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Contents of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxmarles for
Future Vehicles: Fuel Cells and Energy Management

4-WPO06: Alternative Fueled Powertrains and Energy Consuming Auxiliaries for Future
Vehicles: Fuel Cells and Energy Management

Coordinator of the WP .
ﬁ?w <

Czech Technical University in Prague, Faculty of Mechanical Engineering, Prof. Ing. Jan Macek, DrSc.

Participants of the WP

Charles University, Faculty of Mathematics and Physics, Prof. Mgr. Iva Matolinova, Dr., SKODA AUTO a. s. Dr. Ing. M.
Hrdlicka, MBA, Brano a. s., Ing. Pavel Juricek, PhD.

Main Goal of the WP

The current WP considers powertrains and components in fuel cell (PEMFC) design and implementation in vehicles for long range using e
renewable fuels, suitable for ICEs at emerging markets, and hybrid drives. Moreover, Heating, Ventilation and Air Conditioning (HVAC) / !_?
systems are optimized for low outlet cooling liquid temperature.

In the former item, experiments and simulations are focused on air- and hydrogen loops including pressure boosting and hydrogen
storage aiming at increase of a FC power density without too significant reduction of efficiency. Bipolar plate materials and design are
investigated at specimens trying to find light and corrosion resistive materials with sufficient shape variability. In the latter item, an
optimization of HVAC for powertrains with low waste-heat sources and needs for intensive cooling (e.g., during battery charging) is
done. Heating and cooling is realized by switching flow using the same components in HVAC circuit. Different refrigerants/heating
media are under investigation. The main goal is the use of CO,-neutral energy sources for vehicle powertrains, optimized
according to their purpose.
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Deliverables of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries
for Future Vehicles: Fuel Cells and Energy Management

Obligatory 4-WPO06 Deliverables (1 Gfunk, 2 Fuzit, 4 R-software) :

4-WP06-001: Simulation of highly humid air expansion R-software CTU FME+CU FMP

4-WP06-002: Hydrogen recirculation ejector for PEM FC Fuzit-Registered model (Uzitny vzor)
CTU FME

4-WP06-005: Short FC stack with opened cathode Gfunk-Functional specimen (funkcni vzorek)
CU FMP+CTU FME

4-WP06-011: Equipment for electrochemical measurement of gas permeability Fuzit-Registered
model (Uzitny vzor) CU FMP

4-WP06-007: Tools for design and control of hydrogen production unit R-software CTU
FME+Brano

4-WP06-008: Model of advanced HVAC systems for BEV and PHEV R-software CTU FME+Skoda
Auto

4-WP06-010: Tools for local optimization of selected HVAC layouts during trip realization. R-
software CTU FME+Skoda Auto
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Deliverables of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries
for Future Vehicles: Fuel Cells and Energy Management

Programme National Competence Centres

Obligatory 4-WPO06 Deliverables of "Other Results” type:

4-WP06-003: Auxiliary air-loop device for using pressurized air exhaust at PEM FCs with
electrically driven air compressor CTU FME+CU FMP

4-WP06-004: Analysis of possibilities for using expanded air at air-loop outlet for FC cooling
CTU FME+CU FMP

4-WP06-006: Bipolar plates with opened cathode CU FMP+CTU FME /

4-WP06-009: Layouts of HVAC systems for BEVs and PHEVs. CTU FME+Skoda Auto
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

. . o Coordinator of Year
Time plan and list of activities in FEFEFOV 4 — WP 06 -
Activity 2023 | 2024 | 2025 | 2026
L
001 | 4-WP6-001Simulation of highly humid air expansion JFT\;I‘EMace"' cTu YE< YES > No No
. . . . . - Jan Macek, CTU
002 4-WP6-002 Hydrogen side recirculation ejector design and description for patent EME YES YES YES No
004-5 4-WP6-003 and 004 Pressure boosting of PEM FC at air-loop side (2025) and cooling Jan Macek, CTU YES YES YES No
(2024) FME
005-6 4-WPO_6-005 and 006 Design and realization of short sta_lck with three 100cm?2 fuel Iva Matolinova, UK YES YES YES No (‘L?‘
cells with opened cathode on the base of carbon material MFF /%g
4-WP6-007 Simulations of power requirements and pressure cylinder filling process for | Jan Macek, CTU
007 design of H2 production unit. FME No =S = No cvut
. . Jan Macek, CTU e
008-9 | 4-WP06-008 and 009 Possible HVAC system layouts with heat pump for BEV/PHEV EME YE YES No No
4-WP6-010 Optimization of HVAC system layouts with heat pump for BEV/PHEV Jan Macek, CTU .
010 . o : . : . No No YES No
based on implementation into vehicle models including trip control FME .
T A 7 N g S
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for ‘
Future Vehicles: Fuel Cells and Energy Management

4-WP06-001: Simulation of highly humid air expansion
Algorithm and de-bugging - final code in MS
Excel and harmonized with GT Suite

Humid gas at FC outlet: air excess 1.8; pressure
140 kPa; x out 19.5%

Humid gas at FC outlet: air excess 1.8; pressure

70 000 140 kPa; x out 19.5%
60 000
50 000

40 000

possibilities: 150 000 ¢ §
. & 30000 15% o
* pressure-temperature dependence with 140 000 E / o 5
water condensation according to local — 130000 10000 o
partial pressure of saturated steam 5 0 Tt 0%
. . . . 5 120000 80000 90000 100000 110000 120000 130000 140000 150 000
 involvement of irreversible increase of ‘- pressure [Pal
entropy inside a turbine due to total_to_total o Saturated steam pressure at T Saturated specific humidity
. _ " Specific humidity for steam eeeee Specific humidity for liquid water
turbine efficiency (w/o exit loss) 1o e i ' ' o
90 000 140 kPa; x out 19.5%
150 000 o 1.40
Turbine total-to-static efficiency was corrected 80 000 140000 130
. . 270 290 310 330 350 3 130000 120
to outlet velocity change due to condensation Temperature [K] T
. . . . o 120000 \ 1.10
Of Water - denSIty Increase Of humld alr Pressure [Pa] Pressure w/o condensation [Pa] :?3» 110 000 \—— 1.00
mIXture. & 100 000 0.90
New tabulated data approach, collecting 90,000 0.:80
the pre-calculated results of differential P oe om0 10 1o im0 1m0 200
equation integration expansion of humid specific volume of gas/water mixture [m3/ke}
gas and interpolation in data by Pressure [Pa] Pressure w/o condensation [Pa] O kappa
regression model has been developed. ___§
6
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-001: Simulation of highly humid air expansion

o Differential equation associating pressure — temperature changes with derivatives of enthalpy and

T A
R

-

SpECIfIC humldlty and turblne IrreverSIbIe adlabatlc Change Rankine-Kirchhoff Relation for Saturated Steam Pressure
120 4
oh__ oh_n-x s
ap o7 " _oT n-1x-1 100 1 P
ar 1 _oh 1 _oh o |
p op p op ~
§ 60 1
e Derivatives are found from " o]
oh 1 (dh,, ox dah r , e
oT I1+x [ a’;cy " 8;(hﬁzo,s_hﬁzo¢)+xs (d_;_cp,HZO,L]_'_XCp,HZO,LJ:Cp‘ ” =
0 L= o —& @ . . . . )
% X 8( h, — hL) ) he —h, ox, R} he —h, ox, 270 290 310 :ES] 350 370 390
op I+x op I+x op I+x oOp dpsat y ( ) [ \ O Experiment AKO+HKAT+KZ'InT) A AOAITHAZINT+ATT) |
. . . — pv - psa Vi + - psa Vi
e E.g., detailed derivatives are Xoss_lsoy _dT vl _dr T
or Th20 (pv _psat,v,i)

8/71,’, _ 1 dhdry,v,/ N dXv,S,/ (/7 _h .)+ Y thZO,S,v,/' —c X _c ‘T
67' ] +XV dT dT H20,5yV,i H20,L,i V,S,i d7— p,H20 v-p,H20 p
a)(V,S,I' ( _ h )
aXv,s,/ . Ty iy Dsatr i . ah” _op H20,5v,i H20,Ly,i
= > ; -
ap rHZO (pv - psat,v,/\, ap =
oA Q ;ﬁ\‘(}t;fw e,
OF MECHANICAL  STEAAE .
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxmarles for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-001: Simulation of highly humid air expansion

e stage efficiency (at mean diameter) —total-
static - depends on ¢,

e polytropic exponent may be used for finding
irreversible “heat” from entropy change usin
Cm

pOl

0001
g8 ‘?
p ~6e
00 @ 5 |
Po
R C2 R ;
P e ks
h Olrel-02rel -, Nllo J“
% W,
A 2 71 ;F /E Ahy,”'
_56 AhL0 S—lSR u_l u_2 Ah ST UZENI TECHNICK
877\ | m ok “
Ah® P P 24 — AN - ~Neren = Nerer _ .
: B o e = T(ds,, +ds, . )=dH-Vdp
. 02s P, 2
? 2 Ar.ll(_)oss'?_ 1
257250 \LJ/I S /7 irr, dlsd T Tds .
Ahin =2
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Activities of Work Package 4-WP06 Alternative Fu .

dwertrains an  on:

m

Fuzit-Registered model (Uzitny vzor)

Lay-out of Ejector Circuit

e 01 — acceleration to N1 — mixing to O2 — diffuser
to O3 — pressure loss in small channels of an
anode — hydrogen delivery to anode O5 with
pressure loss against cathode base pressure —
additional pressure loss/static pressure recovery
to 05-1 - 01

e Additional diffuser effect of hydrogen leaving to
FC anode is considered downstream of 04.

e Losses in pipe bends are added to wall friction
losses.

e Pressure at the end of the circuit has to be at
least equal to circulating gas inlet to a mixing
chamber (acceleration of flow required for good
ejector efficiency).

Future Vehicles: Fuel Cells and Energy Manaqemfm
for P

4-WP06-002: Hydrogen recirculation eje

Selection and testing of
suitable simulation codes
already available in MS Excel

TURBO-
v13_PEMFC_v11_30kW.xlsx;
Ejector_v6.xslx)

Significant improvement
of Inlet_scroll_v21.xl
for variable density an
new zones of angular

momentum conservation

Inlet to nozzle ring  ===r 2 of external scroll rl of external scroll
r 00 of external scroll ==r 2 of internal scroll —e—r 00 of internal scroll

—r1 of internal scroll ~ —e—r impeller

-200.00

C

‘CRS-
Qe
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-003: Auxiliary air-loop device for using pressurized air exhaust at PEM FCs
with electrically driven air compressor

4-WP06-004: Analysis of possibilities for using expanded air at air-loop outlet for

FC cooling
Analysis of possible principles including COMPREX/HYPREX — already

published in USA 2004 (it cannot be patented), but potential possibilities of
electrically driven pressure exchanger with cheap steel or aluminum rotor
(low temperature of gases) and suitable humid gas recirculation C
Selection of simulation codes already available in MS Excel '
TURBO-v13_PEMFC_v11_30kW.xlsx;
Ejector_v6.xslx;

Warming-up of humid gas with high water contents - cooling effect
Simulation tool GT Suite using the results of 4-WP001.
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for

Future Vehicles: Fuel Cells and Energy Management .

4-WP06-003: Auxiliary air-loop device for using pressurized air exhaust at PEM FCs
with electrically driven air compressor — examples of simulations

Heat Rate
Electrical Power 700
_ o Stack Temperature
4 = tecriealPower—FC Eficleny - 70 650 |
4 65 68 | 600 -
3.0 - 60
66 550
- 55 4
500 |- ~N
25 4 50 64 |
1 45 450
s 20 L 1 40 F g 62 r g 400 | — heat rate flow volume: 01
= > & —heat rate flow volume: 02
5 35 S B 60 - 2 — heat rate flow volume: 03
H 2 3 5 350 |
5 g £ o — heat rate flow volume: 04
15 730 w S sl 4 0 heat rate flow volume: 05
25 £ 300 - heat rate flow volume: 08
1.0 20 56 |- 250
118 200
54 |
0.5 H 4 10 /
150 |- |
1s 52 | ]
100
0.0 I I I I I I 0
o A A . s 10 12 50 I I | I I I I I I I I I
Time [s] 0 1 2 3 4 5 6 7 8 9 10 " 12 13 50 |
Time [s]
0 I
0 2 4 6 8 10 12
Time [s]

Transient results of PEM FC simulation in GT Suite: Electric power and FC efficiency during operation mode defined by
anode stoichiometric ratio 1.3 and cathode stoichiometric ratio 2.1 in GT Suite
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for

Future Vehicles: Fuel Cells and Energy Management

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel
cells with opened cathode on the base of carbon material

B{10:1)

- Material technology
selection and design
of bipolar plate
specimens,
manufacture of the
first type and
preliminary testing. _ >

- Analyzes of possible y
solutions using Epoxy .
resin-nanographite
composite materials.

Graphite bipolar plate used in FC stack with straight air channels and serpentine hydrogen channels

- Papelr on preliminary lva Matolinova — Presentation 4-WP 06 — 005 and 006
results.

Toa O oY -
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for

Future Vehicles: Fuel Cells and Energy Management
4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
cathode on the base of carbon material

Fuel Cell Bipolar Plates Based on Epoxy Resm/Graph/te’ ,_

{ Fillers ‘ Hardener Epoxy Resin

_I_EE; Experimental
: |—|— |
| \
sk S L,,Jl Pressure: 1 to 10 kN process Of
Temperature: 90-95°C
.............................. o e polymer
M(i;ci_ng_andﬂ - \ Post-curing CompOSIteS
R = m 100°C for 5h
,-""Fillers dispersed on\‘\\ / Hot press compressmn \ Polymer composnte
\  epoxyresin / moldi=-= ‘

T FACULTY ;"Yﬁjij ] 'j':}
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management
4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with
opened cathode on the base of carbon material

Programme National Competence Centres

Technical

problems

1) 2) Curing 4) Post curing

conditions

3) Demolding

Homogeneity conditions

Technical problems for the fabrication of polymer
composite bipolar plates

T FACULTY *’.t"?’é}
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for

Future Vehicles: Fuel Cells and Energy Management
4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
cathode on the base of carbon material ] - g L S

TEGth.%drye _ ] TEGth.%wemthod _ 1) HOmogenelty e >

Programme National Competence Centres

Differences between dry and wet mixing of components:

* Composites prepared using dry methods tend to demonstrate
more defects throughout the bulk material and exhibit chunks
of unmixed epoxy, compared to those prepared using wet
techniques.

500 um g,-_,,’"‘_ T,

SEM cross-section pictures

SG 60 wt.% dry method SG 60 wt.% wet metho
- - = <

e

* The usage of acetone improves the dissolution of the epoxy
resin prepolymer and hardener, facilitating a uniform coating
of the filler surface with a fine layer of prepolymer. This
process not only increases the amount of filler but also
improves its distribution within the matrix.

Za DP 4 Jan Macek, CTU in Prague
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
cathode on the base of carbon material
1) Homogeneity: Differences between dry and wet mixing of components

b . C
a)101__ )___Dry p—— 10? The electrical conductivity is affected by the
] e Wet method [ type of method, showing one order of

magnitude higher values for the polymer
composites prepared by the wet technique.

0|
1071 "

S
Electrical conductivity (S cm™)

Electrical conductivity (S cm™)

-
o
N}
I
T
—
A

5 1IO 1|5 20 60 65 70 75
TEG content (wt.%) SG content (wt.%)

gl

UCENI TECHNICK
v
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Future Vehicles: Fuel Cells and Energy Management

Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for =

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
cathode on the base of carbon material 3) Demolding: release agent vs. teflon paste

Base of hydrocarbons, C7-C9, isoalkanes * High viscosity, good lubrication properties, good = ‘
Compatible with all standard resins and gel-coats, electrical resistance properties. S
polyester, vinylester, epoxy etc. * Good resistance against acids, bases and standard
All standard tool surfaces; epoxy, PU, polyester, vinylester, ¢ solvents - except fluor components. PTFE Paste ‘
aluminium, stainless steel, glass, etc. * Temperature stable from -30 to +290 °C < ‘
Suitable for use in elevated temperature curing processes T
up to 175°C

EASY-LEASE

CHEMICAL RELEASE

<cn

Zman

2Z2=
&

5g

Mm3

@

e

=
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Flexural srength (MPa)

Bozek Vehicle Engineering National Center of Competence __
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
cathode on the base of carbon material 4) Post curing: mechanical properties

[ |Flexural srength
[ |Tensile strength

A M
- 40

The epoxy resin post-cured at three conditions:

-

* the highest flexural and tensile strength observed for
epoxy resin post-cured at 120 °C.
while at 150 °C the tensile strength is good enough,
the flexural strength is deficient.
* a similar effect happens at 200 °C, however, the lower
10 value is for the tensile strength.

Tensile strength (MPa)
[ ]

. e
e
2

ER120 ER150 ER200

Sample
ER120 Post-cured at 120 °C for 3h 73.7 33.3
ER150 Post-cured at 150 °C for 3h 36 32.12
ER200 Post-cured at 200 °C for 3h 23.74
e ST 19
TN02000054 o % Page 19 Za DP 4 Jan Macek, CTU in Prague [N
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management
4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened

cathode on the base of carbon material .
Technical problems

Programme National Competence Centres

Solutioh Solution| Solution Solution

— =120 °C for 40 min = PTFE paste == 120 °C for 3h

Solutions to the technical problems for the fabrication of polymer composite bipolar plates

Grinding n
Epoxy Resin
Fillers } { Hardener ) \ Prepolymer /{ Acetone ¢ T Poiymer composite
= =: Ompressmn
. j ji\ dlspersmn DW'“E i moldmg _ Post- curlng
¢ e e o B I
— 24-48h 100 kN, 120 2, 1202C, 3h

TN02000054 Y (e Page 20
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for

Future Vehicles: Fuel Cells and Energy Management

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened

cathode on the base of carbon material Design of bipolar plates with opened cathode
B(15:1)

1,72 10

Programme National Competence Centres

20

Mold design for
pressing bipolar plates

2200

H-H(1:2)

7

g,

N

U

Za DP 4 Jan Macek, CTU in Prague
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4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
cathode on the base of carbon material  Pressing bipolar plates with opened cathode

P ’\\L\ A 150 g of mixture powder: NG 90% + Epoxy 10% (epoxy resin prepolymer + hardener)

|

TN02000054 . - B D oy Za DP 4 Jan Macek, CTU in Prague



Bozek Vehicle Engineering National Center of Competence rane)

FAKULTA Bozek 2024/Mobility Sympo November 19 2024, CTU in Prague  materias &

STROJNI : gL
¢VUTV PRAZE Programme National Competence Centres

Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
cathode on the base of carbon material Development of the new electrochemical method for measuring gas

permeability of PEM fuel cell components

Gas permeability importance in fuel cells
Membrane
* Transfer protons from anode to cathode Gas pressure
Maintain electrical insulation difference

Bipolar Plate

* Provide mechanical support "

» Distribute and remove reactant/product T "o

" 8

. gd?lf;:iietzial connection * Trewiecand d?stribute o ’ Flow under

s ‘Prevent fom coosion . Tmflsf{:r and dl§mb}1te mechanical forces pressure
* Maintain chemical inertness difference
* Transfer and distribute water

Gas Diffusion Layer Galvanicand

* Provide mechanical support Catalyst Laver magnetic

*  Transfer water ¢ Transfer protons balance

¢ Transfer gas * Transfer reactant gases to catalyst surface

¢ Transfer heat *  Transfer and distribute water Trace gas

*  Provide electrical conduction * Provide electrical current passage analysis S
* Provide reaction sites for ORR or HOR =

Gasket/Sub-Gasket
¢ Prevent gas mixing
Provide mechanical support
* Maintain thermal stability
* Maintain chemical stability

Catalyst Coated Membrane

* Transfer and distribute MD/TD forces

*  Avoid electrical short circuit and
maintain gas tightness

* Maintain mechanical & chemical stability

ChPTs,
N =5
FACULTY o -
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Volumetric
analysis
Electrochemical
double cell
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
cathode on the base of carbon material Development of the new electrochemical method for

measuring gas permeability of PEM fuel cell components

Programme National Competence Centres

Argon bubbler

=== ——  Experimental set-up

|«+— Counter electrode
Pt wire

Reference electrode
Ag/AgCl >

Liquid electrolyte
H,SO, 0.5 M

Working electrode
— -
Specimen to test

Gasin

=
1
s 5
— ,_‘—-A \.
A
WK
5%
=
3

Gas pressurized chamber

Release valve

Digital manometer X
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
cathode on the base of carbon material Development of the new electrochemical method for

T T T T .
30 60 90 120 |

measuring gas permeability of PEM fui
8
Results
6 -
4 -
27 ﬂ 1 bar
2 - =1 bar
Hydrogen oxidation reaction 120 180 240 300 360
time (min)

0

-

£
27 Oxygen reduction reaction
-4 B | ' 1 ' | ' 1 ' | | '

0 50 120 180 240 300 360 42(

time (min)

. - . time (min) -
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for

Future Vehicles: Fuel Cells and Energy Management
4-WPO06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
cathode on the base of carbon material Development of the new electrochemical method for

Equations and assumptions measuring gas permeability of PEM fuel cell components

|
Faradays Law | = ——

The coefficient of Diffusivity (D) is

Fick’s Law ] = @ (C CO)/' obtained

thickness

. volume of gas at STD - thickness
Permeabilit (é ):
4 area - time - pressure drop

rate
Assumptions:

¢ The gradient of concentration goes from the pressurized chamber to the top of the catalyst layer.

/

% The concentration of gas on the catalyst is zero = the catalyst reacts with all the gas molecules.

L)

% The pressure drop in our case is the pressure we applied.

=
[y 5
(N
N2 &
o N\
S /N5 &
S O H
o e ©
il = /I~
A
o, SE,°

=t

UCENI TECHNICKE
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for

1.8x10°%

1.6x107° 4

4.0x107

3.5x107 4

3.0%107 1

2.5x107 4

2.0x107 ~

1.5%107

1.0x107 -

5.0x1070 <

Future Vehicles: Fuel Cells and Energy Management

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
cathode on the base of carbon material Development of the new electrochemical method for measuring gas permeability

H, with 0.4 mg cm™ Pt

* H,with 0.2 mg cm? Pt
H, with 0.1 mg cm? Pt
Linear fit

of PEM fuel cell components

Treated results

Permeability at different catalyst loading

T T T
4x10°  5x10°  6x10°

T T T
1x10°  2x10°  3x10°

= O, with 0.4 mg cm? Pt
= O, with 0.2 mg cm? Pt I

= O, with 0.1 mgem? Pt L
Linear fit o /
/,».

/’/./’

T T T
4x10°  5x10°  6x10°

P (Pa)

T T T
1x10°  2x10°  3x10°

Diffusion coefficient at different catalyst loading | Permeability H, O,
1 4x107 - Oxygen diffusion coefficient (Std cm3cm st
' : Hydrogen diffusion coefficient cm2 Pal )
— 1.2x10% 4 -
D . F I
N; 1.0%1075 - 0.4 mg (::m'2 Pt 1.5E-1O 3.4E-11
S {1 7
g 80x107] © 0.2 mgcem? pt | 1.3E-10 3.1E-11
E . Fuel Cell Technical Team Roadmap U.S. 01 mg cm2 Pt 1.2E-10 2.9E-11
4.0x107°
© Department of Energy (2017)
& ()
3 DOE target of the H,
E | o -
8 . permeability for bipolar plates
T >
2.0x10° T T T T T T T T
010 015 020 025 030 035  0.40 2E-6 cm3 cm2s1pPal
Catalyst loading (mg cm of Pt) i
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
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4-WP6-007 Simulations of power requirements and pressure cylinder
filling process for design of H2 productlon unlt
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- 20 pressurized tanks divided into
several sections

- Hydrogen tank volume 360 |

- Initial hydrogen storage pressure
380 bar

- Filling of hydrogen utility track —
6x360 | at 350bar

- Simulation of pressure tanks
warm-up during filling

Dolecek V., Hatschbach P, MOBILE HYDROGEN FILLING STATIONS. .

55. mezindrodni védeckd konference zamérend na vyzkumné a

vyukové metody v oblasti vozidel a jejich pohond, TU v Liberci, 2024,

ISBN 978-80-7494-711-7, p. 100-110

14

Mass Flow Rate (g/s)

15l ; o “ 3
;- —
P | NS

C

TN02000054 Lt (emm Page 28

N2

Mass flow rate

—H2_Tank-zasoba—H2_Tank-plnena-1—H2_Tank-plnena-2
—H2_Tank-plnena-3—H2_Filled_amount

12 +
10 +

o (o] N E=N [¢] (o]
T T T T

.0

L 120
115

g
' =
>0
o
£
T( | 10 :
(o]
T
E"F k5
105 =
L

: : 0.0

0.5 1.0 15 2.0 25 3.0 35 4.0

Time [min]

Temperature rise
—H2_Storage—H2_Tank-plnena-1—H2_Tank-plnena-2—H2_Tank-plnena-3

Temperature rise [C]

N

05 1.0 1.5 20 25 3.0 35 4.0

Time [min]
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for

Future Vehicles: Fuel Cells and Energy Management

4-WP6-007 Simulations of power requirements and pressure cylinder
filling process for design of H2 production unit

The filling station is not equipped with compressors, it is
necessary to have a pressure gradient between the tanks and
the vehicle.

This configuration is not able to utilize complete storage
capacity. A certain residual pressure remains in the tanks, if the
vehicle is filled to the target pressure.

The division of storage into sections and usage of cascade filling
affects the residual amount of hydrogen in empty storage.
Sections can have different configuration. The number of
sections increases the complexity of the management and
increases the cost of the solution.

Number of refuelings could increase substantialy.

Tlak (bar)

Tlak (bar)

600.00

500.00

400.00

300.00

200.00

100.00

0.00
600.00

500.00

400.00

300.00

200.00

100.00

0.00

0.0

/

/

50.0 1000 1500 2000 2500 300.0 3500
Hmotnost v zdsobniku (kg H2)

——SEKCE 1
——SEKCE 2

SEKCE 3
—SEKCE 4

——SEKCE 1
——SEKCE 2
SEKCE 3
——SEKCE 4
SEKCE 5
SEKCE 6
—SEKCE 7
= SEKCE 8
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for

4-WP06-009 a 008: Model of advanced HVAC systems for BEV and PHEV

- elaboration of typical layout of system for
starting simulation with organic fluent
R1234 was finished last year

- Using collaboration with Skoda Auto and
debugged model, the focus has been
changed to preferred CO, (R744)

- The software result was developed |
especially for better approximation
of heat exchanger features with
compact, low-Re elements.

Future Vehicles: Fuel Cells and Energy Management .

% _ Refrigerant circuit
gl

[

5 | 1O

i

It

v

h
T o=

S
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-009: Model of advanced HVAC systems for BEV and PHEV

- Model has been tranformed to new B
coolant R744 (CO,) 1

- New compressor model (designed for |
R744) fed with measurment data from B
Skoda Auto

- Battery cooler bypass added to allow for
more precise temperature control of —_ b
battery module, and its partial uncoupling \*\E] —
from cabin requirements during air
conditioning (summer) operation

- Reciever dryer removed -> R744 circuit is
transcritical

gl

co @ e R E v‘\("‘:\gu e &
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for

Future Vehicles: Fuel Cells and Energy Management

4-WP06-009: Model of advanced HVAC systems for BEV and PHEV

mmmmmmmmmmmm

- When using R744 the system J | ® T *
is capable of maintaining N 1" )
required cabin temperatures .l 1" RN
during WLTC drive cycles =] | 1% . ; / 1.

- Operation during high-speed TN T ‘5 " _
charging still poses i NIV P oy
challenges for R744 VIR P ‘ ol

- HeatPump performs better for || |, Al
cooling operation whichisin =~/ |
accordance with the used A T
medium. m e ow w [1?'00

TA N 5
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-009: Model of advanced HVAC systems for BEV and PHEV

- New compressor control adequate for
R744 operation => compressor is
regulated to maintain optimal discharge
pressure

- Simulations of R744 show lower stability,
specifically the Expansion module, causes
divergent cases => this is dependent on
chosen initial conditions (stable simulation
should be invariant to initial conditions).

- Optimization planned to the next year
requires stable operation. | | | | | | | |

- Inadequate simulation of compact m
heat exchangers — new SW prepared o
to bridge this gap.
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-008: Model of advanced HVAC systems for BEV and PHEV

Model is critically dependent on good
simulation of compact heat
exchangers, often equipped with heat
transfer enhancement and different level of

tsz _tBl —P

L —La _ R:&

tAl _tBl

tAl _t|32 _(tAZ _tBl)

lg, —Tg Ca

Colty, —toy)=KS
B(Bz Bl) In(tAl_tBZ)_In(tAZ_tBl)

|

=

HJL,T-———QA
nnnnnn

-

alr
~ R1 JUUbUuUuL

mixing among flow threads. The goal of R- 1-P

In

SW result is focused on this challenge. v= 1-RP

Real combined flow HE has to be corrected to mixing :
and changing countercurrent — cross — parallel flow I s l
patterns.

R )

1-RP

Correction countercurrent cross-flow: for A with full

mixing crossing the flows of B in n serial cross-flows If R=1:y = P

and full mixing between them. Example for n=4. n(P-l)In(l-In(1+ (P )D
ni1-P

n(1-R)In 1+é|n

Instead of integral corrections, Finite
module HE model has been prepared.

T A e?(’w :
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-008: Model of advanced HVAC systems for BEV and PHEV

T r // Finned surfaces,
—— combined cross O\ ) 1
" and parallel or :30%5\ b
80 , countercurrent ~ ) £2L
/ L flows along pipe §§§\ /gi 22
& r bunches or §§§\ =
= 1 turbulization and N ~ie :
boundary layer .
reducing
J measures mix
flows from

individual finite
modules. These
effects have to
be considered in

| the model. Examples of finned surfaces Kays W.M., London A.L.:
Compact Heat Exchangers. McGraw-Hill, New York 19

&7

<c
m
z
-
m
0
T
z
n
=

35
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Future Vehicles: Fuel Cells and Energy Management

4-WP06-008: Model of advanced HVAC systems for BEY and PHEV
Finite module HE model

Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy.Consuming-Auxiligki

Space position of a finite module: Three indices - coordinates for any thermal

7’.

module QA, QB of either A or B fluid, namely k ... 1-K, m ... 1-Mand n ... 1-N 4 / /

Three types of interface modules:

« external EM with defined position of inlet(s) — start of flow progress
coordinates either a or b=1 — and outlet(s); possible change of direction

of flow and pre-defined mixing among connected passages OAL11
« internal IM connecting passages in the direction of flow progress

coordinate and pre-defined mixing 0AL2n
« thermal wall module (not drawn) between any QA and QB module of the /™ Zzll ~— | 22 |TQBLZN

same coordinates: thermal module considers the direction of both
passages in contact, i.e., parallel, countercurrent or cross flow as defined
by hand.

Two “planar” coordinates define the position of passages for A and B; the
position in the passage is defined by flow progress coordinates a or b assigned

to the remaining space coordinate in direction of flow and the number of
passage.

Flow progress coordinate a or b increases by 1 passing Q module (EM or IM)
and if limit of space coordinate, i.e., K for A or M for B is reached, the passage
number is increased by 1 .

),

" Scheme of a Finite module HE model and it

<c
m
z
=
m
a
z
=
A
=

finite modules
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-008: Model of advanced HVAC systems for BEV and PHEV: Finite module HE model

Matrices k*m*n of thermal modules — QA at higher temperature fluid A, conduction in solid wall and transmittance QW and QB of lower temperature fluid B are available. QA, QW
and QB are connected for the same space coordinates but the temperature inlet connections from previous QX are still missing.

For QA, kis assigned to the flow progress coordinate a by passage number p, (=1 for the first passage from EM inlet to the first EM return)
k =if p,is odd then a-K*(p,-1) else p,*K+1-a
and IM or EM modules can be assigned to a along A passage.
For QB of the same k and m, flow coordinate b must be found. Starting with passage p,
m = if pgis odd then b-M*(pg-1) else pg*M+1-b
Having assigned m to QBs, the connections along B passage can be found and QB can be connected using b coordinates with IM or EM at the ends of B passage (reaching m=1o0
m=M) as presented schematically in a picture.

Programme National Competence Centres

4 )

QA a—k,m,n

\

=

(o]
<
c
-

IM or EM 555)(:‘ vvvvv E

k,b+1 —,n with

connections to other
QB k,m—b,n ’. k,m’,n’ IMs and mixing
, or pg=pg +1 if m=M or
- End if EM outlet has been
reached
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Con
Future Vehicles: Fuel Cells and Energy Management

4-WP06-008: Model of advanced HVAC systemis for BEV and
PHEV: Finite module HE model ..

Tested heat exchanger 3*3*3 - v
multiple cross flow 2 o
i T [T T
o B nnn COOIing air e 131 231 331 332 232 132 133 233 333 i \}\‘
Temperature at Cooling Air Inlet to Modules WATMFR oW minletRow2 ®inletRow3

70.00

60.00

O 50.00
o

0.00

1,31 231 331 332 282 132 133 233 333

Temperature [
N w oy
o o o
o o o
o o o

mIinletRow1l m®InletRow2 mInletRow3
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4-WP06-008: Model of advanced HVAC systems for BEV and ABA
PHEV: Finite module HE model > = A
Tested heat exchanger 3*3*3 countercurrent cross flow : n el

Temperature of Cooled Water - Inlet to Modules A

e A ... cooled liquid o .. n: o

e B ... cooling air
86.00

84.00

82.00

80.00

78.00

0

Mass Flow rate [kg/s]

2
=
1] iz
B
H
®
gRE
{ [y
2

76.0f N /
hread1 WThiead2 mThread 76'1,1 / ?”,1, v / ? .
ing A ing A Le=Wa=M*AW, Jhs
MFR of Cooling Air Inlet to Modules B Temperature at Cooling Air Inlet to Modules B B A A \
0.4 45.0 QN2 1]
0.35 40.0 = = —V
';' AS
ED 0.3 %.—).35.0
30.25 :30.0
0 5 250 »
501'5 200 X L O
o g 15.0 ¢
(]
g 0.1 = 10.0 o Q
0.05 5.0 d
0 0.0
A S S NN NNNNN NN mOaoaaoaoaaa e dHddd o dHd AN ANNNANNNN MMM MMM oMM m
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mMFRpos.1 MMFRpos.2 mMFRpos.3 minletTemp.-pos.1  mInletTemp.-pos.2 M Inlet Temp.-pos. 3
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Fulfillment of goals and deliverables of 4-WP06 Alternative Fueled Powertrains and Energy Consuming
Auxiliaries for Future Vehicles: Fuel Cells and Energy Management

Current State of Deliverables and Fulfillment of Goals

e Deliverable 4-WP06-008: Model of advanced HVAC systems for BEV and PHEV R-software CTU
FME+Skoda Auto due till 6/2024 4-WP06-008: Model of advanced HVAC systems for BEV and
PHEV R-software CTU FME+Skoda Auto fulfilled by development of Heat Exchanger Finite
Module code Heat_General_Model_v10.xlsx (currently 64 modules, 2 MB) in connection with
GT Suite models for R744

o Deliverable 4-WP06-001: Simulation of highly humid air expansion R-software CTU FME+CU FMP
elaborated as a regression model based on integration of differential equations for adiabatic irreversible
expansion or compression as ExpansionHumidGasPEMFC_v3.xlsx (3.6 MB) for connection with in-house
turbine, ejector and heat exchanger 1D models and with GT Suite.

o Deliverable 4-WP06-011: Equipment for electrochemical measurement of gas permeability Fuzit-
Registered model (Uzitny vzor) CU FMP achieved.

The general goal, holistic approach to development, assessment and optimization of

new powertrain components according to needs of industrial partners (Skoda Auto,

and newly PBS Turbo and Garrett Advanced Motion) are fulfilled.
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Deliverables of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries
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4-WP06-001: Simulation of highly humid air expansion — R SW
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management
4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened

cathode on the base of carbon material 4-WPO06-011: Equipment for electrochemical

Utad primyslového viastnictvi

zapsal podle § 11 odst. 1 zakona &. 478/1992 Sb., v platném znéni, do rejst Cllopms; 97355 P 3002024 m e aS u re m e nt Of g aS p e r m e a b I I Ity F u Z i t-
poms— = Registered model (Uzitny vzor) CU FMP

Programme National Competence Centres

~ s MPT: G 01 N 15/08 (2006.01)
Nézev: Zafizeni pro elektrochemické méfeni propustnosti plyni
Cislo Majitel: Univerzita Karlova, Praha 1, Staré Mésto

LEANCAT s.1.0., Praha 7, HoleSovice

3 79 5 5 Plivodce: Mgr. Yurii Yakovlev, Ph.D., Praha 9, Stiizkov
Mgr. Alina Madalina Darabut, Praha 9, Libefi
Yevheniia Lobko, Ph.D., Praha 9, Stiizkov

prof. Mgr. Iva Matolinova, Dr., Zdiby, Brnky
prof. RNDr. Vladimir Matolin, DrSc., Zdiby, Brnky

electrochemical method for
measuring gas permeability of
PEM fuel cell components

£
g
E
S 15| &
SO
o

'V Praze dne: 25.06.2024 Za spravnost:

Jiff Voracek
oddélent rejstifl

Ufad priimyslového vlastnictvi v zdpisném fizeni nezjistuje, zda predmét ufitného vzoru spliiuje podminky
zpiisobilosti k ochrané podle § 1 zék. & 478/1992 Sb.
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Deliverables of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries
Future Vehicles: Fuel Cells and Energy Management

Finite Module for Heat Exchanger Model suitable for HVAC, waste heat and cooling systems

4-WP06-008: Model of advanced HVAC systems for BEV and PHEV

Finite modules are prepared for
— heat transfer and friction pressure loss module, separately for fluid Aand B... QA, QB
— heat conductance and transmittance in thermally connecting modules for separating walls Q W, assigned to Q A and Q B by spa
position
— external interfaces EM (inlets, outlets and change of flow direction with adjustable mixing);
— internal interfaces IM defining connections from/to other finite module with adjustable mixing.

Modules Q connect high temperature fluid A, wall W and low temperature fluid B. Heat transfer is governed heat transfer coefficient a
both Q A and Q B modules together with Q W mean temperature difference; geometry of heat transfer surfaces is defined in them an
criterial relations Nu=f(Re, Pr, geometry, ...) or St*Pr=f(Re, geometry) are used for heat transfer coefficients. Friction pressure loss is
determined at both sides for A and B. Fluid material data are determined for mean temperature from Q W and mean pressure.

flow CR — it can change along the same passage in connected modules).

Modules EM and IM define connections between either Q A or Q B modules. Transversal connection of Q W modules (heat conduction
along flow splitting wall) is up-to-now not considered. Modules EM and IM use enthalpy conservation for adjustable mixing of flows fr
different passages/channels; local inlet pressure loss is predicted; material data are calculated for local temperature and pressure.

Input of inlet MFR or inlet velocity and temperature in EMs may consider non-uniform flow field at inlet.
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Programme National Competence Centreems

! 0100 —
4-WP06-008: Model of advanced HVAC systems.for BEV.and- - Sam =
- = 0037 §; = N . *3<m%%?;:* Alsose*
PHEV: Finite module HE model - L NE E e :
0030 S
e Heat transfer using St, pressure drop using C; b ol | el ]
i ogj N 1 \-sssr INTERPRETATION
4r,m e k :
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FIGURE 12. Plain plate-fin Surface 11.94T
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4-WP06-008: Model of advanced HVAC systems for BEV and PHEV: Finite module HE model

Single Cross Flow
High cooling efficiency considers high temperature decrease,

which is the goal in some cases only — e.g., for compressed air
cooling. Highest thermal flux needs low cooling efficiency, which

80% 12

70%

5 ©_ v ensures high temperature difference between A and B.
o ° ® 5 —e—eta_cool: =06 Example of test cases with mixing rates for A and B, R=B/A ratio
o $ oL of thermal capacity rates (changed by A or B or both) and the
0% 2 TN lowest temperature of B. AR
o . —&—Q°: Ntu=0.6 0% 250 000

therm. B templ

0 1 g
R . rate ,/'\ Mixing rates 200000 =
. . . . . - = S — ° =
Cooling Efficiency for Typical Automotive HE 2 e -——e---e--=% 1500 5
: : : : : Z % g lATR — E
Single cross-flow typical for radiator (primary air-to- ° . therm.rat 100000 Z
. = g % . g
liquid underhood cooler). Countercurrent cross-flow 5 o
typical for larger compressed air — liquid intercoolers, s 2%
although air-to-air single cross flow is used for car 2 o 0

. A0%; A0%; A0%; A0%; A0%; A0%; A0%; A0%; Basic:
and truck engines, as well. BO%: BO%: BO%: BO%:; BO0%; BO%: B15%: B30%: A10%:
35°C;R 35°C;R 35°C;R 35°C;R 15°C;R 35°C;R 35°C;R 35°C;R B30%;
130% by 100% by40% by B40% by A  27%  27%  27%  27% 35°C;R
BandA BandA 27%

—_— Q ==@==Total Cooling Efficiency ===@===Total Heating Efficiency
FACULTY
TN02000054 ¢ w &2 Page 45 ENGINEERD —e— Relative Heat Flux =@ = Enthalpy flux for B [W]
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Deliverables of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries

for Future Vehicles: Fuel Cells and Energy Management

=KDYZ (685>0;G85; ((@L_L_A*@K_lam_A/@Re_A+(1-@L_L_A)*@K_turb_A/@Re_A*@exp_turb_A)*@L_d_H_A*Max_Pass_A+@zeta_A)*1/2000%@rho_A*@u_A"2)

4- WP06 008: Model

co

fv

of advanced HVAC systems for BEV and‘P

HEV: Finite module HE model -

CTU IN PRAGUE

1 From-Miding 1 Inket Outlet
-
m atlble with ﬁA an = R= are
| [ - ]
r TOTTol 0T T TOTTol 0T T TV T ™ T ST TR Tor e
Const. Nu/St turbA Const A turb Loml Const. Nu/St turbA Const Aturb 0.021 0.021 0.021 m 0.021 0.021| Const. Nu/St turbd Const At
Const. NuwSt lamA Const Al
L] * * - * * * * Const. NwSt A Const. N
|€St€d different heat exchangers 3*3*3, code written for 4*4*4, 8*2*2 etc
I I [] StorNuA Stor .
Heat Transfer Coeff. A alpha A
Thermal resistance A res A
IFl aA
;:-A Pressurfeoled II l I Id Pressure Loss respecting parallel passages A klama - 2 0.048 0.045 0.0485 Pressure Loss respecting parallel passages A klama
H Wi f 2 turb ie Kturb A - H 0.048 0.045 0.0485 Turbulent friction cosficient Kturb A
2 Exponent for Re dh turbulent flow expturb A - 1 0.045 Fezssesnase 2 Exponent for Re dh turbulent flow expturh
Localloss ze1aA - 2 0.048 0.045 Localloss zeta A
Weight of . it of Laminar koss - ht of laminar loss LLA
=_| Jregss t:s;too I I I a;l r Pressure loss delpA P2 BY HAND -single passage delpA
I, m, n 2B pB 1t n 1t
7| QB GeometryB - total HE D..inside pig D, F.... AW, madule “ F F F Geometry B - surfaces per single module
B Inner Diameter if applicable for B dE m 00 F J dE m ! 0.007 0.007 0.007 Inner Diameter i applicable for B 4B
39 |PATTERN Distance between Finsif applicable forB delF B 00 m & delFB m 2 0.003 0.003 0.003| Distance between Fins if applicable for B del FB
0 Width of Fins if applic able for B WLE m 25 - & Q WLE.de0WE m 3 0.250 0.250 0250 Width of Fins per module W L for B WLE"
3 Fin Thick TFE m o014 A > a TFE m 1 0.0010 0.0010 0.0010) Fin Thicknessif appcable for B TFB
2 Fin Height from Tube Base if applicable for | HF B m 01 = ] HFB m pB 2 0.010 0010 0.010 0.010 Fin Height from Tube Base if appicabie for B HFE
@ o o
33 | LODE-01 Flow CrossSection B AB m2 01 Kk : . AB m2 a B— L11E42 L11ED2 0.011 il Fiowe Cross Section of Module B AB
: g @
4 | B93EHD Hest Transter Suriace B SB mz2 331 SB m2 Passage B 1 331E01 33101 0.331 Heat Transfer Surface B SE
EE single pipe B aB m 05 aB m MAXK B 3 6.86E-02 6.85E-02 0.085 3 Wet Perimeter B 0B qL g
® B dHE m od ABg / / dHE m MAXM B 3 0.004 0.004 0.004 E] Hydrauic Diameter B 4 HE v%
7 LB m 0 LB .dellB  m MAXN B 0100} 0033 0.083 0.033 3 Channel Length per module B \
2 o
® Mumber of Pipes along L B NCB 14 ABa l ; I d NCE - MAKAB 3 10 183.8 1.000 3 Number of Fipes along del LE per Module B NCB
» Mumber of Channels slong WL B NRE B.00 Le=Bs=M*AB. NRE - El El 9.000 9 Nurnber of Channats along WL B per Module NRB
00| 880425 Hegt Transfer Surfacs of Fins B SFB m2 31 SFB m2 Heat Transfer Surface of Fins B SF3 év UT
01(0.329792 Heat Transter Surfaca of Pipesinist B SDB m2 013 7 SDB m2 Heat Transfer Surface of Pipasiiniet B SDEB
[\H] Total Number of Fins at Length LATorB N_F B 00 m 4 N_F B - 20.0 Number of Fins at Length del L A for Module B NFB
o2 Total Number of Fipes B DB B.000 DB - Total Number of Fipes B for Module NDE CESRE UYEOKE
o Characteristic Dimension for Re andNuB | XB m o  AWg XE m 0.004 0.004 i UCENI TECHNICKE
= / — = V PRAZE
o5 of 131 ] 132 [ 1 B |
08 | I I ]
a
o8 3 Inlet Position: k,m,n MAXM .. N 3 14.68%
] 3 outlet Position: k,m,n MAXKorl 7.3
Inlet B Module Coordinates...k.n L 0.3134 0.3458 0.3134 0.3554 0.3458 0.3134 0.3458] 0333 M Mising EM: MFR
1 Outlet B Module Coordinates ... k,n 11 03134 -L0D0D -L0DDD -1.0000 -1.0000 -1.0000 -1.000D) Mizing EM: MFR
12 Mixing EM: Enthalpy 5279 5825 6289 6934 5742 5435 5533 6288 Mixing EM: Enthalpy
13 ||-1', ing IM/EMJEIM™ ", int M Mixing EM: Enthatpy 5454 -1 1 -1 1 1 -1 1 Mixing EM: Enthalpy
14| PATTERN Reference Fluid Properties 1/0 Pos. Reference Fluid Properties 43.8) 110 Pos. Reference Fluid Properties
15 Liquid L, Gas G B (low) =B Liquid L, Gas 6 G [ 3 G B {low) Type B Liquid L,
16 (B gk Specific Gas Constant B B kg/K 287.000 2870 287.0 287.0 ific Gas Constant B B
17 Liquid Density 792K B hoBL kg/m3 Liguid Density 792K B hoBL kgim2 1000.000 1000.0 1000.0 1000.0) Liquid Density 298K B meBL
18 ‘Specific sobaric Thermal Capacity 238K B cpB ref Mgk ‘Specific Isobaric Thermal Capacity Z38K B cpBret Meg/K 4200.000 1003.1 1003.1 1003.1 Specific lsobaric Thermal Capacity 238K B CpBref
13 3 A kappa B cpAcvA kappa B - 100.000 1401 1.401 1401 cpAvA kappa B
Dynamic Viscosity 258K B staBref  Pas Dynamic Viscosity 298K B ata B raf Fas 0000  180E05 LB0EDS  LEDELS Dynamic Viscosty 258K B ta B ref,
21 Thermal Conduc thity ref B tamibda B ref Wim/K mal Condur thity ref B tambda Bref Wik 0682 257E02 257e02 3 s7e0d| Tharmal Conducthty ref B tambda |
< > m Graphs Outlines be
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Current contribution of 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

Assessment of the Contribution of Deliverables

Commercial outcome consists in a support of the innovations at all industrial participants, involved in the
subproject WPs, and patents. It will be reflected in final development of products in the year 2025 and the
following ones.

The close links are between FACME WPs focused on DASY 3-WP08 (Heat Exchanger Finite
Module code Heat_General_Model_v10.xlsx) and boosting devices 3-WP05 and 3-WPQ6,
together with battery vehicles research 3-WP03.
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topné/klimatizacni systémy v letech 2023-2025

Pokrocilé topné a klimatizacni systémy pro bateriova mi vozidla

CVUT FS + Skoda Auto — R1234 a R744 AR
’ @ & - f- Model vyméniku tepla s kone€nymi moduly pro
"""" respektovani miSeni i sméru proudu
T o€ |

EAR] QATTA -
T Am ~ws, ,.:« < o SZ, K ?é 7 Le=Wa=M*AWx
“ 11:“% ‘ Do i /

Odezva
systému "
i . béhem |
=t - WLTC 3 E
T crag | E
g - \‘ 1.

Nova elektrochemickad 1
metoda méreni
propustnosti plyn{

Vyrobni technologie pro
neomezené tvarovani
bipolarnich desek

Rozdily mezi suchym a vlhéenym
misenim sloZzek kompozitu

) CACD

Vysledky 4-WP06 Alternativni hnaci jednotky a energeticky narocna prislusenstvi vozidel: Palivoveé cIanky
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{_Fillers (Hardener} :iEpoxy Resin )

10 15 20
TEG content (wt %)

Pressure: 1 to 10 kN

Temperature: 90-95°C

0 85 70
SG content (wt %)

Oven \

\_ 100c /

%

‘ﬁme 10 minutes

1 [ Post curing

Electrical conductivity (S o'

2
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Results of 4-WPQ06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for Future Vehlcles
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Advanced HVAC systems for BEV and PHEV Finite module model of a heat exchanger — internal
— CTU FME + Skoda Auto — R744 and external mixing, new heat transfer elements
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Appendices to 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for Future
Vehicles
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Future Vehicles: Fuel Cells and Energy Management

Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
2) Curing conditions: Differential Scanning Calorimetry

cathode on the base of carbon material

DSC thermograms of the epoxy resin system (prepolymer and hardener):
* inits unheated state:

- sharp endothermic peak at 46 °C corresponding to the melting temperature (Tm) of the
prepolymer

- smaller endothermic peak around 65 °C attributed to the melting temperature of the
hardener. - broad exothermic peak around 150 °C is assigned to the curing reaction. The onset of the
curing reaction occurs around 80 °C, with completion at temperatures exceeding 200 °C.

* after heating at 150 °C for 5, 10 and 30 minutes:

- glass transition temperatures (Tg) at different heating times: Tg (5min) = 36 °C, Tg (10min) =
44 °C, Tg (30min) = 105 °C, indicating a significant improvement in the glass transition temperature with
extended curing time.

- after 30 minutes of heating (green line), the absence of an exothermic peak suggests
complete curing of the polymer.

The curing reaction begins at 80 °C, reaches its peak at 150 °C and is fully completed after 30 minutes at
150 °C.
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains e Ciondes Pew FCofnominaloutputof S63
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel
cells with opened cathode on the base of carbon material
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Steps of the process Fuel Cell Bipolar Plates Based on Epoxy Resin/Graphite
. * Polymer
= .
Study the kinetic p : N = aanieher hs composites
reaction of reparation of Characterlzatlon_ of :
polymers by DSC polymer composites polymer composites < (Ia bo ratory
v scale)
=
e Fuel cell
. station’s

Preparation of
polymer composite
bipolar plates

Test in the fuel cell
station
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Electrical conductivity Fuel Cell Bipolar Plates Based on Epoxy Resin/Graphite
2) - ey
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0 =20p" ((l) — (l)c) where o is the composite conductivity, @, is theoretical filler conductivity, ¢ is filler volume

log o = log oo+t log(cb _ (l)c) fraction, @, is the critical filler volume fraction, tis the critical index of conductivity.

1 S. Kirkpatrick, Rev. Mod. Phys, (1973).
2 R. Zallen,"The Physics of Amorphous Solids" (1983).
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Future Vehicles: Fuel Cells and Energy Management

Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
2) Curing conditions: Differential Scanning Calorimetry

cathode on the base of carbon material

DSC thermograms of the epoxy resin system (prepolymer and hardener):
* inits unheated state:

- sharp endothermic peak at 46 °C corresponding to the melting temperature (Tm) of the
prepolymer

- smaller endothermic peak around 65 °C attributed to the melting temperature of the
hardener. - broad exothermic peak around 150 °C is assigned to the curing reaction. The onset of the
curing reaction occurs around 80 °C, with completion at temperatures exceeding 200 °C.

* after heating at 150 °C for 5, 10 and 30 minutes:

- glass transition temperatures (Tg) at different heating times: Tg (5min) = 36 °C, Tg (10min) =
44 °C, Tg (30min) = 105 °C, indicating a significant improvement in the glass transition temperature with
extended curing time.

- after 30 minutes of heating (green line), the absence of an exothermic peak suggests
complete curing of the polymer.

The curing reaction begins at 80 °C, reaches its peak at 150 °C and is fully completed after 30 minutes at
150 °C.
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened

cathode on the base of carbon material 4) Post curing: mechanical properties

—ER120

_ ——ER150
3000 +

2000 4

Storage modulus (MPa)

1000

T T T T T T T T T T
-50 0 50 100 150 200
Temperature (°C)

ER120 Post-cured at 120 °C for 3h
ER150 Post-cured at 150 °C for 3h
ER200 Post-cured at 200 °C for 3h

TN02000054 - @
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300

- 200

-
o
o

Loss modulus (MPa)

Storage modulus: stored energy during the load phase and proportional to the
stiffness of the material
* The highest storage modulus obtained for the sample post-cured at 120 °C,

indicating that the material is rigid and has a high resistance to deformation.

Loss modulus: dissipated energy during the load phase due to internal friction.
* The lowest loss modulus observed for epoxy resin post-cured at 150 °C,
indicating that the material is elastic and has a high ability to recover the
original shape after releasing the force.
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for

Future Vehicles: Fuel Cells and Energy Management .
[ ]

4-WP06-005 and 006 Design and realization of short stack with three 100cm2 fuel cells with opened
cathode on the base of carbon material Deyelopment of the new electrochemical method for measuring gas
permeability of PEM fuel cell components

H, & 2H" 4 2e~ E°=0V vs.SHE > Overpotential applied = 0.4
V/SHE
0, +4H* + 4e~ & 2H,0 E° =1.2V vs.SHE > Overpotential applied = 0.8
\/ISHF —
Electrochemistry basis
Helium (He) 0.260
GAS PERMEATION HIERARCHY Hydrogen (H.,) 0.289
e e S B8 6 AW SRy B Carbon Dioxide 0.330
® @ (0,)
Fast Gases e Oxygen (O,) 0.346
Nitrogen (N) 0.364
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

Properties of BPs for PEM FCs

Electrical conductivity S/cm >100 >100

Flexural strength MPa >25 58

Tensile strength MPa >40 20

Compressive strength MPa 50 -

3 2 -1 0-6 .1N-12
pasthpemeton S S, o R
100% RH A3

Corrosion, anode HA/cm? <1 -

Corrosion cathode MA/cm? <1 -

4 DOE% 2020 technical and cost targets for bipolar plates Fuel Cell Bipolar Plates Based on Epoxy Resin/Grap

5 Effect of graphite fillers on electrical and thermal conductivity in epoxy-based composites: Percolation behavior and analysis. By: A.M. Darabut, Y. Lobko,
Y. Yakovlev, M.G. Rodriguez,; P. Levinsky, T.N. Dinhova; L.B. Redondo, V. Kopecky, A. Farkas, D. Drozdenko, V. Matolin, I. Matolinova, Composites Science
and Technology, submitted 4. 10. 2023
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP6-007 Simulations of power requirements and pressure cylinder
filling process for design of H2 production unit

- Simulations of power
requirements and pressure

Compressibility Factor at 298.15 K

cylinder filling process for 2.50
design of H2 production 5.00
unit — physical bases for a o I R I
model E || ——n

- Programming of real gas S 100 gmwsT——T ?Jé
features using BWR and 0.50 =
Redlich Kwong equations o0
of state BWR_v2.xslx inc. 0.00 20.00 40.00 60.00 80.00 100.00 120.00
Joule-Thompson Pressure [MPa]

coefficient and real work
for compression
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for =

Programme National Competence Centres

Future Vehicles: Fuel Cells and Energy Management
4-WP06-008: Model of advanced HVAC systems for BEV and PHEV

- Basic layout for organic fluid Z\.{:Qtvevr.nct(;?dﬁgtﬁr chgferé%Scrjatn; :r?labti_ent
system with possible switching ¥ ﬁgﬂ:npg(ﬁgg;ig ?g:‘é'j‘o:ﬁgtoe;ggi;%er R |
between AC/heating and forced | ‘wi operation only) di=  Winter ‘;g”;fef;sei;by'
LB o (NN v
transformed to GTS scheme —i 1" [E. Operat_lson

- Assessment of validity of the | [ L % 11 oI =— -]
first results for heating and AC e p=— Z==giis ] i i
cooling — cabin and e- ' ] =11 gz
motor/battery circuit ﬂ_&: Pt [ : 'Lp:_ l'p

- Updating the scheme due to et ; | B o ”
found issues during AC function : ' _ b HVAC T1L=
of a circuit. s i Ml
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-008: Model of advanced HVAC systems for BEV and PHEV

_ Operation during cabin and Results of system response during static car driving (constant velocity — 5 )
electric powertrain cooling - ann‘::l';?a&tﬁfeggujzgg Heating of cabin — outside -2
left. Before change to heating
mode is done, the “summer” . — =
condenser has to be evacuated. ]
- Operation during cabin heating,
using waste heat from electric " / )
powertrain and heat from i 7 e
ambient air - right. gl
- Thaw temporary mode for ice J B N S /
removal from inlet heat ‘\\ ) o/ .
exchanger is prepared to ) | ] I
simulation, as well. e
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Activities of Work Package 4-WP06 Alternative Fueled Powertrains and Energy Consuming Auxiliaries for
Future Vehicles: Fuel Cells and Energy Management

4-WP06-008: Model of advanced HVAC systems for BEV and PHEV

- Cabin and E-Motor temperatures for
Winter (-2 degC ambient
temperature) heating condition
during WLTC cycle. Used layout
allow for harvesting heat dissipated
from battery and traction e-motor.

- It will be used for the following
WPs 009 and 4-WP6-010
Optimization of HVAC system
layouts with heat pump for
BEV/PHEV based on
implementation into vehicle
models including trip control
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Results — dynamic driving during WLTC; HVAC in heating mod
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