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Background: Hydrogen Power

* Reduce global warming = Sustainable aviation
» Solution: Liquid hydrogen (LH,) + fuel cell

= Higher efficiency than — e
combustion architectures

= No NO, production

= Silent operation
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Background: Fuel Cell

* Fuel cell operation:
2H, + O, — 2H,0

« Oxygen from ambient air

Condition (total*) | Ambient (7.6 km) m

Pressure [barA] 0.447
Temperature [°C] -22.8 90

* Need for air conditioning!
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Background: Air Supply System

How to model this system?
« 3 analysis types:

= On-design —{ Used for sizing

» Off-design -------- T
1 ?
* Dynamic -------- ;

* Requires integrated
design optimization
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Research Question

“How can the air supply system of a fuel cell be
optimized for on-design, off-design, and dynamic
requirements in an integrated way?”
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Methodology: Optimization Structure

« Sequential approach

. . : Steady-state
° D
Modularity = Modelica — §mpay.Desian perameters o
/ y

« Separate libraries:

» Library 1: Steady-state

« On- & off-design combined!

» Library 2: Dynamic
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Operating rangt&\fﬁciencies
2: Off-design

DeSImMECS

Response time, controllability

3: Transient



Methodology: DeSimECS

Design & Simulation of Energy Conversion Systems

 Modelica implementation:

1. Initial: on-design problem

Design/boundary conditions #1

Initial | 1: On-design

Fixed=false parameters

Homotopy for improved convergence

[

Simple

)

Homotopy

4

2. Regular: off-design problem.

Off-design/boundary conditions #2 Regular | 2: Off-design

On-design solution as initial guess

Quasi-steady-state trajectory
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Methodology: DeSimECS

Example: Simple heat exchanger (e-NTU)

...........

Th,i . L

6 ulsi
TUDelft &) &oous



Methodology: DeSimECS

Example: Simple heat exchanger (e-NTU)

A A A A A

Th: @ L e OTh e ATmax
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Tnax = Th,i - Tc,i
Qmax X AT max

Q = ngax
e=f(L,..)
Q X ATh
Q < AT,



Methodology: DeSimECS

Example: Simple heat exchanger (e-NTU)
* On-design:
= Given Ty, Th o, Teis (Tc0)
" Find L
« Off-design:
= Given L, Ty, T, ;

* Find Ty 4, T¢ o

T
“%  Must be
fixed/relaxed!
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Methodology: DeSimECS

. block BoundaryConditionSelector

Example: Slmple heat eXChanger parameter Boolean initial_constraint;
parameter Boolean regular_constraint;

parameter Real ondesign_val,;

 Use Boolean parameters input Real offdesign_val;

output Real value;

to enable/disable boundary Real v_dunmy:

parameter Real p_dummy(fixed=false);

(3()[1(jiti()r155 equation

value = if initial() then
° Works rea”y We” W|th OM' (if initial_constraint then
ondesign_val else p_dummy)
else
(if regular_constraint then
offdesign_val else v_dummy);
if regular_constraint then
v_dummy = 0,
end if;
initial equation
if initial_constraint then
p_dummy = 0;
end if;
if not regular_constraint then

<:> _ v_dummy = 1;
end if;

] : .
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Methodology: DeSimECS

Example: Simple heat exchanger

 Use Boolean parameters
to enable/disable boundary T,.
conditions '

« Works really well with OM!

« Full flexibility for setting up
any set of boundary conditions

Easy for this small example... Te,o
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Methodology: DeSimECS

But for large systems...

 How to keep track of where ¢ | i
Jﬁ e

Iso-butane

constraining conditions are

imposed?
00 Kettle_E._..
0.0 A PY
0.0 0.0
885 0
Solution: Brine Ouft' —

Visualize degrees of
freedom in diagram view!

Cooling water

8%5 R — 00 k..

00c
. bar
: 0.0 i ._0_4%17
i
ss O—— 3= —5
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Methodology: DeSimECS

Key idea: “Neutral’” constraint configuration
 Components show deviation

from neutral within their icon P-m h X #
. Different configuration On 00 O Constraint
between on- & off-design | _number

off . o (-

C
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Methodology: DeSimECS

Key idea: “Neutral’” constraint configuration

« Components show deviation
from neutral within their icon I-né.m _
Ty o, specified
« Different configuration l in on-design
between on- & off-design S
ceee
 Summation must equal ceeep
zero to ensure balance C

pmhX #
L to be :Ooog
designed =

(; ¢ T Propulsion
TU Delft &Pgwer



First Results: Developed Models

Simple heat exchanger ﬂ Outflow
Centrifugal compressor:

Inflow

-

source: cnctvar
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https://www.cnctvar.cz/products/compressor_impellers/

First Results: Developed Models

Simple heat exchanger
Centrifugal compressor:
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First Results: Developed Models

Simple heat exchanger
Centrifugal compressor:
* Meanline (0OD)

» | umped values at boundaries @
IZtl
Ttl —
m
3 .
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First Results: Developed Models

Simple heat exchanger Fluid model (p,h)

Centrifugal compressor: i — preim AL Velocity
_ M = poCom Ay triangles

* Meanline (0OD) / J

= Lumped values at boundaries hig = hyy = Q (Racp2 — Ricor)

= \/arious loss correlations L hey = Repis + Al 1oss
|

— Aht,lOSS — Ahbl + Ahsf + .-
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First Results: Developed Models

Simple heat exchanger pTz'Dltz,z
Centrifugal compressor: @ RER
* Meanline (0OD)

= Lumped values at boundaries @

= Various loss correlations Dt11 —
« Multiple non-interacting Peiz

stream tubes (1D) S

= Under construction...
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First Results: Proof of concept

Centrifugal compressor + heat exchanger

1. Determine heat exchanger T
length to reach desired outlet VYA
temperature AL

= Compressor design given!

2. Perform off-design analysis to
construct compressor speed
line at design speed

z |
TU Delft & Power



First Results: Proof of concept

Centrifugal compressor + heat exchanger

1. Determine heat exchanger
length to reach desired outlet
temperature

= Compressor design given!

2. Perform off-design analysis to )
construct compressor speed
line at design speed
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First Results: Proof of concept

Simulation converged!

Simulation of TestingModelica.NewDe...ompressorHEXOffDesignTest finished. Cancel Simulation ﬁ Open Output File

Compilation Output

The initialization finished successfully with 2 homotopy steps.
v ##% STRATISTICS ##f
v timer
0.0256057= reading init.xml
0.0047762s reading info.xml
0.0030028s [ 0.0%] pre—-initialization
0.216058=s [ 2.32%] initialization
0.01leg81l7= [ 0.2%] steps
4. 31le-05= [ 0.0%] =solver (excl. callbacks)
0.0125315=s [ 0.1%] creating output—-file
0.405307=s [ 4.4%] event-handling
0.00%9%8759=s [ 0.1%] overhead
8.58765s [ 92.8%] simulation
9.2513%s [100.0%] total
» events
» solwver: esuler
The simulation finished successfully.
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First Results: Proof of concept

Results
1. For given design & boundary QO = 21 kRPM

conditions: L =4.3m

— Simulation
® Experiments

2. Reference data from NASA
High Efficiency Centrifugal |
Compressor (HECC) [1] Bre o]

= Loss correlation parameters
must be chosen appropriately!

46 48
g m [kg/s]
TU Delft \. Propulsion [1] NASA Technical Report ID: 20180001471
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https://ntrs.nasa.gov/citations/20180001471

Limitations

Current “issues’:

1. Jumping between
on- & off-design
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Limitations

Current “issues’’:

1. Jumping between
on- & off-design

= Extended homotopy
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Limitations

Current “issues’’:

1. Jumping between
on- & off-design

= Extended homotopy

2. Incremental streamtube
refining method not
possible
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Limitations

Current “issues’’:

1. Jumping between
on- & off-design

= Extended homotopy

2. Incremental streamtube
refining method not
possible
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Conclusions

v' DeSImECS ideal for combined on- & off-design modelling.
v Visual indication of degrees of freedom

v’ Strong foundation for integrated optimization
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Future Work

« Additional component models:

= Turbine
» Detailed heat exchangers
= Valves

 Initial optimization framework for steady-state
* Development of dynamic library
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Thank you!
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