construction and solution of the equation system
using Mathematica (or Maxima)
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e, General facts
E Example

ETA-Graphics

CHEMNITZ UNIVERSITY

Novikov-engine in ETA-Graphics
OF TECHNOLOGY

e continuously working reversible .
Carnot-engine

e internal working temperature of the
engine: Ty and T;_

. . Tin
e infinite heat baths with constant '
temperatures T and Ty T -
e direct, reversible contact to the heat bath —_
of temperature T, ie. T =T, W Wy
il
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E General facts
9 Example
CHEMNITZ UNIVERSITY ETA-Graphics
OF TECHNOLOGY

Novikov-engine in ETA-Graphics

e heat transport between the reservoir of
temperature Ty and the engine is
proportional to the temperature
difference:

au = Ku(Th — Tin)

e finite rates, irreversible interaction

=
I
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al facts

A Example
CHEMNITZ UNIVERSITY B Novikov-engine in ETA-Graphics

OF TECHNOLOGY

File

Create a system

Add Subsystem
Add Interaction

Solve for

Calculate

Messages

Interactions

No. | From-To | intensites | Extensity] Color | Energy flux From | Energyfiux To | Carrier flux From | Carrier flux To
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al facts

A Example
CHEMNITZ UNIVERSITY B Novikov-engine in ETA-Graphics

OF TECHNOLOGY

File

Create a system

Add Subsystem
Add Interaction

Solve for

Calculate

Messages

Interactions

No. | From-To | intensites | Extensity] Color | Energy flux From | Energyfiux To | Carrier flux From | Carrier flux To
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al facts

ETA-Graphics Sl

CHEMNITZ UNIVERSITY Novikov-engine in ETA-Graphics
OF TECHNOLOGY

File
Create a system [<]

Add Subsystem
Add Interaction
sowefor [ | A

Calculate

Messages
110 system

a LT T -

Interactions
T o e e ] Eara e || memiinte || e mon || G e
A |1+0 [T1A=TO0A |5 | W< LA-TO0A) IKT1A-TOAN KT 1A-TOANTLA (T 1A-TOA)/ TOA
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E General facts
» ETA-Graphics Sl

Novikov-engine in ETA-Graphics

CHEMNITZ UNIVE
OF TECHNOLOGY

e choice: extensity/intensity S—
e choice: reversible/irreversible e s N

[] Conserved quantity

e input of transport laws for HIGESiTLe T —
Energy flux dE/dt at contact 1A [kgaiamoy ]

ene rgy an d eXte nSIty Energy flux dE/ dt at contact OA K(T LA-TO&)
Flux of extensity dX/dt at contact 1A |(K(T1A-TOA)/T1A
e here: Flux of extensity dx/dt at contact 0A (KT LA-TOA)/TOA

@ q calculated automatically

£ = K(T1A — TOA) e
W|th T].A = TH [0 %o total encrgy

Active time during cycle ® B # of total cycle time

and TOA = -riH ow
T A—

Intensisty at contact 1A T1a

Intensisty at contact 0A ToA
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General facts
Example

Novikov-engine in ETA-Graphics

CHEMNITZ UNIV! ETA*GI’aPhICS
OF TECHNOLOGY

File

Create a system B

Add Subsystem
Add Interaction

Solve for

Calculate

Messages

Interactions

N T e I iy oUEa B e T I e i
A [1+0 [T1a+T0A S | - 1A-T 0A) KT 1A-TOAY

Carrier flux Fram Carrier flux To
(KT1A-TOA)T1A |(KT1A-TOA)/TOA
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CHEMNITZ UNIVERSITY
OF TECHNOLOGY

File

ETA-Graphics

al facts
Example
Novikov-engine in ETA-Graphics

Create a system

Add Subsystem
Add Interaction

Solve for

Calculate

Messages

010 system 2

T

LT T

Interactions

_Beite |_cune e

A

R FromTo | mersites | iy 3
[0 |-

TLA=TOA

Energ Tlux From
Toa)

T LA-TOANTLA

e

lo=2 TE

\S [ —

Carrier flux To
(KT 1A-TOA)/TOA
oBJTE
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FEE

CHEMNITZ UNIVERSITY
OF TECHNOLOGY

e direct heat
contact

« TB=T,

General facts
Example
Novikov-engine in ETA-Graphics

ETA-Graphics

Extensity X

Interaction type

Energy flux dE/ dt at contact 0B
Energy flux dE/ dt at contact 2B
Flux of extensity dX/dt at contact 0B

Flux of extensity dX/dt at contact 2B
Dissipated energy

Active time during cycle

Intensity type
Intensisty at contact 0B

Intensisty at contact 2B

-

Entropy § |v|
[] Conserved quantity|

[~]
@® q calculated automatically
Ca=
(8] E % of total energy
o) H % of total cycte time
® B
‘Tempenlur! T -
TE
TE
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al facts

ETA-Graphics Sl

CHEMNITZ UNIVERSITY Novikov-engine in ETA-Graphics
OF TECHNOLOGY

File
Create a system [<]

Add Subsystem
Add Interaction
sowefor [ | A

Messages
3 10 system ©

a LT T -

Interactions
T [ =i || T ||
A (120 [T1a-Toa
GRS i) 5
C [3-0 we N

AY KT IA-TOANTIA |(KT1A-TOA)/TOA
o8 I cEJTE
[wemc [ mc

s | e || e e || G e
KT LA-T 04) IK(T1A-TO, K(
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al facts

ETA-Graphics Sl

CHEMNITZ UNIVERSITY Novikov-engine in ETA-Graphics
OF TECHNOLOGY

File

Create a system

Add Subsystem
Add Interaction

Solve for n
Messages
010 system 4 =
0
B
< LT T <]
Interactions
No.|_From-To | Intensities | Extensity] Color | Energy fux From Energy flux To Carrier flux From | _Carier flux To
A |10 TLA-TOA 5 I (TLAT0A) KTIA-TOA (T1ATOANTIA (KT1A-TOA)/TOA
B [0-2 i3 5 a8 aB/TE
C [3+0 we L e MC MC
D |04 WD L WD MD MO

Katharina Wagner ETA-Graphics




General facts
Example
Novikov-engine in ETA-Graphics

ETA-Graphics

BEE
.. K(103-T18) 10a-15)
[

K (ron min T

ap . LTOR T TE
Ton

s
[ Catcutae Pawer and Erncy_| T Plotpawervs. Eficiny

e e equation system — consisting

e of the balance equations of

{oa - T1x V8, ToA - VT1x V1B |

{rnat < (VER VIS, s < 122 58 V55 o) the engine — is solved

e performance measures are
calculated and plotted

01 oz 03 0a 05 08

Warnings
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E General facts
A Example
NIVERSITY BTt Novikov-engine in ETA-Graphics

CHNOLOGY

Results for

TS
K (TOA - T14) (TOA-TE)
WETOA
(-TOA + TLA TE
a6 -
Ton

o - e

%
Ncatcutare rodgr ama emaeny_| ot Fower vs Ericiency

. Solutions

== K (TOA - T1A) (TOA - TH) H

{op - KTOR-TU (103 T) e solutions of the
Ty . K (-TOA+T1A) TB equation

TOA

o e system

wamnings
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General facts

A Example
ETA-Graphics q G R .
CHEMNITZ UNIVERSITY P Novikov-engine in ETA-Graphics
OF TECHNOLOGY

Results for

| s i ] = = ™.
Sotutians
¥ froa_maa) ron e,
o - LTI 0n 1) i
@, Bz €q uations fOI’Z
o s w0
T T e efficiency and
T e
B power
R
[ron - vis 4] EFficiency, Pawer e maximum
T0A - TB
s I on
Frmaxt = ¥ power
[t 2 (TOA - T12) (TOATB)
Fo- TOR 11
o . o efficiency at
“r {TOA—I*'\/TlA +/TB , TOA -/ T1A VTE]
) . I maximum
{Pmaxl ~ k(112 «+/T8 )", Pmaxz -~ k (T1a-2 VT1a +/TB +'I‘BJ]
o]
o T A TB J[T1a /1B power
M {nmaxl 5 | nmax2 - }
B 1A AfT1a
T
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ETA-Graphics

Example
Novikov-engine in ETA-Graphics

Solutians
K (TOA - T14) (TOA-TE)
WETOA

"
@ TaA

s

K(-TOR + T1A) TR

e power-

Catemata

Emciency, Pow
10a -8

Power vs. Efficiency

Power

efficiency-
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,,,,::"” foia| 0,20 10.29,0,17} graph
J{:*_:‘-Aﬁ 015 //,. '\\ e values for
AR e ‘ points of
e | . . maximum
o) LES Too 0.1 0.z 0.3 04 0.5 1] faeney
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m efficiency



al facts
Example
Novikov-engine in ETA-Graphics

ETA-Graphics

CHEMNITZ UNIVERSITY
OF TECHNOLOGY

Novikov-en

File

Create a system

Add Subsystem
Add Interaction
Solve for [MDWD,58 |

Messages
Lo system 2

[

< | T Y |y 1

D

Interactions

No. [ From>To [ Inmensities | Extensity| Color | Energy flux From Energy flux To
A |1+0 T1A-TOA W (KT LA-TOA) KT1A-ToA

(KTIA-TOANTIA |(KT1A-TOAN/TOA

0+2 B [ B

Carrier flux Fram }» Carrier flux To
K

cBJTE

30 we e MC

B
C
D |0+4 (WD (WD MD
£ 12 T1ET2E W [KLeak(T1E-T2E)  |KLeak( E-T26)

MC
MD
(<Leak(T1E-T2E)/... |(KLeak(T 1E-T2E)/.
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E General facts
ETA-Graphics Sempl

Novikov-engine in ETA-Graphics

CHEMNITZ UNIVERSITY
OF TECHNOLOGY

Novikov-en

Satutions

K [T9 - T13) (T0A-T8)
wp -, X ITOA-TIR) (TOA-7B)

e same power as
without leak

o different
efficiency

Calcutate Pawer and Efficiency | Flat Puwes vs. Efficiency

Efficiency, Powes
K (POA - 1) (TOR -7}

e loop in the
power-
= S efficiency-

0,00 s Efficiency
4

» 00 0.1 0.2 0.3 o graph

Warmings
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CHEMNITZ UNIVERSITY .
OF TECHNOLOGY Conclusion and Outlook

Conclusion a

ETA-Graphics ...

...is capable of supporting the user in easily creating and
analyzing endoreversible systems.

Possible enhancements of ETA-Graphics:

e possibility to export the solutions to Mathematica to do
further calculations

e extension to more dynamical systems
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