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Introduction

Waste heat recovery or
renewable energies: solar,
biomass, geothermal

Electricity/
mechanical
power

0,30%
0,20%
0,10%

0,00%

Proportion of Engineering papers dealing with
Organic Rankine Cycles on Elsevier

1970

1980

1990 2000 2010

1984

T T T T T T T T
W 0 O N < VW W O N & W W O N
0 00 O O O &) O O © © © «
A OO0 OO0 O O O O O O O
e e = = = = NN N NN NN

2020

500

400

300

200

100




LABORATOIRE DE

KL

THERMO
DYNAMIQUE

Why dynamic modeling?

SR Control aspects

= Time-varying boundary conditions require optimal control strategies
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Why dynamic modeling?

Control aspects

= Time-varying boundary conditions require optimized control strategies

Traditional Control:

R245fa
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Control aspects

=> Start, stop or emergency procedures should be modeled and optimized!

= Performance monitoring

Heat source § guoooiovor Micro-CHP units can undergo
— ( 5 R several ON/OFF cycles per day
QZ_D e X B

Condenser

Cooling . 2 ’
Water ‘
Typical questions: \/

v Control sequence to connect the generator to the grid?
v" Overpressure in case of emergency opening of the by-pass
valve?




g@@g Challenges of dynamic modeling for

ORC systems

1. Thermodynamic properties of working fluids
2. Computational efficiency (speed)
3. Robustness

— Initialization
— Integration
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- The ThermoCycle Library

=] ﬁThermoCyde
=) [~ Companents

E o o v" Modelica: Open-source
pRE—— ‘A language for the modeling

|é|-|‘jumts
+- [~ HeatExchangers
Acausal language
- n’Tank
=) [J] Examples
Cross-Platform
-~ORC_DetailedExpander 5 \

AN

= | e of complex multiphysics
E]—le}cpandersAndPumps o | T ‘ . SyStemS-
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=t ThermoCycle => Open-
s source Library for the
e modeling of thermal

= oy MT systems
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[ZORC_245falnc_TTSE evaporat
! @ [ organicMedum =Media R 245faCoal 2(...)

AN

- 51%0RC_245fa FMU

Lonin : Special focus on

o s thermodynamic cycles

[+ [T TestComponents = . ..
=il v' Computational efficiency
il Ry and robustness are key
B aspects of the library
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] Causal/acausal modeling

M ot

sourcebdot

Example: Expander model

wolumetric_Expande Generator

Inputs Outputs

Mass flow rate
Inlet pressure

Rotating speed
) EEE) - Torque
Outlet pressure
Outlet temperature
Inlet temperature

Inlet pressure
Mass flow rate

Torque _
Outlet pressure ‘ {Rotatmg speed

Inlet temperature Outlet temperature




S Available Models:

"THERMO

SCI Expanders and pumps

v Dynamics of the heat exchangers larger than that of the expansion machine

» not necessary to use a detailed simulation model
» an empirical model is sufficient

£ = Vinax (f - artan (B . [rp — rp’o) —E- (B . [rp — rp’o) — arctan (B . [rp — rp’o)))))

2000 < Nyof < 3600
2<r,<9
0.05257 < &, < 0.7037

gs []

ro [-] -

0.05257
01177
0.1328
N rot 0.2479
0.313

LTl e
PR 0.3781
0.4432

0.5084

| 0.5735

0.6386 -
0.7037

€s [']

Parameters identified based on
experimental data




Available Models:
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; : Cell model: Conservation of mass and energy:
msu mex

hsu Q hex d
hex ! hsu My = Mo = V- dt =V (8h dt  Op dt
, h, p, dp/dh, 1 cenis . : - d
cei dordo [ Ve O = N ()~ M (b D)+ Q V-

Counter flow heat exchangers Cross-flow heat exchangers
- Evaporator - Air condenser
- Recuperator - Radiator (vehicles)

- Peheater ;
id
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DYNAMIQUE Miscellaneous

Solar collector models Moving boundaries heat exchanger model
. Tsf.cxnc\' Tsticx,c\:tp Tst}sukc\:tp Ts:l}sm:\‘
liquid zone i two-phase zone i vapor zone
: | M,
Tl'.Sl].ﬂV Tl'.ﬂll.é\'.tp Tl‘.CX.C\'.tp TI'.CX.G\'
o _ Reciprocating expander
Tanks and liquid receiver Valves and
e Pressure drops
Tank
Valve recipMachine_ PV
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Thermodynamic properties model:
The CoolProp Library
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* Peculiarity of ORC/refrigeration cycles: require external
thermophysical libraries to computes the properties.

* Available in Modelica:
— TILMedia + Refprop
— ExternalMedia + FluidProp
— CoolProp2Modelica + CoolProp

* CoolProp is the only fully open-source solution
e 110 fluids and pseudo-pure fluids

* Transport properties

* |ncompressible fluids and brines

 Mixtures: work in progress

12



Numerical Methods



(46 Computational efficiency:
Interpolation methods

DYNAMIQUE

¢ Elther TTSE or blCUblC FluidProp & StanMix

* Process: Fluidprop & REFPROP
1. Build table (at the first Coolprop, 20 TTSE
property call)
2. Cache table

3. Re-use table for the

following property 00 01 02
calls Elapsed time per property

call from Modelica

TILMedia

Coolprop, with TTSE

0.3 0.4 0.5 0.6 0.7

rackage RZ45faCooll
extends CoolPropZModelica.Interfaces.ExternalTwoPhaseMedium (

mediumName = "RZ45fa",
libraryName = "CoolProp",
substanceNames = {"RZ245fa|enable TTSE=1"});

end RZ245faCoclZ;
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SQThesisModel - ThermoCycle.Examples.Simulations.Plants.SQThesisModel - [Diagram]
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Computational efficiency:
Efficient exogenous inputs
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A7 [ime] v Standard Modelica solution: CombiTimeTable
i * Highly innefficient
* (@Generates events

$

Proposed solution: Smooth Piecewise Polynomial Regression (SPPR):

model SourceMdotl

x <= 54

_ =
el
] then + 0.15 + 7.4856e-18%(x-1)"1 + 3.4646e-06% (x-1)"2-2.0235e-07* (x-:
B elseif
2 x <= 105
i then + 0.15145 + 0.00031053*(x-54)"1 + 4.312%e-06* (x—-54) ~2-1.0544e-0

elseif
x <= 154

. £§ then + 0.16%%3 + 0.00036228* (x-105)"1-3.405%7e-06% (x-105)"2 + 2.15%23e-
3 elseif
] x <= 245
then + 0.18623 + 5.1754e-05%(x-154)"1-1.6837e—-06% (x-154)"2 + 5.1053e-
] T 1 1f
x <= 294

then + 0.18864 + 0.00019294* (x—-249)"1 + 1.202%e-05%(x-249)"2-8.1085e-
elseif
x <= 380
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Robustness:
Initialization
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* Especially important for acausal solvers

* Newton solver can fail to converge towards an initial
solution, especially in complex models

e Importance of start values
* [nitiate simulation with a simplified model

| h... for t<t,. Initialisation
h_—h :
h=ih +{ . “t}-(l+sin{ I;t]) for t_.<t<t, .+At

it

|h1._-m.].- fl.’.'.-"f' t:“ Tlimt'l'ﬂ. t

Time
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S DS Chattering

Density as a Function of Enthalpy and Pressure

Density [kg/m3]

Non-physical flow reversals
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— Density smoothing

Test System:

Source

Boundary counditions before Failure:
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G Conclusions

v" Open-source library of dynamic models

v' Open-source fluid properties library Thermo

v Open-source language THE MODELICA LIBRARY

v’ Proprietary simulation platform

‘ Goal: Use of OpenModelica

v" Ability to run complex ORC models, with very low CPU times and

high robustness

v' However, not ready for an official release yet
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— Further information
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where 8 = p/p.. 7 =T,/T, wd p, is the citical density and T, is the critical temperature
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Experimental study and dynamic modeling of a
WHR ORC power system with screw expander

A. Desider?, M.V.D.Broek®?, 5. Gusev? S. Lecompte®, . Lemort?, .
Quoilin?

*Laboratoire de Thermodynamique Appliquée - University of Litge - BELGIUM
“Department of Industrizl System and Product Design, - Ghent University — BELGIUM
*Department of Flow, Heat, and Combustion Machanics, - Ghent University - BELGIUM

October 7th, 2013

23



