Nl EUtech
Il Scientific
A Engineering

Thermolib

Thermodynamic systems library

Introduction and Applications

Release 5.0

5.0.0.2/5.0c
© EUtech Scientific Engineering GmbH Dennewartstrasse 25-27, 52068 Aachen, Germany www.eutech-scientific.de Phone:+49/241/963-2380 Fax:+49/241/963-2389



Nl EUtech
Bl Scientific
A Engineering

Introduction

Thermolib ...

.. is a Simulink® library for modeling and simulation of
thermodynamic systems.

.. focuses on modeling and simulation at the systems level
=> simulation for control.

.. provides seamless integration with The MathWorks tools used for
Model-Based Design and rapid control prototyping.

.. fills a gap in The MathWorks products suite —
engineering thermodynamic modeling.

MathWorks
EUtech Scientific Engineering GmbH is member in
The MathWorks Connections program. —E<l
Pariner
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= Examples
- Power Plants (Combined Cycle, Forced Circulation, Solar Thermal)
- Fuel Cell Venhicle
- Ammonia Production
- Heating Installation
- Air Conditioning
- Reforming Process
= Architecture
- Special features
- Command line functions
= How does Thermolib integrate into The MathWorks tool chain?

= Summary
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Systems that can be modeled ...
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Example — Combined Cycle Power Plant
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Example — Combined Cycle Power Plant

Flow scheme
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Example — Combined cycle power plant

Simulink Model with Thermolib blocks
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Example — Forced Circulation Boiler
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Example — Forced Circulation Boiler

Flow scheme
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Example — Forced Circulation Boiler

Simulink implementation using Thermolib
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Example — Solar Thermal Plant
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Example — Solar Thermal Plant

Flow scheme
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Example — Solar Thermal Plant

Simulink Model with Thermolib blocks
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Example — Solar Thermal Plant

Solar Collector
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Example — Solar Thermal Plant

Configuration Simulation Results
1. Effective area of solar collectors: G0 P PP ABEE =il
18,000 square meters. . T oo
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' s | = | = | s |
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R R B E e
The position and the west orientation is I e e B T
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use active tracking of current sun position e s e s e 7w 3
to maximize input power. frepee L
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Example — Fuel Cell Vehicle
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Example — Fuel Cell Vehicle

Overview
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Example — Fuel Cell Vehicle

Electrical Power Supply
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Example — Fuel Cell Vehicle

Fuel Cell modeled with Thermolib
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Example — Ammonia Production
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Example - Ammonia Production

Flow scheme — Main loop
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Example - Ammonia Production e
Engineering

Flow scheme
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Example — Heating Installation
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Example — Heating Installation

Flow scheme
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Example — Heating Installation

Simulink Model with Thermolib blocks

Heating Circuit
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Example — Absorption Heat Pump
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Example — Absorption Heat Pump

Flow scheme ﬁ
e Qe pegiifier
Qout |r :
: Seperator ,
i |
' = |
' ) |
' |
Condenser | |
|
|
|
| .
Expansion | LA |<:ZQ'“
alve | T |
|
|
| N
|
e _____388 _______ B
Evaporator Absorber
Pump -
— —/ V'V V-

gl

© EUtech Scientific Engineering GmbH Dennewartstrasse 25-27, 52068 Aachen, Germany www.eutech-scientific.de Phone:+49/241/963-2380 Fax:+49/241/963-2389




Example — Absorption Heat Pump
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Simulink Model with Thermolib blocks
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Example — Heat Pump

NH;-H,0 — Absorption Heat Pump with Thermolib
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Example — Air Conditioning
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Example — Air Conditioning Example

Flow Scheme
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Example — Air Conditioning Example

Simulink Model with Thermolib blocks
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pmm BFind EFreshAiM Bl in
PFOUQ ﬁsemed ouuetpress.
bcaned PFin2 (-fH] Blower
Conditioned Space Blower
Passenger Cabin
Liquid Separator Heater
Cooler M.
A Mixer I t| o Nr.: 004 t e
Wt‘ - Nr.: 002 aut . o » Ut =
» »
FFoutt adot =] Hz0 Cdot =]
Qdot PFaut
PFoutz ° PFout-;@ PFaut " _’El
) EFi d
PFin reserved E—}_PIFin reserved |5 [ Frin reserved E—>?| " reserved (5]
b
Cooler 21, Heater
Liquid separator
] ]
= [ [ir_cenditont > g lT v "
‘enable er\able
|I|-pu disapleq  reserved ] |I|->?ul-disablad reserved Hw{5]]

Ajr Temperature Controller2

Air Temperature Controllert

[100%% [ [ lode4s

4
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Example — Air Conditioning Example

Results

File Edit Yew Simulstion Faormat Tools

DeEd&E iR+

Madal Setup

starttime: 200
end time: 299
7

[m

7 et Air

Wiet Ajr

<T»

Ready

Heat Load

phi_in

200 400 B00 200 1000 1200 1400 1600
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[ =
[Heatload] et Load
N . <TaTw
Condit = 27315
K=o
| in_Condition] Y
Blower
. / Hr.: 00 ot |
Qdot
aot la=]
PFaut -;@
EFin reserved ;E
rved 2l
Heater
o
u
U
i enable
b u-disabled served "El
Fdl
lAir Temperatugf Controller!
1800 2000
[100%% [ [ lode4s 4
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Example — Chemical Reaction Modeling
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Chemical Reactor

Easy to configure

1.

2.

In

In

Parameterize your reactions:
CH, + H,O «& CO + 3 H,
CO + H,0 « CO, + H,

ThermoLib maintains chemical
equilibrium at the outputs and
correct heat transfer in Simulink®

(J’copco ],(szsz ]3
Po Po
[yCH4pCH4 .(YHzoszo}
Po Po
(ycozpco2 .Lszsz ]
Po Po
Yu,0Pn,0

(ycopw]
'\ Po

© EUtech Scientific Engineering GmbH
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Simulation Results

1ol =l
File Edit Wew Insert Tools Desktop Window Help Y
Ded& k| RAMN®|E|0E O
Reformate gas concentrations
1 T
— CH4
0dr ——— H20]
oaf —CD 4
=07 — Co2
w HZ ]
=
= 0Br
jud
m 06
[
=
o 04r -
5 x/
2 03r 1
02f T 1
0 - - :
100 200 300 400 500 GO0 700 800
Termperature [*C]

Steady state molar fractions
at different temperatures
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Example — Methane Reforming Process L
Engineering

Simulink Model with ThermolLib blocks

IZ1pemosimpleReformingProcess =10 x|
File Edit Miew Simulation Format Tools Help
D& BB & 4|22 p =i | [Noms AREREs REE®
Model Setup
. Methane Reforming Process
start time: 0
iend tirne: 2000
ndot : 0.47TE [ralis] ndat 1 0.4 [rmolss] ndat : 0.477E [mall=] ndat : 0515394 [molf=s]
T:1774.4908 [K] T 461.0327 [H] T:801.0844 [K] T :818.5285 [K]
P : 100000 [Fa) p : 100493 9509 [Fa] p :99993.8217 [Pa] p ;100493 9012 [Fa]
psi CH4 -0 [ psi CH4 : 0.25 [] psi CH4 -0 [] psi CH4 : 0.031465 [
P psi HZO - 0.13953 [ =2 psi H20 075 [ psi H20 : 0.13953 [ ™ psi HZO :0.38331 [
psi CO:0[] psi CO: 0[] psi CO: 0[] psi CO : 0026557 []
psi COZ : 0.0BI793 [ psi COZ 0[] psi COZ : 0059733 [ psi COZ : 0.0858 [
psi H2 1 0[] psi HZ ;0[] psi HZ 10 [] p=i HZ 0 042287 []
psi N2 1 073436 [ psi M2 0[] psi N2 073485 [ psi N2 0[]
psi 02 : 0.055757 [] psi 02 ;0[] psi 02 : 0.055757 [ psi 02 : 0[]
- Heating flow Hr.: 003 outt
Methane Hr.. O out = 9 Pin1 1 2 OUtPUt flow
ol
CH4 Molar flow Simin -
[che votariowe [ o ] | — -
e ] B
e B e o R
n E—
FPFout
E-; FFin E” PFing FFoutz Heat Exchanged with
reserved _"El reserved —P@ Ervviranrnert [
Lambda Burner CH4-Reformer
Methana2 Nr.: 002 Reactive flow
CHA Malzr flowe EMind ot
Prout =S|
HZ0 Molar flows Ejiming
FFoutz
Water E.El
E—b FFin resarved —PE'
Mizer
Ready [100% [ [ |ndess 4
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Example — Methane Reforming Process

Easy Definition of Chemical Reactions

) fc_EquilibriumReactor o ] 4

— Equilibrium Reactor

The Equilibrium Reactor block computes the outgoing flows bus (FE) after s maximum of three reactionz, a
heat exchange with & second fluid and the environment and a pressure loss. Al properties from the
outgoing flowe are consistent. I padicular, they are rezults of a coupled computstion. t iz assumed that
the reactions take place simuttaneously.

Heat exchange with & second media and the surrounding environment is taken into accourt. Three types
of indirect heat exchange are supported. counter flove, parallel flove and cross flovy, For fuither details
see Heat Exchanger.

The Equilibrium Reactor alzo models a pressure loss in both fluids. The outgoing flowy is in chemical and
thermodynamical equilibrium. To achieve a mare realistic model, the equilibrium reactor has a thermal mass
that iz defined az a parameter below:.

— Panel
Enumerator: IDDS j

Flowy direction: ICDunter Flowy j

— Reactionz

CH4 + H2O === CO + 3HZ ;|

H20 + 00 ==» CO2 + H2 ACE

Edlit

ll Delete

— Heat Exchange with Environment and Reactor Parameters
Coefficient of overall heat transter rate DA
a
Initial temperature [K]:
73425
Total surtace [m*2]:
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Example — Methane Reforming Process

Thermodynamic Balancing
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_ A B c D E F G H I 1) K I M N
1 Modelname DemoSimpleReformingHrocess
2 date 29-May-2009 07:55:16
2

Balance Space Port Port CH4 H20 co co2 H2 N2 02 H C o N
4 MName Name Direction |[g] el (gl [g] [g] [e] [e] [maol] [mol] [mol] [mol]
5 TotalBalance 3612,282 -6721,59 |-656,437 |-BB/7 599 |-155,663 |0 127996 |0 0 0 a
& Lambda Burner
7 Input flow in 200 1] ] 0 o} ] ] 800 200 1] 0
8 Input Air in a 0 ] 0 0 1654,576 439,824 0 0 879,648 3309,152
9 | Output Gas out ] 400 o 200 0 1654,576 39,824 800 200 879,648 3309,152
10
11 Mixer
12 Input flow 1 in 200 1] ] 0 1] ] ] 800 200 ] 0
13 Input flow 2 in 0 27,2 ] 0 1] ] ] 54,4 1] 27,2 0
14 Output flow out 200 27,2 0 ] 0 0 8544 200 27,2 ]
15
16 Equilibrium Reactor
17 Input heating in 0 400 0 200 0 1654,576 39,824 800 200 879,648 3309,152
18 Input reactingin 200 27.2 ] 0 1] ] ] 854,4 200 27,2 0
19 Output heatir out 0 400 ] 200 0 1654,576 39,824 800 200 879,648 3309,152
20 Output reacti out 174,8375 0,310976 23,43582 1,726596 77,21384 0 0 854,3996 199,9939 27,19999 ]
21
22 Balance 403,6821 484,4058 -636437 -75,9875 -155,663 ] ] 0 1] ] 0
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Example — Methane Reforming Process

Thermodynamic Balancing
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A
1 Modelname
2 date

Balance Space
4 MName

5 TotalBalance
& Lambda Burner
7
B
9

11 Mixer

16 Equilibrium Rea

22 Balance

B c D E F G I J K & M
DemoSimpleReformingHrocess
29-May-2009 07:55:16
[P BalanceTest.txt - Notepad -0l x|
File Edit Format Wiew Help
ModeTname pemosimplerefarmingProcess |
date 29-May-2009 07:55:16
Balance Space Mame POrt Mame Port Direction CH4 [g] Hzo [g] o [
TotalBalance 3612, 282 -6721. 594 -55€
Lambda Burner
Input flow in 200. 000 0. 000 0.0C
Input Air in 0. 000 0. 000 0.0C
output Gas out 0. 000 400,000 0. 0C
Mixer
Input flow 1 in 200. 000 0. 000 0.0cC
Input flow 2 in 0.000 27.200 0.0C
output Tlow out 200. 000 27.200 0.0C
Equilibrium Reactor
Input heating flow in 0.000 400, 000 0.0C
Input reacting flow in 200. 000 27.200 0.0C
output heating flow out 0.000 400, 000 0.0C
output reacting flow out 174.837 0.311 23.4
Balance 403, 682 484,408 -65€E
Modelname pemosimplereformingProcess
date 29-May-2009 07:55:16
Balance Space Mame Port mame Port Direction [1]
TotalBalance -5259246.225
Lambda Burner
Qdot in -4 605906, 097
mMixer
Equilibrium Reactor
Heat Toss in 0. 000
Energy Thermal Mass stored_start 653340.128
Energy Thermal Mass stored_end 653340.128
Balance -653340.128
4| L |
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Example — Methane Reforming Process

Chemical Media Data

Chemical MediL Data

1
Species CH4 H20 H20-IFg7 ) th Mod =
=} th_ModelSetupbialog o ] 4 |
formula
full_name methane water water |APWS-IF87 — Madel Setup
. . The Model Setup block prepares the Matlab workspace for models that use Thermolib blocks. | loads
Chemical "":";":ta - — — — thermadynamic properties of selected Species from a database into the workspace. These variables
X _D § m fkg/kmolf - - - weill be used by the Thermalib blocks to simulate flowes and calculste thermodynarmic information .
Liquid density [g/mT 422620,0 1,00E+06 1,00E+06
Antonie equation_ A [ 3,9895 5,111 4,5396014 . ) . ' — — )
i :uam“* Z ‘{}T 223028 Teas 253 The source of the database is the chemical media data file, which is & mat file with 5 predefined set
Jra— equﬂmn‘ ¢ H V'D = TET) 7233'7 of variables, The default file iz 'ChemicalMediaData mat'. For uzing the Thermalib balancing
el eI e T S Dmpen'ies i 11'1 5 :_:5‘3 zs:‘s functionality you can give the time interyal, vwhich should be used for balancing. If & model uses only
Evaporation enthalpy [Joule/mole] 311;3 23961 2 239614 a fewe of the media in Species, then in the 'Select Species' panel, the user can select from the left list
Evaporation entropy fJoule/mole-K] 73,36664655 118,7557231 T1507,731428 wehich media will be used in this .model. When loading/running the model, commands, it any, given
Critical Temperatur (K] 130,600 647,300 547,300 under "Load model command" will be executed.
Critical Pressure (Pa] 4,60E+06) 2,21E+07 2,21E+07
Critical Volume [m/mol] 9,80E-05 5,60E-05 5,60E-05
Acentric Factor [] 0,288] 0,384 0,384 — Setup Parameter
Red. De-Broglie-Wavel. [] 559,000 999,000 999,000
Critical Reak-Factor -] 0,288 0,229 0,229 Chemical media data file: FhemicalbﬂediaData.mat . |
Linear Molecule [~ 1 0 0
Dipole Moment [Debye] 0.0 L& 18 Load madel command: '
Eoilng Temperature (K] 11,7 373,2 373,2 oad CompanentData.mat
Inner Rotation [-J 009,0 -3,0 -3,0 . . )
Number of C atoms. £ 1 0 0 Balancing start time [s]: P
Humber of H atoms [-] 4
Number of O atoms (-] 0 1 1 Balancing stop time [=]: Im
MNumber of M atoms [-] 1] 0 0
Mumber of F atoms [-] 0| 0 0
Number of Clatoms [-] 0 0 0 — Select Species
CH4, vapor allowed  liguid allowed Add
Heat ity of liquid (Cp = A + B*T +C*T*2 + D°T*3) " H20, vapar allowed, liquid allowed
A-element [Wmal™] &0 5,081069E+01 5,0B1069E+01 CO, vapor allowed, liquid allowed
B-element [/mal*k"2] 0,000 2,129361E-01 2,129361E-01 CO2, vapor allowed, liquid allowed Edit
C-glement [/mol"3] 0,000 -6,309691E-04 -6,309691E-04 H2, vapor allowed, liguid allowsd
D-element [imol*4] 0,000] £,483055E-07 £,483055E-07 M2, vapor allowed, liguid allowed
_02: vapor allowed, liguid al!:m_ted Delete |
isooctane, vapor allowed, ligquid allowed
Methanal, vapor allowed, liquid allowed
=l
— Model of gas phase
ECQS:  |ldzal Gas d Tlizing rule: IIJ-J Interactions d
QK | Cancel | Help |
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Thermolib — Mixture Handling

Mixture Evaporation
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Thermolib allows multi-component vapor-liquid-equilibrium calculations / flash
calculations

Typical refrigerants in HVAC-systems are mixtures!
Example R407c is a mixture of R134a, R125, R32
DemoTempGlideR407c.mdl demonstrates the difference

L—-

R40TC/pure T-s E@ R40TC/mixture T-s E@
A Plot A Plot
300 300
280+ 280+
260 260
< <
= 240+t = 240+
220 / 220
200 : 200 : :
250 300 350 400 250 300 g 350 400
S [J/mol.K] [3/mol K]
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Interfacing Thermolib with SimScape &
SimPowerSystems
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Interfacing SimPowerSystems with Thermolib

Thermolib Compressor driven by SimPower Machine

A_fluid
P ndot: 1.5 [mols]
= Mixture Source p: 100000 [Fa]
T in out flow Dizplay

Gain [=-wiFrin o

Compressor (mith map)

P_fluid
2 . G0AZ™pi RFhl
M capacitor T #% <Fiotor speed (radis or pu)> @ PFout
-start-run
—— o M

-
@ AC Voltage Source Zingle Phase
fsynchronous Machine

® Simple interface via mechanical torque (Tm) and rotor speed (w)

® Time scales need attention
(in SimPowerSystems typically milliseconds, while in Thermolib seconds)
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Thermolib Compressor driven by SimScape Rotational Elements

Interfacing SimScape with Thermolib

Crivide
#

F_fluid

5}1}‘9 Driving Torque
Ideal Torque Source
(Motan %‘“\Jfﬁ

—3

L=

FY Y

|PS S g
—

Mech. Torque fram Compressor (Hmi
ndot: 1.5 [mols]

—E

TT T: 328 608 [
Mixture Source p: 128676 [Fa)
in out flaw Display

fize0 '
Salver
Configuration L "—‘5‘? F_iluid
@ID B|PS 5 » E0izp0) RPM
s — | F FFout
|deal Rotational Rotational Speed (radés) ®ain E—' FFin info
Inetia Motion S
otan =ensar Comprassor (with map)

® Simple interface via mechanical torque (Tm) and rotor speed (w)
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Interfacing SimScape with Thermolib

Thermolib thermal mass and thermal foundation domain

% FS Constant %
':: (PS5 |
] tl; ] tL Simulink-P5
Converter
Ideal Heat Flow \deal Heat Flow ndaot: 1.5 [moles)
Source Soureed - ] out T:301.435 [K]
1 1 Mizxture Source Odot
0 flowe Display
l Tl (P55 I T_emw info
Salwer A B —
Canfiguration PS-Simulink
Thermal b ass |deal Temperature Converter Thermal hass1
Sensor

$Thermal Reference

® Simple interface via heat flow and temperature
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Architecture ...
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Thermodynamics

Architecture

Key features

= High flexibility by systematic use of engineering thermodynamics
= Easy set up of new components => fast adaption to new processes

= EUtech offers development of customized blocks
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Example: Isobaric evaporation
H20 Molar flow |—|>E|u5 I used input: D * o
. uz ndotT.ppsl 4
_/ T-p-State T 1 [bar
' ETYEE—— =101 x]
File Edit Wwiew Insert Tools Cesktop Window Help o
DSE&| K RAM®|[E | 0E 0O
T-5 diagram
G000 T T
— 1 [bar]
Key features ——— 10 [bar]
SO0 | ——— 25 [har] T
. — 40 [bar]
User accessible fundamental ol 100 foar |
thermodynamic functionality 3
- ‘:‘35 300 1
= build new components 2
= thermodynamic calculations .l '
- 100 1
3 4 s 85 7 8 5 w1 1z 13
Entropy [kdfkg K]
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Command Line
= [hdot,b,c,d,e]=th_TpState('species’,{'"H20"},'T",T,'p',p,'psi',[1],...
'ndot’,[1],'MediaData’,SMediaData);
=] 3
File Edit Wiew Insert Tools Desktop Window Help ~

DNeHaE| raams € 0E e8c

T-s diagram
EDD T T T T T T T T T T
— 1 [bar]
— 10 [bar]
500 | — 25 [bar] .
— &0 [bar]
— 100 [bar]
400 .

300 | -
/
200 F / ]

100 /

2 3 4 5 3] 7 g 9 10 11 12 13
Entropy[kdiky K]

Temperature[*C]
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Thermolib-Addons

Available Thermolib Add-on-Products

= Thermolib-IF97

- Enables high precicision water calculations according to the International
Association for Properties of Water and Steam with industrial formulation of
1997 (IAPWS-IF97)

- Common standard for power plant calculations

= Thermolib-RTWE
- Thermolib real time workshop extensions

- Provides .tlc files and static linked libraries to compile Thermolib models into
standalone applications with the following targets:

= Generic Real Time target, S-function target, Rapid Simulation target, xPC-
target

- (currently not yet available, but coming within 2010).

= Planned 2011: Thermolib-DIPPR801

- Access to standard DIPPR 801 species database to enable simulations with
more than 2000 species (http://dippr.byu.edu/)
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Thermolib
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New features in Release 5.0

Real gas behavior using Peng-Robinson equation of state.

Precise water calculations using IAPWS-IF97 standard available as Add-on
(Thermolib IF97).

RTW-extension available to generate with standalone executable models using
the Real-Time Workshop targets

Thermolib can handle now general flash calculations.
ChemicalMediaData now contain several new refrigerants (R125, R32, ...)

Viscosity and thermal conductivity data available (Reynolds number
calculations)

A general Tank block — outputs configurable “top” or “bottom”
A new Li-Ion cell block models for battery thermal management simulations

Licensing scheme based on software activation available
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Summary

Key features

With Thermolib thermodynamic systems can be easily modeled.

= Based on fundamental engineering thermodynamic principles
= Focused on modeling for control (system level; dynamics)

= More than 40 thermodynamic components blocks

= Handles system hydraulics with pressure feedback

= Extensive thermodynamic balancing

= Customizable database of thermodynamic species

= Completely based on standard Simulink®

= Fully integrates with The MathWorks tool-chain

= Real-time capabilities (Rapid Control prototyping, HilL)
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Summary

Field of Application

® Thermodynamic processes (cooling/heating circuits)
® Thermal Power Plants

® Process Industries

® p-CHPs Systems

" Fuel Cells

® Heat-engines

® HVAC systems

Further information at www. thermolib.de
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Questions?

Contact: thermolib@eutech.de
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