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Abstract

This paper deals with investigation on the heat transfer coefficient for Sl engines. The
accurate determination of the heat losses is required for the computational engine
modeling due to its influence on the engine efficiency lowering. Both the Woschni’s
and Bargende’s correlations for the heat transfer coefficient were evaluated on a
naturally aspirated three-cylinder Sl engine in wide range of engine operational
conditions. Significant discrepancies in expected and calculated heat transfer were
found at low and high engine speeds for both correlations, and at low engine loads
for the Woschni’s correlation. The expected heat transfer within the high-pressure
period of the cycle was calculated by means of the thermodynamic analysis of the
measured in-cylinder pressure. The evaluation was based on comparison of the
calculated heat, released from the combustion during the working cycle, with the heat
energy contained in the fuel. Since the Woschni’s correlation is relatively simple and
allows making its correction in a feasible way, this correlation was chosen for the
improvement consisting in adjustment of the combustion effect on turbulence
intensity. Finally, the improved Woschni’s correlation was proposed and verified with
acceptable results.

! Doc. Ing. Karel Pav, Ph.D., Technicka univerzita v Liberci, Katedra vozidel a motoru, Studentska 2,
Liberec 461 17, Czech Republic, karel.pav@tul.cz
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1. INTRODUCTION

A modeling of the combustion process in an internal combustion engine is widely
used practice during initial phase of engine development as well as during further
engine optimization. Besides the air charge amount calculation, the most important
part of the engine modeling is the combustion process producing indicated work.
Therefore, its mathematical description should be as accurate as possible. The
combustion process itself can be modeled by using state of art combustion adaptive
models [2, 5, 12] with very good approximation to measurement, but the heat transfer
from the cylinder charge to combustion chamber walls is doubtful. Since the heat
losses decrease producing indicated work, their accurate determination is demanded.

2. CORRELATIONS FOR HEAT TRANSFER COEFFICIENT

For the calculation of the cylinder wall heat transfer on the gas side in the combustion
chamber is commonly used Newton's law although this assumption is not fully valid
for non-steady heat transfer [3]

dQW —_— — . . —
il A-(T-T,) (1)

where a is the heat transfer coefficient, A is the corresponding surface area, T is the
mean cylinder bulk gas temperature and Tw is the wall temperature which is usually
assumed constant throughout the engine working cycle but different for several
combustion chamber areas. When the combustion chamber is split into five areas
following substitution is used

A(T-T,)=Ay (T-T )+ A

in.valve
+ Acyl ’ (T B Tcyl )+ Apiston ) (T -,

(T-T,

in.valve

)+ A

ex .valve

AT =T, alve
( ex.ve )+ (2)

piston )

Several recommended semi-empirical correlations for the heat transfer coefficient o
assuming spatially averaged combustion chamber heat flux are widely used [4, 5, 6,
10, 11, 18]. The most widespread approximations used for modeling of spark ignition
(SI) combustion engine are Woschni's and Bargende's correlations.

2.1 Woschni's correlation

The Woschni's correlation was originally intended for compression ignition (CI)
engines where the heat flux to the wall is besides a convection transfer accompanied
by substantial radiation. Afterwards in 1981, the correlation was modified and
extended in order to be applicable for SI engines as well [11, 19]

0 =130.D02. po8 . 7053 08 Wm2K, m, bar, K, ms] (3)

where D is the cylinder bore, p is the cylinder pressure, T is the mass averaged
cylinder gas temperature and w is the velocity term varying for different periods of the
cycle. This velocity term, interpreted as the average cylinder gas velocity, is
expressed as

v, T,

Vf (p-p,) [ms?, 1, ms, msiK?, m3 K, bar] (4)
p -

r r

w=C,-S,+C,-

where §p Is the mean piston speed, V4 is the cylinder displaced volume, pr, Tr, Vr are
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the gas pressure, temperature, and volume at some reference state, usually inlet
valve closing or start of combustion, and pm is the motored cylinder instantaneous
gas pressure at the same crank angle as the gas pressure p. The first term reflects
the cylinder charge motion which is proportional to the mean piston speed while the
second term involves the effect of the combustion process leading to increasing of
the turbulence intensity. The contribution of these terms is given by constants C; and
C. respectively. For Cl engines as well as for S| engines without swirl were
determined following constants:

C,=6.18, C,=0ms K™ for the gas exchange period
C,=228, C,=0ms K" for the compression period (5)
C,=2.28, C,=3.24-10°ms K" for the combustion and expansion period

Some works [8, 9, 17] show that the Woschni's correlation provides too low values for
cases when the engine is dragged, or the engine load is low. For this reason, some
modifications of the second term in equation (4) are proposed.

2.2 Bargende's correlation

In 1991 Bargende published improved correlation for the heat transfer coefficient [1].
This correlation is intended for Sl engines for high pressure period of the engine
cycle. Like the Woschni's correlation, it is based on dimensionless numbers (Nusselt,
Reynolds, Prandtl) but there are improvements considering some additional
influencing factors.

o = 253.5.\/ 0073 p078 T 0477 078 A Wm2K, m?, bar, K, ms?] (6)

The characteristic diameter D in equation (3) is here substituted by the instantaneous
cylinder volume V which represents the characteristic sphere diameter. The influence
of the cylinder pressure p remains nearly unchanged but the relevant gas
temperature at which the gas properties in boundary layer are evaluated is given by
arithmetical average of the mean cylinder bulk gas temperature T and the overall

averaged wall temperature T,

T+T,
2

Instead of the mean piston spged, the instantaneous piston speed Sp and the
average turbulent kinetic energy k is embedded in the velocity term w [4]
1 /8

T = (7)

The turbulent kinetic energy is provided by a simple global k —¢ turbulence model
[1]. For the engine with flat piston design without squish effect the time derivative of
the turbulent kinetic energy is given by

_ _ 1
%=_E.K.ﬂ_2_184.;¥1-5. §~V ’ (9)
dt 3V dt T

whereas the initial turbulent kinetic energy k at inlet valve closing is estimated from
average inlet valve seat velocity [10]



— 2
_ S .D?.
kivc = i ’ £ nCh (10)
32 |\ n,-D, -h, -sin45°
where ni, Di, hi are the number of inlet valves, valve diameter, and maximum inlet
valve lift respectively. The engine overall charging efficiency n_, is related to inlet
manifold conditions. The last term A in equation (6) reflects the combustion effect on

the heat transfer which considers splitting the combustion chamber into burned and
unburned zone

A=(A+BY (11)
T,-T,
A=x, 2.2 = 12
© T T-T, (12)
T, T,-T,
B=(1-x,) £ ¥ 13
t-x) 375 (13)

The combustion term A comprises two sub-terms A and B considering mass
averaged gas temperature of burned zone T, and unburned zone Tu at given burned
mass fraction x», and its related heat transfer areas approximated by xo-To/T and
(1-xp)-Tu/T ratios respectively. The squaring of (A+B) term is given empirically to get
the best agreement with numerous experiments [1]. For the calculation of the gas
temperature in burned zone is proposed relation

T+(x,-1)T,

T, = “ (14)
Xb

whereas the gas temperature of unburned zone Tu is calculated from the polytropic
(close to adiabatic) compression.

For the final heat transfer calculation according to equations (1) and (2) Hohenberg
[7], Bargende [1] and Lejsek [10] suggest enlarging the surface area by the quarter of
the crevice area over the first piston ring. Thus, both the cylinder liner and the piston
area in equation (2) are enlarged accordingly.

3. EVALUATION PROCEDURE

The goal of the investigation is the heat transfer coefficient verification and its
appropriate correction. A direct measurement of the heat flux to the combustion
chamber walls is very difficult and time demanding task with some non-explicit results
[3, 10]. A simple comparison of the measured and calculated total heat flux to the
coolant is also unreliable because of the measurement error which exceeds required
accuracy [16]. Hence, the most favourable solution seems to be utilisation of the
indirect approach for the heat transfer correction. The principle is based on
comparison of the calculated heat, released from the combustion during the working
cycle, with the heat energy contained in the fuel. The heat Qb released from the
burned air-fuel mixture is calculated from the energy balance conservation

= 15
dt dt P dt  dt 7 (15)

where U is the internal energy of the cylinder charge, and m;, is the gas mass flow
entering (positive) or leaving (negative) the cylinder with its stagnation specific
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enthalpy hi. The used 0-D calculation tool for the cylinder pressure analysis [15]
considers semi-2-zone model which splits the cylinder charge into two zones with
different thermodynamic properties, but the gas temperature used for general
calculation is the same for both zones. However, the calculation of the instantaneous
combustion efficiency which is due to dissociation processes strongly temperature
dependent takes into account the mass averaged temperature in burned zone. On
the other hand, the calculation of blow-by gas mass flow and its composition which is
primarily formed by unburned air-fuel mixture [13] considers the mass averaged
temperature in unburned zone until the combustion is finished. For the correct
thermodynamic analysis of the measured in-cylinder pressure according to equation
(15) is necessary to determine the residual gas mass fraction in the cylinder and
relevant wall temperatures used for the heat transfer calculation according to
equations (1)-(5). These quantities were calculated by means of the same calculation
tool [15], but in this case the modeling section for the simulation of entire working
cycle including gas exchange period was used. In fact, both sections of this
calculation tool communicate between each other in an iterative manner, but only the
calculated residual gas mass fraction and combustion chamber wall temperatures
were handed over from the simulation section to the analysis section. Since the
piezoelectric pressure sensors were used for the in-cylinder pressure measurement,
the pressure offset had to be adjusted in order to provide the best coincidence of the
modeled and measured gas pressure within the gas exchange and compression
period. The procedure of the Woschni’s heat transfer coefficient correction is
demonstrated on an example in Figure 1. The achievable heat energy from the
air-fuel mixture is given by the fuel mass in cylinder at inlet valve closing mt.ivc
lowered by escaping fuel mass from the cylinder in blow-by gas msob. The fuel lower
heating value Qunv is deteriorated by the overall combustion efficiency ne considering
incomplete combustion due to dissociation processes and flame quenching. If the
calculated released heat Qv does not reach the target value, the heat transfer Quw is
not determined properly. The most favorable tuning parameter for the heat transfer
coefficient is the constant C> in equation (4) which quantifies the combustion effect
on turbulence intensity. Thus, the constant C; is adjusted in order to match the heat
released from the burned air-fuel mixture Qb» with the target value. The heat transfer
coefficient is then changed accordingly as can be seen in Figure 1.

700 - - 2000 A -
=— =— —= Q, - Woschni corrected \ T~ Woschni corrected
1 Q, - Woschni original — 1500 | l Woschni original
600 (mf—/‘vc - mf—bb)' Qv Mo N \
————————————— | N
] gt £ |
— £ 1000
500 Heat transfer Qw/ =
] PP 3 500
1 —
400 | A1
= | L 0
o4 3.0
300 Blow -By T \
S 25 Iny
] U+[p-av <
| 2. 2.0 \
200 s
S 15 \\
100 o 1.0
k=l
0.5+
0 T T T T T | 0.0, T T T T T |
-90 -45 0 45 90 135 180 -90 -45 0 45 90 135 180
¢ [°CA] ¢ [°CA]

Figure 1: Correction of Woschni's heat transfer coefficient by adjustment of the constant C,
in equation (4).
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This tailoring procedure is carried out for more engine operational points in order to
cover all possible cases from the statistical point of view. Afterwards, when the
corrected traces of the heat transfer coefficient are known for all selected engine
operational points, the corrected instantaneous heat transfer according to equations
(1) and (2) is recalculated to dQw/de. Finally, the entire batch of corrected heat
transfer traces dQw/de then undergoes the calculation procedure where a new
general expression of the constant Cz in equation (4) is tried to find. For solving this
problem, the gradient method minimizing the mean square error value was used.

3.1 Engine description

As a subject of investigation, the naturally aspirated engine has been chosen. The
main reason for choosing a non-turbocharged engine is the simple engine modeling
and subsequent verification. Basic parameters of used three-cylinder gasoline engine
with port fuel injection and variable valve timing with late inlet valve closing strategy
are stated in Table 1.

Number of cylinders 3 Fuel Gasoline
Number of valves 2+2 Eq. formula Ce.86 H12.66 O0.148
Bore 74.5 mm RON 96.2
Stroke 76.4 mm LHV 41.63 MJ/kg
Compression ratio 11.68 Air-fuel mixture A=1

Table 1: Engine parameters.

The combustion chamber is split into five areas with different surface temperatures
calculated by means of simplified heat transfer model incorporating main engine
parts. The individual surface areas are shown in Figure 2, whereas the quarter of the
crevice area over the first piston ring is not included for the Woschni’s correlation
compared to the Bargende’s correlation.

= 2
Woschni:  Apision = 4680 mm? Ainvave = 1479 mm?2 Aex.vaive = 1305 mm

Bargende: Apiston = 4914 mm?

Apead = 3171 mm?2

Woschni:  Acyi-tpc = 274 mm?

Bargende: Acyi-tpc = 579 mm?

Figure 2: Relevant combustion chamber surface areas.

The engine was equipped with the couple of pressure sensors at each cylinder for
the gas pressure indicating. Spark plugs KISTLER 6115BFD65 with integrated
piezoelectric pressure sensors and water-cooled piezoelectric pressure sensors AVL
QC34D were used at the same time. This configuration allowed the check of the
measured cylinder pressure focused on the temperature drift and vibration intrusion
during the measurement. Finally, the water-cooled AVL sensor at first cylinder was

10



chosen for the analysis. The measured fuel mass flow, as a one of the main inputs
for the analysis, was supposed to be evenly distributed among cylinders. The
capacitive TDC sensor KISTLER 2629C and crack angle encoder AVL 365C was
used for dynamic piston top dead center determination.

3.1 Model calibration

The engine cycle was modeled in 0-D calculation tool [15] with appropriate
combustion chamber geometry, mechanical friction and measured inlet and exhaust
valve discharge coefficients with actual variable valve timing. The exhaust manifold
backpressure was emulated by equivalent volume and orifice. The combustion
process was approximated by the adaptive combustion model [14] calibrated in
accordance with the measurement. A special attention was paid to determination of
the combustion chamber wall temperatures. This issue was solved by simplified heat
transfer model incorporating parts shown in Figure 2. The heat transfer among these
parts and to coolant was tuned by several heat transfer factors in order to reach the
real wall temperatures according to the measurement. The target average wall
temperatures of the representative parts of the combustion chamber for selected
engine operational points used for model calibration are shown in Figure 3.
Significant change in piston crown temperature at engine speed transition from
3000 1/min to 4000 1/min is caused by activation of oil jets for the piston cooling. As
the calculated wall temperature depends on the wall heat flux given by the heat
transfer coefficient and the wall temperature itself, the model calibration was done
iteratively, and of course, separately for the applied specific heat transfer coefficient
(i.e., Woschni original, Woschni improved, Bargende).

600 \ \

550 |~ I Cylinder liner
500 | N Cylinder head
[ Piston crown
450 (- [ Inlet valves
400 | /"1 Exhaust valves

350
300
250

200

150 +

100 nl
50 -

t, [°C]

T T T T T
1000 1/min 2000 1/min 3000 1/min 4000 1/min 5000 1/min 6500 1/min
8.3 bar 8.3 bar 8.4 bar 8.5 bar 8.7 bar 13.0 bar

Figure 3: Average wall temperatures of representative parts of the combustion chamber at
different engine speed and IMEP used for model calibration.

3.2 Improvement of Woschni's correlation

The complex assessment of the applied heat transfer coefficient is possible only
when the statistically enough engine operational points are considered. The uniform
scatter of points in the engine map is also recommended. The heat transfer analysis
was carried out for engine operational points at different engine speed and load with
focus to cover the engine map in as large as possible range — see Figure 4. The
engine full load measurements were abandoned due to the engine tendency to knock
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since the ignition angle has been changed intentionally in each point to consider
different combustion timing as well. Finally, the analysis was made for 75 points in
total: 25 engine load points with three different combustion timings (advanced,
normal, and retarded combustion). As the modification of the heat transfer coefficient
is related to the combustion and expansion period solely, the relevant crank angle
range is given by the inlet and exhaust valve timing. The crank angles at inlet valve
closing and exhaust valve opening are shown in Figure 4.

12 12
Inlet valve closing [°CA before TDC] Exhaust valve opening [°CA after TDC]
105 106 1 142 134
10 ‘,,°’”’”’°\\ 10 o0
88 <9 91 92 o4 ] 158 <152 150 140 130
g | o ° o o ° g o © o o o
5 88 79 79 78 78 80 E) 109° 158 158 155 157 153
= 6 ° ° O o ° o = 6 °© ° . ° o 3
ol o .
g : ‘ g : 3
= 9 69 72 T4 73 71 = ] 105 158 158 158 158 158
2 ) o o ° o <) 4 ° [ o o o 9
90 89 87 87 87 87 101 101 101 101 101 101
24 O @ - o I Q- - o ---@ 241 O 0----.. 0 o - @ ------9
0- T 1 T T T T _ T T _ T _ T T T T _| 0- T 1 T T T T T 1 _ T _ 1 T T T _|
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Engine speed [1/min] Engine speed [1/min]

Figure 4: Engine operational points and applied valve timing used for the verification /
modification of the heat transfer coefficient.

At each operational point, the averaged cylinder pressure trace from approximately
30 cycles was used for the heat transfer analysis. The only cycles with low scatter in
combustion timing were selected from the batch for the averaging. The advanced,
normal, and retarded combustion is characterized by the crank angle at 50% of mass
fraction burned (MFB50%). The intermediate results in terms of required change of
the constant C, in equations (4) and (5) are shown in Figure 5. The trend of the
correction factor adjusting the constant C; is obvious. Generally, the factor increases
with engine speed, and besides that much more at very low engine load.

12
Advanced combustion Normal combustion Retarded combustion
MFB50% = 5 - 8 °CA before TDC MFB50% = 5 - 10 °CA after TDC MFB50% = 21 - 28 °CA after TDC
1.2
10 1.0
1.1 13 4141 1.2
g ® 07 08 11 13 17
08 ~° 10 12 17 09 10 493 43 17
g 0.8
2 08 08 : 11 11 16
6 —
a o7 07 08 41 21 16 10 09 09 15 313 47
=
08 09 13 12
44| o7 08 09 11 a1 s 08 16 | ;1 10 10 14 45 g
24| 07 10 283 20 =22 25 |09 15 1.8 24 25 28 |4, 45 23 35 34 38
0 |

T T T T T | T T T T T | T T T T T |
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
Engine speed [1/min] Engine speed [1/min] Engine speed [1/min]

Figure 5: Required correction factors for the constant C; in equations (4) and (5).
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The main goal of this investigation is to improve the current Woschni’s correlation for
the heat transfer coefficient in a reasonable way. After the collection of all corrected
heat transfer traces dQw/doe for all 75 points, the new expression for C> has been
found by means of the gradient method minimizing the mean square error comparing
the corrected and the calculated heat transfer traces. The recommended expression
for Cz in equations (4) and (5) for the combustion and expansion period is

0.2
C,=48-10°.p % (%) (1+0.14-§p) [ms1K2, bar, m3, ms] (16)

where p is the instantaneous cylinder pressure, Vc is the compression volume, V is
the instantaneous cylinder volume, and S, is the mean piston speed. The presented

structure of the formula for C> has been chosen as a trade-off between accuracy and
real applicability for an extrapolation out of the verified range. The embodied cylinder
pressure rectifies the original scheme (p — pm) in equation (4), the required effect of
the mean piston speed is obvious from Figure 5, while the ratio Vc/V suppresses the
combustion influence on the turbulence intensification in later expansion period.

4. VALIDATION

The comprehensive check of the proposed formula for C; in equation (16) consists of
two parts. The first part compares the calculated total wall heat transfer within the
high-pressure period with a target value for all engine operational points used for the
analysis. The target value is calculated from equations (1)-(5), whereas the constant
C> in equation (5) is multiplied by the correction factor from Figure 5. The new
proposal for the calculation of C, according to equation (16) improves the calculated
wall heat transfer mainly at low and high engine speed compared to the original
Woschni’s correlation. Despite the overall improvement there are still certain margins
at very low engine load as can be seen in Figure 6. It could be reduced even more by
using more complex formula for Cz but the trade-off representation has been chosen
for its simplicity and robustness.

300 N T T T T T T T
[ Advanced combustion [ Target
[ Normal combustion % Woschni improved
250 [] Retarded combustion + Woschni original
]
+
200 +
+
E x P 3 =
B [ Ix] x + x -’I(-
%150 & M # B f
1 + X % %
o M ) + X
1l | + * X X + s
o RE I " .
X
100 | * . ¥ b x x " " + +
i % x % " + . + +
0 % F 5 x X | +
x x
50 - ¥ X g T Hapgl |t

4 bar ' 6 bar ' 8 bar
6000 1/min

4 bar 6 bar | 8 bar 110 bar| 2 bar

5000 1/min

2bar 4 bar 6 bar| 2 bar |4 bar |6 bar |8 bar|2bar |4 bar | 6bar '8 bar|2bar 4 bar |6 bar 8 bar 10 bar]
1000 1/min 2000 1/min 3000 1/min 4000 1/min

2 bar

Figure 6: Comparison of the wall heat transfer within the high-pressure period for the original
and improved Woschni’s correlation with the target value from the thermodynamic analysis,
the single points are specified by engine speed and round IMEP.
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The second part of the validation is more complex. The indicated mean effective
pressure (IMEP) from the measurement is compared with the calculated one from the
models with different correlations for the heat transfer coefficient. The most important
input value for the calculation is the fuel mass in the cylinder which was assumed in
accordance with the measurement. The combustion process was modeled with
respect to its timing dependence using the calibrated adaptive combustion model
[12]. The most effective way for the comprehensive validation within a wide range of
engine operational conditions is doing a transient measurement during which the
engine speed and the inlet manifold pressure are fixed while the ignition angle solely
is continuously changing. As the naturally aspirated engine is investigated the almost
constant inlet manifold pressure can be simply ensured by setting of the throttle flap
to a locked position. However, the ignition timing transition is accompanied by small
changes in the engine charging efficiency, but it can be easily compensated in the
calculation model. During the transient change of the ignition angle which lasted from
20 to 40 seconds depending on the engine speed (the lower engine speed the longer
time) the in-cylinder pressure was recorded and subsequently evaluated in order to
calculate the single cycle IMEP and the crank angle at MFB50% according to
simplified approach

®
MFB = % [(n-p-dV +V -dp) (17)

Pign

where MFB is the instantaneous mass fraction burned over the crank angle ¢, and C
is the constant fulfilling the condition max(MFB) = 1. The integration starts at the
crank angle of spark ignition and ends at the exhaust valve opening crank angle. The
choice of the polytropic exponent for n = 1.29 provides sufficient matching with the
exact calculation procedure assuming the real gas properties, heat transfer, and
blow-by gas losses as well. After determination of the constant C the crank angle at
MFB50% can be found for MFB = 0.5. This simplified approach was used for both
measured and calculated pressure traces to get fully comparable results. The
comparison of the measured and calculated IMEP as a function of the crank angle at
MFB50% for all investigated engine operational points is shown in Figure 7. Besides
the original and improved Woschni’s correlation for the heat transfer coefficient there
are also calculation results from the model using the Bargende’s correlation. In order
to get comparable results, the Bargende’s correlation was used for the compression,
combustion, and expansion period only. The Woschni’s correlation was used during
the gas exchange period in all cases.

The comparison of calculation results in Figure 7 confirms the previously presented
figures from the first validation part. The most significant discrepancies in the
measured and calculated IMEP with the original Woschni’s correlation for the heat
transfer coefficient are at low and high engine speeds. The utilization of the improved
Woschni’s correlation brings closer matching with the experiment especially at the
engine speed 1000 1/min, where the improvement is quite obvious. Despite the
overall positive effect of the improved Woschni’s correlation, there is still too low wall
heat transfer calculated for the engine loads at IMEP = 2 bar. The shape of the IMEP
curve is also very important for the suitability assessment of the heat transfer
coefficient. With both the original Woschni’s correlation and Bargende’s correlation
the optimum crank angle at MFB50% at which the maximum IMEP is reached does
not match the experiment at low engine speeds in contrast to improved Woschni's
correlation.
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The carried-out validation confirmed the benefits of the proposed improved
Woschni’s correlation. The substitution of the fixed constant C> by the expression in
equation (16) giving variable figures for C is a feasible way for the more accurate
heat transfer calculation.
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Figure 7: IMEP as a function of the crank angle at MFB50% for all investigated engine
operational points, results from the measurement and from the calculation models with
different heat transfer coefficients.
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5. CONCLUSION

The investigation proved that neither the Woschni's correlation nor Bargende’s
correlation for the heat transfer coefficient on the gas side in the combustion chamber
is not generally valid for all engine operational conditions. The most significant
discrepancies were found at very low engine speed. Therefore, the prediction of the
indicated mean effective pressure by contemporary calculation models is
deteriorated, and the computational optimization of the combustion timing is limited
as well. Compared to the Woschni’s correlation, the Bargende’s correlation gives
higher magnitudes of the wall heat transfer at higher engine speeds which leads to
decreasing of the calculated indicated mean effective pressure. This phenomenon is
especially significant when the combustion is retarded. The Woschni’s correlation is
commonly respected and widely used for its transparency. The explicitness of that
correlation allows making its correction in a relatively simple way. The new
expression for the constant C, affecting the combustion influence on the turbulence
intensity was proposed and verified with acceptable results. However, there are still
some margins to be eliminated mainly at very low engine load. The proposed form of
the improved Woschni’s correlation comes from the experiments on the naturally
aspirated Sl engine, so it should be yet validated on a supercharged Sl engine,
where the higher indicated mean effective pressure is achievable.
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Abstract

This paper presents the second generation of a prototype supercharger for a two-
stroke engine. The design is based on a modified solution of the Roots blower,
featuring a compressor with two four-lobe rotors. The article outlines design changes
resulting from the modified requirements of the combustion engine and the
optimization of the production technology, which significantly affects the resulting
parameters.

1. INTRODUCTION
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In 2021, at the 52nd KOKA conference, the authors Zak and Cupera presented a
design solution for a two-stroke internal combustion engine with a timing system that
used a rotating disc [1]. In 2022, at the 53rd KOKA conference, the same authors,
along with Stanislav Mitas, followed up with a paper on the design of a mechanical
blower for this engine [2]. As the powertrain specification expanded from a 598cc inline-
twin to a 1195cc four-cylinder engine, the original supercharger with its displacement
of 583 ccm/rev became inadequate. The second generation was not only
dimensionally modified according to the requirements of the drive unit, but there was
also an effort to optimize the production technology based on the knowledge gained
from the operation of the GEN1 compressor, both from the perspective of the required
parameters and production costs. Small series production is always expensive, and in
the case of mechanical blower rotors with their specific shape and precision
requirements, this is doubly true. Nevertheless, thanks to modern technologies, it is
possible to find very interesting solutions with acceptable costs, which can also offer
solutions that would otherwise be difficult to implement. For example, precision casting
technology can currently become an interesting alternative for small-series and
prototype production, which is normally realized by multi-axis machining.

2. BODY OF PAPER

The engine for which the compressor is intended is, with its light, compact solution and
high specific power, intended primarily for use in aviation applications, therefore weight
is one of the crucial parameters.

2.1 Changing compressor parameters

The demand for a significant increase in the supplied amount of air can be achieved in
many ways. Due to set priorities such as the uniformity of the supplied pressure,
compact dimensions regarding the installation, and weight, our options were quite
limited. Considering the uniformity of the charge air pressure, the number of lobes was
not reduced, which would have led to an increase in volumetric efficiency, but the
dimensions of the rotors were changed. The design of the rotors, therefore, remained
the same as for Genl, i.e., four lobes (Figure 1), but the increase in diameter required
a small optimization of the surfaces and a reduction of the maximum revolutions.The
demand for a drastic increase in the supplied amount of air can be achieved in many
ways. Due to the set priorities such as the uniformity of the supplied pressure, compact
dimensions with regard to the installation and weight, our options were quite limited.
With regard to the uniformity of the charge air pressure, the number of lobes was not
reduced, which would lead to an increase in volumetric efficiency, but the dimensions
of the rotors were changed. The design of the rotors therefore remained the same as
for Genl, i.e. 4 lobes (figure 1), but the increase in diameter still required a small
optimization of the surfaces and a reduction of the maximum revolutions. Of course,
this reduction had to be taken into account.
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Figure 1: For lobe rotor profile

The resulting transported volume increased from 583 to 930 ccm/rev. The optimization
of the dimensions was carried out considering the installation space of the drive unit,
increasing both the diameter of the rotors (from 75 to 84 mm) and their length (from
120 to 150 mm). The tilt of the rotors remained at 0.4 °/mm.

As this is a prototype/small batch production of components, the rotors for Genl were
produced by CNC machining. The rotors are made of high-strength aluminium alloy
EN-AW 7075, chosen for its weight and the assumption of reaching up to 24.000
revolutions per minute (rpm), aiming to reduce the moment of inertia. The rotors were
pressed onto shafts made of 15142 steel. Such a rotor was then mounted in the rotor
carrier on one side by means of a 7204 high-speed bearing with angular contact and
on the other side by means of a needle bearing NK 17/16 in the intake cover. To avoid
the need for expensive heat treatment and grinding of the shaft, the inner race for the
needle bearing was provided by pressing the bearing ring IR 14x17x17.

For the second generation (Gen2), using the same rotor production technology would
result in a 51% weight increase and an 87.5% increase in the moment of inertia, which
was unacceptable. Simulations showed that hollow rotor lobes would significantly
reduce the increase in weight and moment of inertia. This design solution is used on
Roots blowers with two- and three-lobe rotors of larger dimensions, where the rotors
are straight or with a small tilt, and the relief is usually made by drilling (see Figure 2).
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Figure 2: Lightweight rotors

Given the dimensional parameters of the rotors, drilling would be complicated and
would not bring the significant improvement expected. The designed shape of the
relief, seen in Figure 1, could be achieved with additive manufacturing (3D metal
printing), but it remains very expensive.For the given dimensional parameters of the
rotors, the drilling of the rotors would be complicated and would not bring the significant
improvement of the parameters that was expected.

The designed shape of the relief, which can also be seen in Figure 1, could of course
be achieved nowadays with an additive manufacturing method (3d metal printing), but
it is still very expensive.

2.2 Change in production technology

Another goal for Gen2 was to optimize production costs. The results of testing the first
generation showed unnecessary oversizing of bearings with diagonal contact,
necessitating an expensive high-speed variant for the given dimension. Therefore, for
the second generation, despite the increased dimensions of the rotors, the bearings
were reduced from 7204 (shaft diameter 20 mm) to 7202 (shaft diameter 15 mm),
allowing the use of a normal series instead of a high-speed one. This optimization
enabled the use of a more suitable clamping sleeve for the assembly of gears, ensuring
mutual non-contact delimitation of the rotors.

The production of the Genl compressor also demonstrated that due to the chaining of
production tolerances, relatively narrow tolerance bands of sub-components were
necessary to achieve the required clearance between the rotors and the compressor
block, logically increasing production costs. Thus, we aimed to reduce the number of
processes requiring prescribed interrelationships of components. In cooperation with
the Institute of Manufacturing Technology — Brno University of Technology, we
designed the technology of casting a fusible/burnable model into a ceramic shell —
Investment Casting (IC). At the same time, the hollow rotors are cast directly onto the
steel shaft, reducing undesirable rotor parameters and eliminating the need to
precisely position the rotor on the shaft, as both components are machined together..
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2.1.1 Technology - Investmen Casting

Investment casting (IC), also known as fusible model casting, has a long history dating
back thousands of years. This ancient technique involves creating a wax model,
coating it with ceramic, melting the wax to create a cavity, and pouring molten metal
into the mold [3]. The origins of precision casting technology can be traced to ancient
Mesopotamia and Egypt, where artisans used the lost mold process to make jewelry,
figurines, and other decorative objects.

Today, precision casting is widely used for producing parts with precise dimensions
and complex shapes, such as turbines, engine parts, and jewelry, where manual
machining would be impractical and uneconomical. It has evolved into a commonly
used technology that meets customer requirements for shape and dimensional
accuracy and material requirements of castings. It is also widely used for rapid
prototyping, speeding up the production process. The development is further
accelerated by integrating digital technologies and automation, making it a versatile
and cost-effective manufacturing method for various components [3][4].

2.1.2 Combination of Rapid Prototyping and Investment casting technologies

3D printing is increasingly used in industry for its sustainability, efficiency, and ability
to create complex parts with minimal material waste. Especially in Industry 4.0, it plays
a key role in supporting automation, digitization, and the development of smart
materials, enabling the creation of an autonomous industrial environment. 3D printing
is used to produce prototypes, assembly aids, spare parts, and components for
production equipment. In addition to plastic, metals and special materials can be
printed for use in IC instead of wax [5][6].

Rapid Prototyping (RP) technology, not only used in foundry, enables flexible rapid
design changes and prototyping without molds or tooling, ideal for testing new designs
and quickly bringing products to market [7].

2.1.3 Castings in machine parts

In order to meet the requirements for weight savings and low production costs, many
machine parts that were previously made entirely of one material are now produced by
casting lighter alloys supplemented with castings made of another material in places
where, for example, higher strength is required. This results in a so-called bimetallic
component, the main advantage of which is, among other things, a significant reduction
in weight, which leads to improved production efficiency. However, if it is not a
connection of only metals, but e.g. wood and metal, the more accurate term composite
component is suggested. [8] [9]

2.2 Manufacturing process

A universally designed shaft made of CSN 15 142 steel was used as a casting, which
can be machined into any desired final shape. On a 3d printer, a model of the rotor
with an inlet condition was created from the PolyCast material (Figure 3), which was
then pushed onto the shaft. To create the shell, this assembly was alternately dipped
in a ceramic suspension and then sprinkled with ceramic material.
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Figure 3: Rotor assembly with inlet system and shaft

The primary coating is crucial, as the overall quality of the casting surface depends on
it; hence, the finest dusting and highly wetting slurry are used. Reinforcement
packages strengthen the shell for further handling and resistance to high temperatures,
using coarser sprinkle material and less wetting suspension. Eight casing layers were
created instead of the usual six, allowing the shell to withstand increased fusing
temperature and differential thermal expansion of the model and ceramic shell. The
PolyCast models must be melted at a higher temperature than usual to achieve rapid
melting on the shell wall (Flash Fire), allowing the entire model to be fired with minimal
residual ash. Since aluminum alloy was chosen as the rotor material, the shell (Figure
4) did not need to be annealed before casting but was preheated just before casting.
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Figure 4: Finished shell with an inserted shaft

3. CONCLUSION

The result of the proposed technology can be seen in Figure 5, and the parameters of
the rotors that were achieved are summarized in Table 1. The parameters are
compared here with the first generation compressor, and in parentheses are the
parameters corresponding to the original production technology by machining without
relief. It is noticeable that thanks to the new technology of manufacturing rotors with
lightened lobes, there is only a 3.8% increase in the weight of the rotors and a 21%
increase in the moment of inertia of the rotors with a 46% increase in the maximum
transported amount of air. In the case of using the original production technology, the
mass increase would be 51.2% and the moment of inertia increase by 87.5%.
Compared to solid machined rotors, the cast ones are 31.3% lighter and have a 35.4%
lower moment of inertia.
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Figure 5: Cast after shell removal

583 930 ccm/rev +60 %

24000 22000 rpm -8,3 %
4 4 -

75 84 mm +12 %

120 150 mm +25 %

0,4 0,4 °/mm

572 594 (865) g +3,8 (+51,2) %
314,1 | 380,2(589) | kg/mm2 | +21 (+87,5) %

0.1 0.1 mm

0.08 0.08 mm

Table 1: Parameters Genl vs. Gen2
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Abstract

This paper explores the utilization of On-board Diagnostics (OBD) as a support tool for
chassis dynamometers in modern vehicle testing laboratories. As vehicles transition
from mechanical to electronic control systems, testing methodologies must evolve to
address these changes. The integration of OBD-Il protocols provides critical real-time
data essential for accurate and comprehensive vehicle diagnostics during
dynamometer tests. The study examines the specific challenges faced when testing
electric vehicles, which often require proprietary diagnostic protocols due to limited
information from standard OBD-II systems. By leveraging software solutions like Hella
Gutmann Mega MacsX, this research highlights the importance of integrating
advanced diagnostic tools to enhance the accuracy and efficiency of vehicle testing.
The findings indicate significant improvements in data acquisition and test reliability,
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emphasizing the necessity for adaptive testing systems in the rapidly evolving
automotive landscape.

Keywords: On-board Diagnostics, chassis dynamometers, electric vehicles, vehicle
testing, OBD-II protocol, Hella Gutmann Mega MacsX.

1. INTRODUCTION

The contemporary vehicle testing lab necessitates an evolved approach to the tested
subject — the vehicle. This procedural shift is driven by the transition from purely
mechanical methods of vehicle system regulation to electronically implemented
controllers, requiring a testing methodology that encompasses the specificities of such
regulations. Automotive systems now exhibit a myriad of implementation methods,
ranging from linear continuous control via PID to nonlinear controllers, fuzzy logic
systems, and even Al applications. Modern automobiles, particularly passenger cars,
display a diverse array of propulsion systems, with a notable shift towards purely
electric propulsion, where the increased cost is justified by the integration of additional
sophisticated systems. The rapid pace of development also introduces various types
of errors, from design flaws and technological issues to cybersecurity threats. The aim
of this paper is not to engage in a debate regarding the current situation, where the
predominant factors influencing the market expansion of electric vehicles are political-
legislative measures or, more critically, EU regulations. It is imperative to acknowledge
the current state. Somewhat ironically, car manufacturers are compelled to globally
mitigate the impacts of conventional vehicle operations while simultaneously
subsidizing electric vehicle production. The dismal perspective on the quantity of
added value in specific regions, unfortunately, does not apply to the Czech Republic
in Asia. Policymakers, legislators, and the general populace should occasionally shift
from declarative slogans to straightforward reasoning inspired by natural principles.
Biodiversity in nature follows a simple survival strategy, a logic that should be mirrored
in the development of propulsion systems, respecting resource availability and their
rational use. The purpose of this conference paper is to compile a body of knowledge
in the realm of vehicle testing, with chassis dynamometers being pivotal equipment.
The critical question remains whether these electrically powered vehicles can undergo
standardized tests, which are integral to homologation processes. It is crucial to
recognize that the vehicle development cycle spans approximately four years.
However, this period is insufficient for the development and manufacturing of testing
equipment that must serve for several decades. The software development of vehicle
systems progresses at a much faster pace. Although technologies like OTA enable
flexible reconfiguration of software blocks, including internal diagnostic processes, this
presents a significant challenge for testing and inspection equipment.

In the past decade, systems capable of reading parameter values from onboard
diagnostics have proven to be highly effective and essential tools for tests conducted
on chassis dynamometers. These systems typically rely on reading parameters from
the OBD-II protocol, which all vehicles are required to be equipped with. The utilization
of the OBD-II protocol is extensive and is frequently presented at KOKA conferences
e.g [4]. Apart from our previously published conclusions, we were inspired by Jouanne
et al. (2020), who describe the same issue of integrating vehicle data and test stand
data for driving test simulations of electric vehicles. Although they mention the term
real-time, our experience so far defines occasional to stochastic latencies in the
onboard diagnostics system. Dimitros Rampas et al. (2020) present a very simple
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method (as a proof of concept) for monitoring fuel consumption under different loads,
which are determined by the nature of real-world driving. Campoverde (2020) used
OBD data measured during performance tests (while compiling the full engine speed
map) to develop a machine learning model. At the chassis testing facility at Mendel
University in Brno, either an in-house system based on the Automotive Diagnostic
Toolkit, which is part of the NI LabVIEW development environment (the entire test
facility is programmed in this environment), is used. For older vehicles that do not use
the CAN-BUS, it is necessary to connect an external system provided by AVL. This
system can acquire data from other physical layers —1S09141, 1SO14230, SAE J1850,
etc. However, the situation is dire for electric vehicles, where the mandated OBD-II
protocol provides only basic information. The solution to this unfortunate situation lies
in integrating proprietary diagnostic protocols into the software architecture of vehicle
test benches. This is hindered by vehicle manufacturers who, in many cases, equip
their diagnostic tools with mechanisms that prevent external access to the data. This
may involve hardware keys or, more recently, online authentication methods for the
diagnostic tool or even the vehicle. This online method is often accompanied by vehicle
cybersecurity measures, usually referred to as Cyber-Security-Management (CSM).
Until the time of writing this contribution, there were only a few diagnostic devices for
personal cars from various manufacturers available on the market that allowed access
to manufacturers' servers directly or through their own access to authorization servers.
The dominant companies in this field include Bosch and Hella. The method of data
acquisition will be presented on the platform of the second mentioned company — Hella
Gutmann Mega MacsX.

2. BODY OF PAPER

2.1 Chassis dynamometer

Chassis dynamometers are specialized devices designed to simulate real-world
operating conditions as accurately as possible within a laboratory setting. This paper
does not aim to differentiate the general construction of chassis dynamometers, as
there is currently significant diversity in the arrangement of rollers, their drives, and
their regulation. However, fundamentally, these devices are based on the transfer of
force from the wheel's circumference to the roller (in the case of a single-roller design)
or to the rollers (in the case of paired rollers, which may be mechanically linked by
chains, belts, etc., for higher force transfer area).The basic physical relationship for
determining power lies in knowing the speed and force, where their product, applied to
the roller's circumference, gives the power also on the roller's circumference. The
relationship is straightforward and does not involve any constants, which come into
play only when determining passive losses in test devices that cannot measure their
own losses or those of the vehicle. This test conceptis entirely unsuitable for laboratory
tests and does not allow for many important tests in the motor quadrant. The chassis
dynamometer at the Department of Technology and Automobile Transport of the
Faculty of AgriSciences at Mendel University in Brno is a true laboratory device,
evidenced by its two-year calibration cycle. The MENDELU chassis dynamometer
underwent significant modernization between 2020-2023. Firstly, it was necessary to
adjust the recuperation system, which exhibited anomalies in the sinusoidal current
drawn by the MENDELU network. It was more of a trapezoidal shape, common in
simple DC-AC converters. The cause of this was likely found in high-power converters,
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where a significant quantization effect occurred at a specific moment related to the
temperature gradient, causing the entire regulator to oscillate. This irregular AC current
then frequently caused failures in power sources with PFC correction, especially in
control computers. The solution was dynamic compensation with autonomous control,
which only removes artifacts on the recuperation side and does not affect the chassis
dynamometer's regulation processes. Figure 1 shows the MENDELU test facility along
with the tested vehicle produced by Skoda Auto a.s.

e s TETE T

Figure 1: The tested Skoda Enyaq - electric vehicle on the BR4VDM chassis
dynamometer located at Mendel University in Brno (Source: author)

A significant change occurred in the automation of the entire test facility. The entire DC
drive and roller system used analog signals, meaning the currents from the DC drives
to the DC motors were controlled by analog signals, as were their feedback loops. This
was also true for rotational feedback, where the drives and rollers used incremental
IRC sensors from the Czech company LARM, but their output led to 5B modules that
transformed the frequency signal into an analog 0-10V signal. The entire low-level
software part was replaced by a solution from NI (formerly National Instruments),
relying not only on an RTOS based on Linux but also extensively utilizing FPGA
elements from XILINX for precise timing. Some systems have FPGA clocked at 80
MHz, which is incomparable to the original MS-DOS timer set at 55 ms (just under 20
Hz). All communications are handled by the EtherCAT protocol, not only between NI
control systems but also between digital converters for DC drives from Control
Techniques (Mentor). These converters have an autonomous communication system
where they exchange a range of information about their current values. All the above-
described changes have resulted in a fundamental change in the concept of request
transfer and allow regulation in speed mode with an accuracy of 0.02 km/h. At this
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point, this represents absolute precision below the resolution of all known driving
assistant systems. Emphasis on this value is placed due to the potential mutual
influence of regulators, where any interference from the ESP system could destabilize
the dynamometer regulator. Further modifications to the chassis dynamometer have
occurred in the external measurement section, which, being based again on NI
technologies, is scalable to hundreds of analog and digital signals, expandable with
data from onboard CAN, CAN FD, OBD protocols, Ethernet, etc. The storage of such
heterogeneous data, where some are not time-equidistant, is accomplished using the
native TDMS format (and the NI DIADEM environment with export capabilities to
Excel). The parameters of MENDELU chassis dynamometer are given in the Table 1.

Parameter Value
Max. Testing Speed [kph] 200
Max. Power per Axle [kW] 240
Max. Weight per Axle [kg] 2000
Diameter of Rollers [m] 12
Width of Rollers [mm] 600
Gap Between Rollers [mm] 900
Surface of Rollers Roughness equivalent to RAA 1.6
Inertial Mass of Rollers (each axle) [kg] 1130
Min. Wheelbase [mm] 2000
Max. Wheelbase [mm] 3500
Load Capacity of Covering

At the Driving Area [kg] 2000
At the Walking Area [kg] 500
Compressed Air [bar] min. 4
Speed Measurement Range [kph] 0-200
Force Measurement/Control Range 4xzt5
[kN]

Speed Measurement Accuracy [kph] 1+ 0.01
Force Measurement Accuracy [%] +0.05
Speed Control Accuracy [kph] +0.02
Force Control Accuracy [%] +0.1

Table 1: Technical parameters of chassis dynamometer

2.2 Testing vehicle

The representative electric vehicle used as a test car prepared for tests on the chassis
dynamometer was a car produced by Skoda Auto a.s., specifically the Skoda Enyaq
iV 80 (odometer: 130 638 km). In Table 2, the basic technical parameters of the vehicle
type are provided. Additional detailed information, particularly related to the
identification of electric components, is shown in Figure 2, which was obtained by
guerying the hybrid battery management parameter.

Parameter Value
Power 150 kW
Torque 310 Nm
Number of Motors 1
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Drive

0-100 km/h Acceleration
Maximum Speed

Real Range

Battery

Battery Type

Nominal Battery Capacity
Number of Cells
Architecture

Battery Warranty

Actual Usable Battery Capacity

Cathode Material

Pack Configuration

Nominal Voltage

Charging

Standard Charger (Onboard)

AC Charging Time (0 to 440 km)

Fast Charging (CCS port)

Maximum Fast Charging Power

Fast Charging Time (44 to 352 km)

Energy Consumption
Real Range

WLTP Rating

Range

Rated Consumption
Vehicle Consumption

Rear

8.6 seconds

160 km/h
440 km

Lithium-ion
82.0 kWh
288

400 V

8 years or 160,000 km

77.0 KWh
NCM712
96s3p
350 V

11 kW

8 hours and 15 minutes

143 KW (10-80%: 125 kW)

27 minutes

440 km (175 Wh/km)

548 km
167 Wh/km
141 Wh/km

Table 2: Skoda Enyaq iV 80 Specifications

Parametry / Komfort / sprava hybridni autobaterie

Sériovd cisla fidicich jednotek 0 x Stav kilometrd
00000015062018050504
FAZIT-Identification ©® X  Rokwroby

HUS-V0115.06.2018050504

Data setID 1 @ X  DatasetName1
7100
Data set Name 2 @ X Daasetin3
HEIZKUEHYYYY
Data set ID 4 @ X  DatasetName4
7103
Verze sady parametrii 0 x

0 x

130638,

0 X

15.06.20 pes

0 x
82K096S3PLGO
0 X

7102

0 x
EOBDYYYYYYYY

&
ZSB Part Number 0 x
0Z1915910M

Number of Data Sets 0 x
4.0

Data set ID 2 0 x

7101

Data set Name 3 9 x
LG07809603K3

Cislo dilu sady parametrd 9 x

Figure 2: Skoda Enyaq - Additional detailed information
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2.3 HellaDiag — software development

As mentioned above, "live" onboard diagnostic data can provide a wealth of insights
into the results of tests conducted on a chassis dynamometer. Given that no
manufacturers of diagnostic tools provide any data output that could be integrated into
the test system, it was necessary to devise a concept that, even in a non-standard
way, would allow data acquisition. Preferred solutions would rely on communication
output, such as via the TCP/IP protocol over Ethernet; however, this is not feasible.
The solution adopted by Hella is attractive not only for the user, who can choose the
diagnostic device or general system and only needs to comply with a browser
compatible with modern HTMLS5, CSS, and JS standards, but also because the data
flows through standard ports. This makes it possible to use methods for data collection
from web technologies, though it is clear that this does not constitute a deterministic
system and cannot guarantee that the outputs will be equidistant. Since all the software
for the test facility and additional external support systems are controlled through NI
LabVIEW, an essential requirement for development was to create the system within
this environment. A crucial question in developing the concept was how to
programmatically proceed so that data from the Hella system could be acquired,
processed, and saved to a file or further shared. It should be noted that there were
several options ranging from OCR methods (too complex and unreliable) to reverse
engineering (data on the CAN bus is relatively difficult to identify and initial frame
analysis suggests some might be encrypted) to selecting data from HTML code. The
last option presents the best available solution, although it is not very efficient in terms
of the necessary application performance. Unfortunately, due to the current concept of
diagnostic procedures, the cooperation of the diagnostic system with human operators
is always required. Therefore, the developed system necessarily requires a certain
degree of functional control. A positive aspect for operators might be the method of
virtual control or settings via remote access to software developed on the LabVIEW
platform, which the company itself refers to as Remote Front Panels. The reason for
the necessary interaction is illustrated, for example, in Figure 3, where access to
certain modules requires authorization from the person invoking the functions. Once
authentication on the Hella server is complete, it is possible to proceed further.
However, to initiate this process, it is necessary to log in with a Hella Gutmann account
username and password.

U tohoto modelu jsou y2 dje

~
1 % Cyber Security Management

4m omen

Figure 3: Authorization of a person in the cybersecurity system



The development of the application was quite time-consuming, although the resultis a
relatively simple solution. However, it involved a thorny programming journey, starting
with an ambitious initial step to develop a complete system capable of displaying HTML
code as web browsers do. For simple systems, the initially chosen solution might have
been effective, but with the structure provided by the Hella Gutmann diagnostic
device's web server, it was not possible to maintain the necessary graphical level. The
reason is the source code, which is automatically generated and did not provide a
"readable” structure. It was full of DIV tags, whose locations are too complex, and the
naming is handled by very long tokens. From a programmer's perspective, it can be
stated that the creator did not optimize the structure at all; | would unabashedly call
this waste of application performance. Simply put, it can be interpreted that the
necessary data constitute only a few percent of the total code of the webpage content
carrying the information. Unfortunately, as the programming proceeds, the entire
HTML code, including cascading styles and internal JavaScripts, must be processed.
This seems to be the biggest drawback of the created system. Unfortunately, despite
numerous consultations and attempts with Al tools like ChatGPT or MS Copilot, a more
efficient solution was not found. The departure from programming a custom web
browser for the code provided by the diagnostic device came with the discovery that
third-party components could be used, integrating many necessary functions.
Generally, the components are based on technologies like ActiveX (an older but still
used developer platform) or .NET (a modern Microsoft-supported developer
"ecosystem™). Choosing from free platforms shared with programmers under open
licenses, the component directly from Microsoft named WebView2 was used. The
WebView2 component allows hosting web content in native applications using the
Microsoft Edge rendering engine based on Chromium, which is essentially the current
standard incorporating HTML5, XHTML, CSS3, and support for extensive JavaScripts.
A positive experience with this component is worth noting, as no errors on its part were
recorded over several months.

The graphic illustrations below, depicting the diagnostic process state, are created
from the final compiled application in the NI LabVIEW environment. A simple guide is
the right side of the graphical interface, where the "Response Time" graph is visible,
showing how long it took to process the command request (e.g., listing parameters).
Programmatically, it is necessary to handle the timeout, as for some (non-)electric
vehicles, the process of scanning valid addresses can take several tens of seconds.
The image below, Figure 4, shows the diagnostic system screen, displaying the most
important and necessary current value data. On the left is the Hella Gutmann
diagnostic system screen. On the right, the parameters are read and displayed in the
environment programmed in the NI LabVIEW environment. Below the table are options
for saving files from the top table, and the HTML Zoom factor is a WebVIEW?2 function
that allows user setting of the web page content size. This function was added to the
application after testing on several devices, where less standard display resolutions
caused deformation of graphical elements. Changing the zoom factor can eliminate
the deformation.
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Figure 4. Example of live data that can be saved by the system

2.3 Skoda Enyag - case study

The methodologies for tests conducted on the MENDELU chassis dynamometer were
intentionally chosen with parameters corresponding to testing a car with a combustion
engine. However, a fundamental aspect is the completely different torque
characteristics between a combustion engine and an electric drive, in the case of the
test vehicle, a synchronous electric motor. This characteristic is described in the
construction chapter, showing that the maximum torque values are reached at zero
engine RPM. Unfortunately, the dynamometer drive "fails" here, as its maximum force
value is 5 kN in both motor and generator modes, or quadrants. From comparing the
characteristics, it was clear and evident that a higher speed needed to be chosen for
the first test point, as at lower speeds, the dynamometers' current protection would
activate. This "starting" speed point was set at 60 km/h. The test procedure then
proceeds by waiting for the vehicle to reach the starting speed, which the vehicle
operator does using the accelerator pedal. Once the dynamometer registers the
starting speed, the operator again uses the accelerator pedal to set the maximum
value, effectively demanding the maximum torque. The regulator then takes over the
test process, striving to minimize the speed control deviation (further evaluated). After
the defined parameter recording period, the dynamometer, or its regulator, moves to
the next speed point, stabilizes the speed again, and subsequently records and
averages the force value. The setup for this configuration with the Skoda Enyaq was
60-150 km/h. The methodology for static power measurement, aside from the previous
paragraph describing the necessary first speed point at 60 km/h due to significant
forces on the roller surface, also differed in the operating mode of the test bench.
Electric vehicles generally integrate very innovative driver support systems (ADAS), at
a minimum including the second generation of ESP, which is highly sensitive to the
accuracy of input variables. Therefore, for power tests, it is essential to ensure the
same circumferential speed on each wheel. If this is not the case, the vehicle's control
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system will intervene and disrupt the consistency of the test procedure.There was
some uncertainty here because all rollers are independently controlled by their
regulators in the test bench exciter, which share information about test
parameterization, control mode, and current variables via the EtherCAT network. In
the event of control "overshoots,"” which would otherwise have no impact on the test
results in terms of test bench data, the vehicle could enter one of its emergency modes
and generate substitute values. In real-world driving dynamics regulation, this would
result in a situation where, based on the difference in wheel speeds and lack of
knowledge of the actual driving state due to zero changes on the accelerometer or
gyroscope, the system would repeatedly test with brake support and monitor the
changes made. The oscillation of one regulator would cause oscillation in the other.
However, the quality of the rotational or speed control of the test bench proved to be
very high (even during testing).

The graph in Fig. 5 is the result of measuring the characteristics of the Skoda
Enyaq vehicle drive. It is necessary to comment on the fact that, in the case of internal
combustion engines, the X-axis would represent the rotational speed of the crankshatft,
in other words, the engine RPM. However, for the Enyaq vehicle, we were unable to
determine the drive RPM not only from the vehicle's onboard instruments but also from
the Hella onboard diagnostics. For this reason, the graph is not titled in accordance
with the usual graphical representation of RPM characteristics. Instead of engine RPM,
| have retained a parameter that is somewhat equivalent, which is the roller speed
corresponding to the wheel speed. The maximum measured value was 146.5 kW at a
speed of 70 km/h. Subsequently, it decreased to 70 kW at a speed of 150 km/h. This
is due to power limitation, which is time-defined by the manufacturer. However, it can
be assumed that a multidimensional analysis of other parameters, especially electrical
and thermal, is necessary. Unfortunately, it is not possible to find documentation of the
vehicle drive controller to make the result valid.
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Figure 5: Power curve — Skoda Enyaq

From the above, it is evident that presenting the power characteristics in relation to
RPM is not reliable. It is highly necessary to present the stability of power over time,
as is apparent from the graph in Figure 6.
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Figure 6: Power curve (time) — Skoda Enyaq
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3. CONCLUSION

Given that the developed software was deliberately tested on an electric vehicle, the
following section will discuss the facts related to the execution of test procedures and
the use of OBD-Il and the battery vehicle. Based on the theoretical analysis of vehicle
testing methodologies conducted using a chassis dynamometer, it was found that there
are no significant differences in the direct execution of test procedures between electric
vehicles and those powered by conventional hydrocarbon fuels. It is true that
challenges arose during the experiment. These were not primarily related to the
powertrain itself, but rather to the driver assistance systems (ADAS), which caused
various issues before and during testing. For example, the radar system was
“obscured” by the test rig’s mounting equipment, and the camera system was blocked
by the control screen, etc. Changes in the setup should eliminate these complications.
However, the situation remains problematic for the vehicle's inertial measurement
system, as wheel acceleration will not be accompanied by a translational acceleration
signal. The following text details the procedure for conducting the tests and possible
measures.

Identified differences in methodologies implemented for electrically driven vehicles:

Torque and Speed Characteristics - From the review of electric drives used in electric
vehicles, it is evident that there is an "overlap” of torque characteristics of the vehicle
test bench dynamometers. In other words, a critical part of the torque characteristics
in the initial phase, which can be defined approximately at wheel speeds up to about 3
km/h, encounters limits in processing and signal consistency from the wheel speed
sensors. This combination of methods on a vehicle secured on a chassis dynamometer
creates a situation that cannot occur on the road. My work does not involve validating
methods for determining the vehicle's kinematic state; however, | can generally outline
the factors contributing to the inconsistency of test results between laboratory and real-
world vehicle operation. Detection of the direction of rotation uses a combination of
differential wheel speed sensors for ABS/ESP, signal comparison from ABS/ESP
speed sensors, and supplementary information from inertial systems based on
accelerometer and gyroscope outputs, possibly including monitoring the Earth's
magnetic field. In static testing, where wheels rotate but the body does not move, no
"support” from the IMU can be expected. Although the IMU sensor cluster detects very
fine levels of vehicle acceleration, the signal analysis, which filters out disturbances
defined by the direction change in the positive and negative quadrants of influence,
oversees the signal. Generating torque through electric current is problematic without
knowing the speed or the second derivative of the signal—acceleration—and relies on
a rigid motion equation model, where at zero speed, a defined and fixed value of
electric current is set (static at least within a certain range of conditions where
temperature and other regulations do not enter current regulation). Current studies do
not focus on knowledge at zero speeds for vehicle electric drives. In road vehicles, the
guality of the model is crucial, where missing feedback must be replaced by the result
from a predictive model; currently, so-called virtual sensors, which provide a range of
kinematic and dynamic information based on complex calculations from diverse
signals, are the topic. The above aspects contribute to certain torque artifacts, which
manifest in torque overshoots and collapse of both control algorithms, leading to
fluctuation in torque decrement and increment limited by speed limits.
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Regenerative Modes - During dynamic tests, where it is necessary to monitor the
forces acting in the deceleration quadrant, known as coast-down testing, it is essential
to deactivate the vehicle's regenerative modes. For example, in a dynamic power test,
where torque is calculated as the product of the rotational system's moment of inertia
and angular acceleration. This involves accelerating from minimum to maximum speed
and then measuring during the descending coast-down test to determine passive
vehicle losses, i.e., complementary rolling resistances.

Defining Boundary Points of Characteristics - Currently, the speed characteristic is
presented within the range of usable engine speeds. Unlike the internal combustion
engine, which has zero torque at zero speed, the electric motor (synchronous) has
maximum torque at zero speed. Unfortunately, there is a discrepancy between the
concept of the chassis dynamometer and the electric motor of the vehicle, where the
low engine speed of the vehicle can significantly exceed the maximum braking torque.
For this reason, the characteristic must be shifted to speeds where this situation does
not occur. At the opposite end of the speed range, the situation differs from the
conventional setup for internal combustion engines, as the vast majority of electric
vehicles are speed-limited within the range of 140-200 km/h. Typically, the
characteristic in chassis dynamometer software is set so that engine speed is a
function of roller speed. Torque is then calculated from power. However, for the specific
tested vehicle, engine speed was not available, so it had to be interpreted as a speed
characteristic. Jouanne et al. (2020) present an approach and integration of OBD-II
parameters for electric vehicles for chassis dynamometers. This conclusion can be
agreed upon, especially if the parameters are used to simulate driving tests for
estimating emissions load or, in this case, determining consumption. However, based
on knowledge of the OBD-II protocol, | cannot agree with the designation of real-time
data access. The request for data is normatively limited to 50 ms, followed by an
indeterminate time for the ECU response, meaning system latency can be quite
significant. Unfortunately, the range of required parameters is not mentioned, so the
problem of determining speed remains.

Testing Battery Pack Parameters - To extend tests conducted on a chassis
dynamometer, the integration of tests defined and supported by standards for battery
pack cycling, including part of the cycle with the support of an external charging device,
is directly suggested. Vaidya et al. (2009), in cooperation with the Indian vehicle
manufacturer TATA, focused on automating tests on the chassis dynamometer to
define and objectify vehicle battery load tests and aimed for the greatest possible
reproducibility and repeatability of the tests conducted. As shown in their results, it is
possible to regulate a wide range of vehicle processes via the CAN bus. This is
demonstrated in a fairly extensive test of an electric vehicle battery, where the outcome
is an assessment of the parameters of li-ion cell cycling.

The source code is free for all purposes:
https://www.utad.cz/helladiag/

40


https://www.utad.cz/helladiag/

REFERENCES

[1]

[2]

[3]

[4]

[5]

Malekian, R., Moloisane, N., Nair, L., Maharaj, B., & Chude-Okonkwo, U.
(2017). Design and Implementation of a Wireless OBD Il Fleet Management
System. IEEE Sensors Journal, 17, 1154-1164.
https://doi.org/10.1109/JSEN.2016.2631542.

Jouanne, A., Adegbohun, J., Collin, R., Stephens, M., Thayil, B., Li, C.,
Agamloh, E., & Yokochi, A. (2020). Electric Vehicle (EV) Chassis
Dynamometer Testing. 2020 IEEE Energy Conversion Congress and
Exposition (ECCE), 897-904.
https://doi.org/10.1109/ECCE44975.2020.9236288.

Campoverde, J. (2019). Driving Mode Estimation Model Based in Machine
Learning Through PID’s Signals Analysis Obtained From OBD II. , 80-91.
https://doi.org/10.1007/978-3-030-42520-3 7.

CUPERA, Jifi; HAVLICEK, Miroslav; SEDLAK, Pavel; 2005. Integrace OBD-2
do systému zkouSeni vozidel na valcovém dynamometru.. In: Sbornik
pfednasek XXXVI. mezinarodni konference kateder a pracovist spalovacich
motorl ¢eskych a slovenskych vysokych Skol. Technicka 4, 166 07 Praha,
Ceska republika: Ceské vysoké udeni technické v Praze, Fakulta strojni, ISBN
80-01-03293-0.

VAIDYA, V., & BHERE, H., 2009. Driverless chassis dynamometer testing of
electric vehicles. ATZ worldwide, 111, pp. 12-15.
https://doi.org/10.1007/BF03225155.

41


https://doi.org/10.1109/JSEN.2016.2631542
https://doi.org/10.1109/ECCE44975.2020.9236288
https://doi.org/10.1007/978-3-030-42520-3_7

TECHNICKA UNIVERZITA V LIBERCI

7~
—

\|/
V%

e

N

7

\\\\

55. mezinarodni védecka konference zamérena na
vyzkumné a vyukové metody v oblasti vozidel a jejich
pohont

Zafi 5. - 6., 2024 — Liberec, Ceska republika
Technicka univerzita v Liberci
Fakulta strojni, Katedra vozidel a motor(

ON THE RUNNING SMOOTHNESS
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Abstract

The right choice of power train layout is a key prerequisite for success in the chosen
market. However, the operating conditions and driving modes of passenger vehicle
power trains differ in different markets. The paper presents a study of the influence
of the layout and other design modifications of the crank train of an in-line spark-ignition
engine on the running smoothness at atypically low engine speeds and high engine
load. Several design proposals of the crank train are assessed from this point of view
and compared based on the results of dynamics simulations using a discrete torsional
model with lumped masses which is solved in the frequency domain.
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1 INTRODUCTION

During the development of a new power unit, in addition to the required performance
parameters, applicable emission standards, costs, installation space, etc., the potential
specifics of the target markets must also be considered. When examining the operating
modes of internal-combustion engines sold in the Indian and Southeast Asian markets,
it was found that they quite often have a peculiar high load mode at very low engine
speeds, sometimes even lower than idle. This mode has a negative effect on NVH
as well as transmission fatigue life. This paper describes how to improve the running
smoothness of a 1.2 L in-line three-cylinder gasoline engine in this mode at the lowest
possible manufacturing costs, comparing the torsional dynamics of its crank train with
a four-cylinder engine of the same displacement and with the initial three-cylinder 1.0 L
engine, from which the three-cylinder 1.2 L engine is derived.

The dynamics of the crank train can be simulated using advanced MBS (Multi-Body
System) tools including modally reduced elastic bodies [1, 2]. These computational
models can also include various types of nonlinearities [3], or allow the study of detailed
stresses of individual parts in terms of fatigue life [4].

Computational models with lumped mass are used for simulations in the case where
the outputis, for example, only torsional dynamics of the system [5, 6]. The advantages
are lower complexity of the computational model, much faster simulation time
and easier incorporation of frequency-dependent parameters.

The thermodynamics of such an internal combustion engine can be simulated
in the phase of its development using 1-D computational tools, for example [7, 8.

The obtained results can be used as excitation effects of the aforementioned
computational models of forced vibration of the crank train.

2 DESIGN MODEL OF A CRANK TRAIN

From the point of view of the running smoothens at low engine speeds and high engine
load, several design variants are compared, see Figure 1.

1.0 MPI 1.2 MPI 13 1.2 MPI I3 EF | 1.2 MPII3 BF1 |1.2 MPI 13 BF2 | 1.2 MPI 14

PG QPG

Gn:::fss el o1 0 +5.5 +8.2 +17.8 +24.5 +3.6
Inertia

moment | [%] 0 +5.4 +10.2 +28.5 4.3 7.6
rel. diff.

Figure 1: The design of the crank train of the compared variants, the relative difference
in the mass of the crank train and the axial moment of inertia (including the clutch)
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The default design is the initial mass-produced three-cylinder 1.0 MPI, which serves
as a reference in this comparison. The new 1.2 MPI 13 three-cylinder engine derived
from it is equipped with either a mass-produced flywheel, a flywheel enlarged as part
of the standard installation space — EF, a large flywheel allowing the same running
smoothness as in the case of the 1.0 MPI engine with a combustion chamber pressure
corresponding to the original engine 1.0 MPI — BF1 and a large flywheel to achieve
the same running smoothness as the 1.0 MPI with combustion chamber pressure
corresponding to the larger cylinder unit 1.2 MPI I3 — BF2. The four-cylinder 1.2 MPI 14
engine is also included in the comparison, however its overall mass, costs and dynamic
parameters are not as suitable for the target market as in the case of three-cylinder
engines. Table 1 summarizes the basic dimensions of the crank train of the compared
engines.

Table 1: Basic dimensions of the crank train of the compared variants
1.0MPI  1.2MPII3 1.2 MPI 14

Bore [mm] 74.5 76.5 71
Stroke [mm] 76.4 86.9 75.6
Connecting rod length [mm] 145 140 145
Cylinder distance [mm] 82 82 82
Crankshaft offset [mm] 0 0 0

3 COMPUTATIONAL MODEL OF THE TORSIONAL
DYNAMICS

For the needs of this project, the simulation of the torsional vibration of the system
is performed using a 1-D dynamic model with lumped masses, see Figure 2. The inertia
effects of the individual parts of the system are lumped in the respective disc
with an equivalent moment of inertia. Torsional stiffness of the individual parts
is represented by the corresponding stiffness of the intangible shaft connecting
the adjacent discs.

Figure 2: Computational model of the torsional dynamics with lumped masses
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Torsional stiffness of individual parts is determined analytically, e.g. according to [9],
torsional stiffness of crankshaft throws is determined according to equations derived
by Ker Wilson [10].

The response of a steady damped system to time-varying forced torsional excitation
can be determined from the equation system:

Mg+Bgq+Cq=Q, (1)

where M is the mass matrix, q is the vector of generalized torsional coordinates, B is
the damping matrix, C denotes the stiffness matrix and Q is the excitation vector.
The simulation of this type of vibration is performed in the frequency domain on an in-
house computational model created in the FORTRAN environment. The model is
excited by the torque of inertia forces of the reciprocating parts and by the pressure
in the combustion chamber. The pressure in the combustion chamber originates in a
thermodynamic 1-D simulation in a GT-POWER environment. The thermodynamic
model is based on a modified and verified computational model of the initial three-
cylinder engine 1.0 MPI.

A hysteresis damping model is used to simulate the internal damping. However,
the damping in the rubber parts has the most significant effect. The rubber part is
the torsional damper in this case. The connection of the crank train with
the dynamometer rotor is simulated in this computational model by a very soft torsional
spring with negligible damping. The damping of the crank train relative
to the construction frame (i. e. to the engine block) is modelled to be proportional to the
estimated friction mean effective pressure.

Due to the simulation in the frequency domain, when the mutual independence
of the individual harmonic orders of the requested quantities is assumed and
the frequency-dependent parameters (damping of the torsional damper)
can be calculated directly, the simulation time is extremely short compared
to the simulations in the time domain. For this reason, this method is also suitable
for more extensive parametric studies. This is used precisely for the design of the large
flywheels BF1 and BF2, see the next chapter. A certain limitation of the described
computational model is the fact that it is linear, however this does not limit its
applicability in this case.

4 SIMULATION RESULTS

The computational model described in the previous chapter enables the recalculation
of the investigated quantities back into the time domain. In this way, it is possible
to obtain, for example, values of the angular displacement of individual members
of the torsional model, the relative deformation between individual members, or
the torque acting between them. From these results, the angular displacement
of the flywheel is the most important for evaluating the running smoothness
of the crank train. Figure 3 shows this for the compared variants in the form of half
peak-to-peak value of the flywheel angular displacement. The results show
a significant deterioration in the running smoothness of the three-cylinder variants
compared to the four-cylinder one, which is caused by the larger firing angular gap
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of the three-cylinder variants. Due to the larger cylinder unit and higher performance
parameters, the largest value of half peak-to-peak value of the angular displacement
of the flywheel is achieved in the 1.2 MPI I3 version. The increase of its flywheel within
the existing installation space (variant EF) will improve the running smoothness by 4 %
compared to the initial design 1.0 MPI, however only a substantial increase
in the moment of inertia of the flywheel by 55 % will bring the 1.2 I3 MPI variant
the same running smoothness as the 1.0 MPI.
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Figure 3: Half peak-to-peak value of flywheel torsional vibration

Figure 4 shows the same results in the case where all variants are excited by in-
cylinder pressure of the initial 1.0 MPI version.
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Figure 4. Half peak-to-peak value of flywheel torsional vibration when the
computational model is excited by the in-cylinder pressure of the initial variant 1.0 MPI
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It is obvious that the running smoothness will improve in this case, as the 1.0 MPI
design achieves significantly lower values of pressure in the combustion chamber
in the range of engine speeds (400-1800) rpm. The flywheel of the 1.2 MPI 13 BF1
variant thus has a moment of inertia greater by only 35 %, therefore that this design
reaches the level of smoothness of the initial 1.0 MPI variant.

During parametric studies of the influence of the moment of inertia of the flywheel
torsional vibration at low engine speeds, when one harmonic order completely
dominates (for a three-cylinder 1%, for a four-cylinder 2), a practically perfectly
logarithmic dependence of these quantities is observed. This can be used
by approximating this dependence for a given engine design, e.g. using the method
of least squares. After finding out the constants of this function, the moment of inertia
of the flywheel can be designed directly for the required flywheel angular displacement.

5 CONCLUSION

In general, a computational model of the most appropriate level should be chosen
for each simulation. The presented method for the design of the flywheel for the chosen
level of running smoothness of the crank train is time effective and relatively easy
touse. It can also be used to determine the influence of the thermodynamics
of the combustion process and the geometry of the crank train on its running
smoothness. In addition, it can also provide information on the torsional stress
of crankshaft parts, the effect of the torsional damper, etc.

The results show that, in terms of the mass and moment of inertia of the crank train, or
rather the flywheel, in order to achieve greater running smoothness, it is more
advantageous to adjust the combustion process so that the excitation of the crank train
at the lowest engine speeds decreases. To further increase the running smoothness
of the 1.2 MPI 13 engine, however, increasing the flywheel is necessary.
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BEYOND VEHICLE ELECTRIFICATION:
LIFE CYCLE ASSESSMENT,
MINERALS, ENERGY CHALLENGES
AND THEIR IMPACT ON COMPONENTS
DESIGN AND CAR ARCHITECTURE

Guillaume HEBERT!

Abstract

In the race towards vehicles electrification, optimizing the products (the vehicles) may
not be good enough. First of all, because a “tank to wheel” approach only captured a
part of the total emissions required to manufacture and operate. Second of all, because
it fails to consider resources availability e.g., minerals, energy.

Therefore, cars should not be considered as a system on their own, but rather as a
“system of systems” which requires wider consideration to be operational.

1. INTRODUCTION

The last decade has seen a push towards Battery Electric Vehicles (BEV’s). The two
main technical goals being reduction of carbon dioxide (CO2) and pollutants i.e.,
particulates matter, nitrogen oxides (NOXx)... The last ones are toxic but latest
enhancements in combustion and after-treatments have reduced the issue to very low

! Guillaume Hébert, Hanon Systems Autopal Services s.r.o., Zavodni 1007, 687 25 HLUK, Czech
Republic, ghebert4@hanonsystems.com
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level [1]. Hence, the main focus has been on CO2 improvements through massive
BEV’s introduction to the passenger fleet at first, possibly later to medium and heavy
duty (and further later to other transportation systems as aviation).
When different solutions were initially investigated by scientists and engineers,
politicians from several countries e.g., European Union, United Kingdom, California [2]
etc., have pre-empted BEV’s as a silver bullet technology to cope with climate change
emergency, as far as personal transportation is concerned, including coercive (“zero
emissions” city zones) and incentive (bonus to buy BEV’s) measures to persuade or
force consumers to that direction.
However, those decisions are still being discussed [3] and BEV’s sales seem to be
lagging vs. exponential predictions of electric proponents. Why that? From the author
point of view, there are four main arguments to explain questions on the electrification
path:
A. Users anxiety: range vs charging and price
B. Industry anxiety: sovereignty and cost competitiveness, especially US / EU vs
China
C. The ecological interest of BEV’s, including CO2 Life Cycle Assessment (LCA)
in real conditions
D. The question of resource availability i.e., energy (electricity generation) and
minerals, to support electrification
Point A has been in deep discussed, including the author itself [4]. Point B goes far
beyond technical question and can be seen as an economical consequence of the two
last points, which will therefore be discussed in the rest of this paper, presenting the
current context and trying to draft what should be done if the pre-empted BEV technical
choice has to make sense.

2. THE LIMITS OF BEV’S ECOSYSTEM

2.1 Life Cycle Assesment (LCA) of electric vehicles

Current status of legislations is mostly based on “Tank to Wheels” approach i.e.,
considering solely the emission being created by vehicle powertrain usage [5]. Even
some new regulations tend to extend the definition by including other sources (e.g.,
tyres and breaks [6]), it still fails to capture the full scope of emissions related to this
usage (including production of the vehicle, generation of the energy carrier and
recycling). Advantage of the “Tank to Wheels” is that it is pretty simple to implement.
Conclusion of such approach is pretty in favour of BEV’s, which can be wrongly
considered as “Zero Emissions Vehicles”. However, simple LCA as proposed by
Morkus et al. [7] demonstrates that the condition of such results are more complex and
may not be quickly achievable everywhere and quickly. Burton et al. [8] have reached
similar conclusions, introducing further sophisticated considerations on electricity grids
exchange in the USA.

In a previous paper [9], the author listed the main factors impacting the mileage to be
driven by a BEV'’s to be CO2 beneficial in regards of other powertrains (pure gasoline,
Full Hybrid and Plug-In Hybrid) for the same vehicle type (similar mass and
aerodynamics):

¢ Intra-automotive factors (i.e., fully resulting from vehicle engineering):
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o Battery capacity Cpatt: ranging from 30 to 130 kWh
o Vehicle energy consumption, CONSO: from 12 to 20 kWh/100km
o Energy lost for heating and cooling, nac_neat: from 7 to 30%

Border line factors (i.e., partially under automive engineers technical choices):

o Energy intensity of batteries production, a: from 50 to 200 kWh to
produce 1 kWh of battery capacity. Depends of the manufacturing
processes as well as the chemistry choice (e.g., LFP vs NMC, hence a
clear link to the minerals)

o Energy lost during charging, ncharging: from 6 to 18%. Depends of the type
and design of the charging station, on-board power-electronic design, as
well as consumer habits (e.g., low speed home AC charging vs high
speed public DC)

Fully external factors (i.e., not under automotive engineers control):
o Electricity carbon intensity at the batteries production site, forod: from 35
to 500 gCO2eq./kWh
o Electricity carbon intensity during usage, fusage: from 35 to 500
gCO2eq./kWh

The extremes values for each factor have been chosen to represent what is currently
the best (red) and worst (Blue) achievable scenarios (typically the range indicated
abive). A sensitivity analysis, presented in Figure 1, displays the effect of those extreme
inputs to the breakeven point (mileage after which a BEV displays lower overall CO2
emissions that Spark ignition equivalent) when compared to a KIA NIRO baseline (0%
line) of the following characteristics:

Choatt = 64.8 kWh [10]

CONSO =14.1 kWh/100 km [10]

Nac_heat = 1.1 [9]

a=111[7]

Ncharging = 1.15 [9]

forod = 250 gCO2eq./kWh, which represents current EU average
fusage = 250 gCO2eq./kWh, which represents current EU average
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Figure 1: BEV’s CO2 footprint LCA conditions sensibility analysis
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If we focus on the four most sensible parameters, only one of them (Coatt) is purely in
the hands of automotive engineers. Said differently: the most optimized BEV
considered separately, out of its “ecosystem”, may not provide significant benefits (in
terms of CO2 emissions) if factors external to the scope are degraded to a point that
overrun the advantages.

If BEV transition has to be a success, in term of significantly reduced CO2 emissions,
then only if the system “vehicle” is considered as a sub-part of a “system of systems”,
which includes on top electricity generation and distribution, charging infrastructure,
availability of required minerals etc. What has to be optimized is the “system of system”
as a whole and not the sub-system “vehicle” only.

Therefore, the rest of this paper will focus on two main technical limitations: the
availability of low-carbon electricity and of the necessary minerals to manufacture, at
scale, BEV’s, systems for generation, transport and distribution of electricity.

2.2 Limitations on electricity generation

As seen in previous section, the CO2 intensity factor of electricity consumed during
BEV usage, f, is a significant factor impacting their carbon footprint. But how to
calculate it? The easiest and very often used way is to consider average number e.g.,
yearly, for the country / region considered. But this approach is not satisfactory for
different reasons that we will explore.

As a started, let's remind the condition of electricity grid stability (in tension and
frequency):

Demand [W] = Supply [W] = Production + (Storagedepealing - Storagecharging) +
(Import — Export) (1)

Let’'s now deep dive into the term of the equation. The baseline is that, at each time t,
the demand equals the supply. This most obvious solution is to adapt the production
to meet the demand. But it is not always possible when the demand is high (exceeding
maximum installed capacity) or low (some generation means need to continue to
generate at minimum load) or too fast.

Hence, there are s-called interconnections between national grid, enabling European
balancing at continental scale (in the equation this is the term IMPORT — EXPORT).
Last but not least, operators may dispose of possibilities to store a certain amount of
energy.

Massive introduction of BEV’s and renewable electricity sources create some issues:

e Demand increase (as other usage will not stop because of BEV’s introduction).
Requires production strong increase, as the import from interconnections will
probably not be available, each countries facing same challenges without too
much reserve [11]

e As it can be seen in Figure 2, increasing demand lead to call less clean
generation means on the grid, more often, through merit increase (operators
first called on the grid clean / less expensive generation means and only called
the expensive / more emitting ones if needed). Leading to a degradation of the
factor f. This marginal effect (f linked to the incremental demand > f average > f

52



average before the demand increase) has to be considered as a factor in BEV's
LCA calculation

e Often prospective studies are just extrapolating past trends to project carbon
intensity future reduction. However, as the deployment of BEV’s can be much
faster than deploying new energy (power generation units, grids...)
infrastructures, brutal demand increase may not drive to any reduction

e Energy storage, even Li-lons Giga packs of V2G, will remain insignificant to the
total amount of energy consumed

e Massive renewable sources adaption create significant additional variability on
supply and also demand (when PV produce, you want to inject to the grid with
priority. But when not, then the grid is missing your input + your auto-
consumption)

Normal day mini, Mormal day maxi.
14 ! ¥ ! Extreme maxi power
Worst ca!e: no \J{ind : ) .
1 : | demand Installed capacity
1.2 [nosun 1 | TR —
1 x | L ]
\ — |
1 SN Average load - @ N
= ' kactor," |. ¥|
5 08 . | 'p\railability ; ;
S L I P N SO U .
0.6 - L
2 A
e 0.4 I ' .. — Germany
: ! 1 —  Frane
02 i i. = a ]
1 , :
® I
0 Hy a-a-!-b 0" ._9
0 50 100 150 200 250
Power [GW]

Figure 2: Aggregated power generation curve, per merit order for France and Germany [9]

Therefore, current electric system has a maximum limit for BEV adoption if we still want
to carbon balance to be beneficial vs conventional powertrains, as it can be seen in
Figure 3.
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2.3 Limitations on minerals

In collective imagination, mining is connected to the industrial revolution, deep, messy,
dangerous work, liked in Emile Zola’s novel Germinal. Also, former mining areas (as
well as heavy industry like metallurgy) are often connected with ecological burdens.
Therefore, itis understandable that the western world has pushed mining far from itself,
thanks to globalization of the economy. "Out of sight, out of mind": was the problem
solved?

Nowadays, two things are fundamentally changing our view on mining and minerals:

e Electrification of everything will require much more minerals, including for BEV’s
manufacturing as shown in Figure 4.

e New geopolitical tensions in parallel of demand growth for relatively rare
resources (at least for the deposit which are sufficiently concentrated, easy
enough to be economically exploited). Coupled with not even distribution of
those resources and the industrial tools to exploit and transform them, the
situation raised to what is called a “race for minerals”, described in Figure 5 &
Figure 6. Some countries got early situation awareness and have set-up
adequate strategy to secure value chain, as demonstrated by this famous quote
from former Chinese president Deng Xiaoping in 1987: “The Middle East has
oil, China has rare earths”

Copper @ Lithium Mickel @ Mangenese  Cobalt Graphite Zine Rareearths  ® Others

Figure 4: Metal and mineral necessary - Comparison EVs vs ICE [12]
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This drove certain consequences that we are starting to see in practice and highly

Where Clean Energy Metals Are Produced And Where They Are Processed

Produc of key: 1 esources:is highly concentrated today. China daminates-the refining-and processing of key metals
Charts

Nickel | Indonesia

Phil. Rus.‘ Russia Australia 8

0% 20%: 40% 60% 80%. 100%
0% 20% 40% 60% 80% 1100% I | L | I
Copper | Chite .

Cobatt [T [[H °°b"’"|°""“ ]F'"'[ ‘ Estonia

Rare €arths _ us. Myan. Rare earths I China ¢ I Mal.

Ii

Lithium ! Australia ] Ctiile. Lithium | China < ’ Chile !Arg.

1

T

20 Guillaime HEBERT, Going Electric...?~Part 2, VUT v Brni

&, Apr. 2022

Figure 5: Critical elements for clean energy transition [13]

Figure 1: biggest supplier countries of CRMs to the EU

Finland hapren
marium 51 )

Germar :
Norway [
con metal 307, ‘ /

France

hafrivm 84%
trdium 28 Germany .
Gallium 35% :
United States ° spaln = i
Seryllum* 88 Srontum 199 /. Rizakhatin .,/ s
Morocco e Phosshorus 719 &
P Frosonate rock 24 Turkey :

7 Artimany 624
o Guinea Berates 98%
s ST Bauite 64
DRC °
Cobait 8
T anzalum 36 Indonesia
oz fiatura: rub
Brazil ——
Viooum8s

Source: European Commission report on the 2020 criticality assessment

Figure 6: Biggest supplier countries of CRM’s to the EU [14]

impact the whole industry and in particular automotive:

Establishment in various region of list of Critical Raw Materials, as per Figure 7.
Update the geological inventory of mineral resources, a premiere since half

century for certain countries like France for instance

Plan to open new mines e.g., lithium in France [16]. However, it comes with

various complications:

o Long lead time (up to 15 years) between exploration and operation of a

(@]

new mines, hence it requires anticipation

Project acceptance. Paradoxically, environmentalist groups are not in
support of new mines needed to electrify everything, despite the fact that
electrification is seen as a major path toward climate change mitigation...
Securization of value chains. Example of Li-ions batteries for automotive:
diplomacy (agreement with governments of countries having resources) is a
prerequisite to the exploration and the extraction of the resource. But complete
value chain securization should also including refining, manufacturing of cells
(using several minerals), manufacturing of modules & packs and finally
assembly on vehicle. The numerous projects being celebrated in mass media
as “giga-factories” start mostly with cells or modules production. If this is better
than nothing, it is by far not securing the supply to European industry!
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Reducing dependency to mineral resources does not only pass through securing new
deposits but should also go through 4R (Repaire / Reuse / Recycle / Reduce). Below
is an example of this method applied to an automotive radiator:
e Repaire = change isolators / manifolds if deformed during low speed crash
¢ Reuse = if the vehicle is scrapped and radiator OK = re-use it as spare part
e Recycle = Aluminium to be separated and use back in alloy to make new
parts. It is necessary to make a distinction between re-cycling for the same
usage or not (conservation of mechanical properties) which leads to different
process: mechanical or chemical recycling [18]
e Reduce: reduce Aluminium usage through down-gaging or size reduction by
improving thermal efficiency

In other way, we should also think of closing the loop. From this perspective, example
of other area, liked Uranium cycle [19] can be inspiring.

3. CONCLUSION

Contrary to a generally accepted opinion, electrification of mobility, and especially
BEV’s, is neither good nor bad. Making it beneficial in the context of fighting global
warming requires certain conditions to be fulfilled: marginal carbon intensity at both
battery production and usage sites to be as low as possible, lowest energy intensive
process for battery cells production, limited battery capacity, optimized vehicles energy
consumption including in cold and hot weather, for the most significant ones.

When some are under automotive R&D control, others are not: therefore the system
“car” should holistically considered in a system of systems which at minimum should
include considerations on electricity generation and distribution and minerals mining
and processing.
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It is interested to note, that car makers are pushing that directions: they do already
require minimum level of recycles metals, minimum level of parts to be re-usable or
recycled and quota of renewable energy consumption. However, suppliers and their
supply-chain do have huge problems to commit. Just to quote an example, there is not
enough amount of high value recycled aluminium to already fulfil the demand as per
today.

This tension is easily explained by the different dynamics behind automotive, energy
and mining sectors: when the 2035 ICE-ban target corresponds roughly to 2
generations of vehicles, giving room for optimization, it is hardly enough to bring new
electricity generation supplies or open new mines and refining facilities.

Further to that, the “electrify everything” strategy, does not only drive automotive but
other sectors as heavy industry, domestic application (replacement of natural gas
heaters), creating competitions between those fields in a context of faster increasing
demand vs supply.
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DYNAMIC SIMULATIONS OF ELECTRIC
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Abstract

Dynamic simulations of mild-hybrid powertrains tend to focus on internal combustion
engines due to higher NVH compared to electric motors. On the contrary, this paper
focuses on the effects of radial and tangential forces of a specific electric motor that is
used in mild-hybrid powertrain. This motor is usually connected via belt on the front
end of the crankshaft. The aim of the paper is also to provide comparison of two
approaches to the dynamic simulations and to evaluate the influence of using flexible
bodies in this kind of analysis.
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1. INTRODUCTION

Electric motors are widely used in automotive applications. Recent rise of production
of battery electric vehicles (BEV) and hybrid electric vehicles (HEV) leads to new
challenges and areas that need more attention. The most common type of electric
motor used in vehicles is permanent magnet motor. It has been implemented to the
powertrain due to high efficiency, high power/torque density and low vibration
and noise [1].

The main sources of NVH issues for electric motors are magnetostriction of core
lamination, mechanical noise and the radial forces acting on stator [2]. Torque is
produced by applying a current to one of the phase windings which pulls the rotor into
a new position. The stator resonates with a damped vibration at its natural frequency.
The tangential forces are smaller than radial forces, however, they should not be
neglected. Tangential motions of tooth tips are often many times larger than the radial
motions in important natural modes of machine vibration [3]. Tangential load can
interact with radial load in a complex way depending on the associated spatial order [4].

The electromagnetic vibration is a parasitic effect of electric motors. The vibration is
created by the Maxwell pressure (electromagnetic forces) which is applied to the
interface between the air gap and stator inner surface [4]. The importance of stator
vibration is a design consideration. The engineers should predict accurately
the vibration that would be associated with a given design.

Dynamic analyses of hybrid powertrain usually focus on the internal combustion
engine, however, the excitation of mechanical structure of the motor by
electromagnetic exciting force and its harmonics should be also further investigated
to understand the complexity of the system. Even though some researchers have
already published studies dealing with vibration of electric motors, the topic is still not
well-covered and it needs further investigation. A finite element multi-physics model is
necessary for this kind of investigation [5].

The study described in the paper is a part of dynamic analysis of the whole hybrid
powertrain with cylinder deactivation. The motor should help to mitigate vibration
of internal combustion engine by torque smoothing [6]. The multi-physics model of this
motor should also help to create methodology for evaluating dynamics of electric
motors. This electric motor is a belt starter/generator used in mild-hybrid powertrains
with 48V technology. The whole system consists of 48V battery, low-voltage DC/DC
converter and the permanent magnet synchronous motor that is connected via belt
to a pulley on the crankshaft. The peak power of the motor is 9 kW for motor mode
and 12 kW for generator mode. The peak torque of the motor is 40 N-m.

2. DYNAMIC SIMULATIONS

Multibody simulations are an effective tool for studying vibration, friction losses,
bearing loads and the like. Additionally, electromagnetic simulations must be
conducted to obtain the necessary input data.
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2.1 Electromagnetic simulations

These simulations are carried out in Ansys Maxwell. The stator and rotor geometry is
imported from CAD and the stator winding is added in the Ansys environment.
The stator has 96 slots with two conductors in each slot. It is U-Pin rectangular hairpin
winding with two star couplings. Three phases are used for motor mode and three
for generator mode. The angle between them is 30°. The model could be seen
in Figure 1.

0 100 200 (mm)

Figure 1. Model of electric motor in Ansys Maxwell

The rotor is similar to standard alternator rotor with claws. Figure 2 shows the rotor
with outlined stator. There is a coil in the middle of the rotor part as well as 16 magnets
placed between the claws. The connection was modelled in Maxwell Circuit Editor.
Ansys Maxwell uses its own meshing algorithm. The mesh in the air gap has to be
refined.

0 50 100 (mm)

Figure 2: Rotor including coil (orange) and magnets (black)
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The aim of this simulation is to obtain radial and tangential forces that act on stator
teeth. These forces as well as the torque of the motor are exported and used as
an input for multibody simulations.

2.2 Multibody simulations

The results are obtained by simulations using FEV Virtual Dynamics software, which
uses the core technology of Hexagon Adams. The model contains flexible bodies
meshed in ANSA and the modal reduction was carried out in Nastran. The meshed
rotor is shown in Figure 3. The parts of the meshed rotor (the coil, the magnets and
the shaft) are connected with RBE2 elements and the model contains three interface
nodes, two for bearings and one for force application. Interface nodes are nodes
for load application in multibody simulations and they are connected via RBE3
elements with the structure.

Figure 3: Meshed rotor assembly

The stator itself is connected to the housing with contact. The two parts of the housing
are connected via RBE2 elements. The stator model includes two interface nodes
for bearings, two for mounting the motor and 96 interface nodes for force application
on each of the stator teeth. The meshed assembly and the separate stator are shown
in Figure 4.

Figure 4: Meshed stator (left) and meshed rotor (right) with RBE3 elements (blue)
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The multibody model is firstly modelled only with rigid bodies. The stator and rotor are
then replaced by obtained modal neutral files. Radial and tangential forces data are
determined for each stator tooth separately. The flexible stator is necessary for this
load application. The final computational model is shown in Figure 5.

Figure 5: Multibody model in Virtual Dynamics environment

2.3 Results

The main goal is to study the effect of radial and tangential forces on torsional vibration.
The simulation with rigid bodies does not include these forces. The current simulation
with flexible bodies shows a noticeable ripple in angular velocity of the shaft caused by
radial and tangential forces. However, this model does not include eccentricity yet.
This effect should be added in later stage of the study. The presented results
of the steady-state simulation for 6000 rpm are shown in Figure 6.

%36000 | "s \“nm,‘\‘,“ “‘“‘“‘l ‘l"‘ “'!mm‘ "

Time [s]
—Flexible —Rigid
Figure 6: Angular velocity of the rotor shaft (near pulley) at 6000 rpm
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The electric motor is a part of a hybrid powertrain. The corresponding engine speed
would be approximately 2400 rpm. The torque of the system is set as the maximum
possible torque for the given angular velocity, in this case 15 N-m. The simulation is
carried out for different angular velocities, however, the trend of the results remains
the same. As an example, the results for 3000 rpm is shown in Figure 7.

18 040

18 020 WHH HMWNMHWH\N

= - i L N
18 000 L gis nu //[ itk /’[ M |

17 980

Angular velocity [deg/sec]

17 960
0.22 0.23 0.24 0.25

Time [s]
—Flexible —Rigid
Figure 7: Angular velocity of the rotor shaft (near pulley) for 3000 rpm

Multibody simulations could be a useful tool for assessing the load on bearings.

The bearing loads for 6000 rpm are shown in Figure 8.

300

IR

0.11 0.11 0.12 0.12 0.13 0.13
Time [s]

Force [N]

—Bearing back —Bearing front

Figure 8: Force magnitudes acting on rotor shaft bearings
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3. CONCLUSION

The multibody analysis proved to be a useful tool for assessing the dynamics of electric
motors. The difference between the simulation with rigid and flexible bodies show
the necessity of including the radial and tangential forces in the computational model.
The results could be further used for harmonic analysis to describe better the torsional
vibration of the system. This project serves more as a tool for creating a methodology
due to the fact that the vibration of this motor in mild-hybrid powertrain would be
negligible compared to the internal combustion engine. This is only an early stage of
the project. The next steps would include refining the electromagnetic model and
assessing the torsional vibration in more detailed manner.
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INFLUENCE OF A CASING
TREATMENT ON OPERATING
PARAMETERS OF A CENTRIFUGAL
COMPRESSOR
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Abstract

Application of a casing treatment to centrifugal compressors is a possible way to
influence their operating parameters such as compression, efficiency or aerodynamic
noise. Based on experimental results, the implemented casing treatment showed an
increase in isentropic efficiency at selected operating points and affected the
compressor map width as well. These results are in an agreement with numerical
simulations that predict this effect. The selected casing treatment design also affected
the sound pressure level measured during the compressor operation. It is thus shown
that casing treatment represent an interesting way leading to a noticeable influence on
the compressor map.
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1. INTRODUCTION

Manufacturers of rotating machines try to ensure their high efficiency, reliability and
trouble-free operation and low noise level. The requirement for low noise levels is now
becoming increasingly important, particularly in the automotive sector. However, all
requirements for the best possible performance of a given device are almost always
confronted with production costs. In the case of the centrifugal compressor, which is
the subject of the research here, improvements in operating parameters can be
achieved through changes in the aerodynamic design. The standard procedure for
aerodynamic design consists of an analytical analysis, the experience of the designer
and subsequent detailed calculations using computational fluid dynamics tools. These
include modifications to the shape of the impeller channel and the shape of the blades,
selection of their number and other changes to other flow components. With regard to
manufacturing and a certain conventionality, these shapes are usually smooth.
However, do smooth walls represent the most aerodynamically favourable class of
surfaces in terms of efficiency? An analysis of the dissipation of energy generated in
the flowing fluid does not allow a clear conclusion to be reached, and instead suggests
a certain complexity.

The fluid flow in centrifugal compressors is rather complex. It is well known that the
aerodynamic conditions in, for example, axial compressors or turbines, are
considerably less complex than in the case of a centrifugal compressors. A centrifugal
compressor consists of an inlet pipe, impeller, diffuser and a volute. It is the impeller
region that can be considered as a key part determining the operating parameters,
since the impeller region is the place where the energy is transferred from the rotating
surfaces of the impeller to the working fluid. It is therefore reasonable to assume that
it is the impeller space that offers the greatest potential for increased efficiency and, in
general, for changes in aerodynamic parameters.

Centrifugal compressors are, with few exceptions, almost exclusively designed as
unshrouded wheels primarily to reduce their weight. Tip leakage losses are thus
present in all operating conditions and their importance is higher in those operating
conditions where the pressure difference between the pressure and suction sides of
the impeller is dominant. The aerodynamic conditions in the tip clearance (TC) are
characterised by very high velocities at the blade tip. This circumferential velocity is
reduced to zero on the stator surface in a very small region, typically on the order of
tens of millimetres. The velocity gradient is thus very high at this location. Therefore, it
can be assumed that the TC offers the potential to influence the flow field inside the
impeller channel.

Isentropic efficiency nt_r is defined as

_ AHg
Nt-t1 AH,on ' (1)

where AH;; and AH,., are ideal (isentropic) and real enthalpy differences between
outlet and inlet of the compressor. The possible visual significance of defining the
efficiency nr_t can be seen in Figure 1. It is worth noting that efficiency can also be
defined as a ratio of enthalpy (or temperature) gradients based on static flow
parameters or a combination of total and static values. These other definitions are
based, for example, on whether or not the kinetic energy leaving the diffuser is viewed
as lossy.

67



s [Jkg=1K1]

Figure 1 Basic scheme of a centrifugal compressor (left) and thermodynamic variables
(right). Adopted from [1].

2. METHODS

The effect of casing treatment is physically justified, as significant velocity gradients
are present at this region. While a high circumferential velocity is present at blade tip,
the velocity is zero at the stator. In addition, a significant static pressure gradient in the
circumferential direction, i.e. between the pressure and suction sides of the blade,
should also be mentioned.

2.1 State of the art

In the case of axial compressors, there are quite a few papers dealing with local
modifications of the stator surface. This is mostly very extensive research carried out
within the NASA organisation, which has subsequently been followed up by other
research teams around the world. For example, as reported by Greitzer [2], in axial
compressors, the design of grooves or even perforations of the stator surface at the
point of interaction of the rotor blade with this stator has a beneficial effect on the
stability of compressor operation. Based on a study conducted by Prince et al. [3], a
positive effect has also been demonstrated when stator surface modification is used,
with the most favourable effect assumed to be achieved when the stator modification
accounts for 65% to 75% of the area in the nominal stator area without modification.
In the comprehensive work of Osborn et al. [4], several casing treatments were
experimentally tested in an axial compressor, see Figure 2. Based on these results, it
was concluded that, circumferentially grooved casing not only leads to a shift in the
limit of stable compressor operation, but also may lead to a significant increase in
efficiency. For example, on the speed line corresponding to 90 % of the design speed,
there is an improvement in efficiency of 4 % and at the same time an extension of the
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compressor's stable area at this speed by 9,3 %. On the other hand, the skewed slotted
casing with closed slots modification, although resulting in a greater expansion of the
compressor's stable area than the circumferentially grooved casing modification,
resulted in an efficiency reduction of almost 5 % at the design speed. It is therefore
clear that local modifications to the stator can significantly affect the initiation of
undesirable flow structures. Fabri and Reboux [5] have shown a significant effect of
deep circumferential grooves on the compression, efficiency and displacement of the
minimum working area boundary of an axial compressor with low aspect ratio blades,
especially at high rotor speeds. The grooves were 6 mm deep and the blade height
was 10 mm. Very detailed data from measurements of the transonic compressor can
also be found, for example, in Tesch [6].
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Figure 2 An overview of experimentally tested casing treatments type in the case of
axial compressors. Adopted from [7].

Sun et al. [7] pointed out that historically relatively fewer modifications to stator
geometry have been implemented on centrifugal compressors than on axial
compressors. This fact is probably a reflection of the fact, as stated for example by
Khelladi et al. [8], that the aerodynamic conditions are more complex in centrifugal
compressors than in axial compressors. However, In recent years increasing efficiency
and operating range has become one of the main objectives in the development of
centrifugal compressors for use in turbochargers. The requirement for greater flexibility
of operation while maintaining the highest possible efficiency and low manufacturing
costs has led to extensive research in this area. It should be noted, however, that in
the case of centrifugal compressors, most modifications focus on the CT design in the
impeller inducer region.



Interesting findings in terms of analysing the influence of the flow field when using
circumferential grooves can also be found in the work of Bareiss et al. [9]. The
modification made here consisted of creating relatively deep and narrow
circumferential grooves in the stator near the trailing edge, see Figure 3. The
conclusions of this work show an ambiguous effect of the number of grooves on the
operating parameters. As Bareiss et al. [9] mentioned, the creation of such grooves
leads to an increase in friction in the shroud region, and thus to additional losses.
However, an increase in efficiency has been demonstrated at some operating points.
Based on this, it is evident that the grooving performed allows the emergence of a
certain aerodynamic phenomena that not only compensates for these additive frictional
losses, but on the contrary, even exceeds them. Bareiss et al. [9], using the CFD tool,
concluded that the principle of this aerodynamic process is mainly to facilitate the
transfer of fluid momentum in the circumferential direction. Because there is a vortex
flow within the groove, although this is itself a dissipative process, there is no
instantaneous impact between the pressure and suction sides of the blade during the
flow through the TC.

1.

Figure 3 Casing treatment applied to a centrifugal compressor including deep
circumferential grooves near trailing edge. Adopted from [9].

2.2 Mathematical background
Navier-Stokes equation in the reference frame of reference can be written as
DV_V)+2 WXW+pw X (W XX) 99
p Dt pwXW+pw X (wXx ox,
where W is relative velocity, p is density, X is a position vector and o;; is Cauchy’s
stress tensor defined as g;; = —6;;p + 7;;, where &;; is Kronecker's delta, p is pressure
and t;; is viscous stress tensor. Multiplication the eq. (2) by w and assuming the

stationary flow, that is d/dt = 0, the Euler pump equation including viscous stress
tensor can be obtained in the form as

=0, 2

o = l(lullvow ~ Qullw il + ([ wwmgas = [[[ v 5bav, (g
Shroud %4 J

where AP is power transferred from the impeller to the fluid, m is mass flow, |u]

circumferential velocity and |v,| is circumferential velocity in stationary frame. It is

worth noting the last term on the right-hand side of the eq. (3) is so-called viscous

dissipation function representing the irreversible losses in a fluid. The irreversible
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conversion of fluid energy into heat is therefore proportional to the product of the friction
force tensor and the velocity gradient. The energy loss is defined as the volume integral
of this product. The integrand of the volume integral is called as viscous dissipation

. . ow:
density, denoted as é = t;; a—”:‘.
j

2.3 Casing treatment application

Casing treatments including grooves were created in the model of a centrifugal
compressor. The preliminary CFD analyses indicated a positive influence on the
compression ratio and efficiency at low flow rates. Several variants of casing
treatments were analysed to obtain the information regarding the prospective benefit
to the operating parameters. The positive influence on efficiency was found at several
operational points and it is in accordance with observation of viscous dissipation
distribution é in tip clearance region as shown in Figure 4. The original variant (left)
including smooth stator shows higher energy losses than variant including multiple
grooves (right). The middle variant includes one groove near leading edge and shows
a decrease in energy losses in this region as well if compared to original variant (left).
Decreasing the energy dissipation in the tip clearance region thus leads to a positive
influence on efficiency. The positive impact on compression ratio is a result of
increasing the outlet circumferential velocity in stationary frame v, due to lower
dissipation near shroud outlet.

Figure 4 Distribution of viscous dissipation density (energy losses) in tip clearance
region. Original on the left, one groove design in the middle and multiple grooves on
the right.

4. CONCLUSION

The type of grooving performed in the work is likely correlated with the TC size, as too
deep grooves led to a decrease in efficiency. Regarding the distribution and number of
grooves, it seems that a higher number of grooves offers more potential to increase
efficiency, which is in accordance with the research on the axial compressor mentioned
above. This fact can probably lead in some way to the idea of groove interference
making the generalization of the groove design for centrifugal compressors hard. This
fact also confirms certain individuality of a compressor for using the grooves discussed
here.

The manufacturing aspect of the proposed design is a disadvantage, as a five-axis
CNC milling centre must be used to achieve the most accurate machining of the
compressor stator. The further development of this research should therefore also be
based on the consideration of production possibilities with a view to possible
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introduction into series production. It also seems more appropriate to carry out
research on the grooving under consideration on large compressors. In the case of
small compressors, the problem of collision between the tool and the workpiece body
can arise. In any case, stator contouring offers a considerable potential to influence
the efficiency, for example for prototype production for applications requiring maximum
compressor aerodynamic performance at the expense of production costs.

REFERENCES

[1] BRAEMBUSSCHE, Rene Van den. Design and Analysis of Centrifugal
Compressors. John Wiley, 2019. ISBN 978-1-119-42410-9.

[2] GREITZER, E. M. Review—Axial Compressor Stall Phenomena. Journal of Fluids
Engineering. 1980, 102(2), 134-151.

[3] PRINCE, D. C., D. C. WISLER a D. E. HILVERS. A Study of Casing Treatment
Stall Margin Improvement Phenomena. ASME. 1975, 1A, 1-13.

[4] OSBORN, Walter M., George W. LEWIS a Laurence J. HEIDELBERG. Effect of
several porous casing treatments on stall limit and on overall performance of an
axial flow compressor rotor. NASA TN D-6537. 1971, 1-50.

[5] FABRI, Jean a Jean REBOUX. Effect of Outer Casing Treatment and Tip
Clearance on Stall Margin of a Supersonic Rotating Cascade. ASME. 1975, 75-
GT-95, 1-7.

[6] TESCH, W. A. Evaluation of Range and Distortion Tolerance for High Mach
Number Transonic Fan Stages, Task IV Stage Data and Performance Report for
Casing Treatment Investigations, Volume I. NASA CR-82867. 1971, 1-345.

[7] SUN, Xiaofeng, Xu DONG a Dakun SUN. Recent development of casing
treatments for aeroengine compressors. Chinese Journal of Aeronautics. 2019,
32(1), 1-36.

[8] KHELLADI, S., S. KOUIDRI, F. BAKIR a R. REY. Predicting tonal noise from a
high rotational speed centrifugal fan. Journal of Sound and Vibration. 2008, 313(1-
2), 113-133.

[9] BAREISS, Simon, Damian M. VOGT a Elias CHEBLI. Investigation on the Impact
of Circumferential Grooves on Aerodynamic Centrifugal Compressor Performance.
Volume 2C: Turbomachinery. American Society of Mechanical Engineers, 2015,
2015-06-15, 1-11. ISBN 978-0-7918-5665-9. Dostupné z: doi:10.1115/GT2015-
42211

ACKNOWLEDGEMENT

The research leading to these results has received funding from the Specific research
program at Brno University of Technology, reg. no. FSI-S-23-8235.

72



TECHNICKA UNIVERZITA V LIBERCI

l/
2

\l
N

e

\\\
A\

S
N

Q\
=2
71

55. mezinarodni védecka konference zamérena na
vyzkumné a vyukové metody v oblasti vozidel a jejich
pohont

Zafi 5. - 6., 2024 — Liberec, Ceska republika
Technicka univerzita v Liberci
Fakulta strojni, Katedra vozidel a motor(

MODELLING TRAFFIC EMISSIONS
BASED ON AN ADVANCED
VEHICLE DETECTION

Michael Bohm?, Klaudia Kébdlova?, Jakub Linda3, Jifi Pospisil*

Abstract

Air pollution from traffic emissions affects billions of people worldwide, yet
measurements are very limited. Pollution concentrations in cities vary rapidly over
short distances due to unevenly distributed emission sources, dilution and physico-
chemical transformations. Conventional monitoring methods lack the necessary
resolution to characterise exposures and locate hotspots. Detailed, specific and up-to-
date data are crucial for in-depth analysis, modelling, management or planning. This
paper explores and develops a widely applicable solution for real-time traffic pollutant
estimation based on high-accuracy traffic dynamics data and microscopic multimodal
emission models. A key aspect is the implementation of an advanced image
processing method for vehicle detection and classification. Accurate vehicle
trajectories together with terrain morphology are input to new micro-simulation models
for the generation of exhaust and non-exhaust pollutants (COz, NOx, PM).
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1. INTRODUCTION

Air pollution is a problem that threatens everyone and the environment. The low
atmosphere is heavily polluted by heavy traffic. The most serious pollutants are
particulate matter (PM10), nitrogen oxides (NOx) and seemingly harmless carbon
dioxide (CO2) emissions. To characterise the state of the air, defining source emissions
is an important first step. Transport emissions are generally calculated from emission
factors multiplied by the number of cars passing. The emission factor (EF) expresses
how much emissions of a particular type are produced by a particular car movement.
Exhaust-related emissions, including NOx, CO2, SO2 and PM10, are now a well-known
and well-studied problem. Emission factors depending on the type of vehicle, driving
mode and fuel used are embedded in various methodologies and standards [1-3].
However, exhaust emissions are calculated by different methods, but the procedures
differ, resulting in different emission factors for similar conditions. For the
characterization of EF in the Czech Republic, the methodological procedure of the
Transport Research Centre [1], the communication of the Air Protection Department of
the Ministry of Environment [2] and the emission inventory reports from the Czech
National Institute of Transportation [3] were first examined. The advantage of the CDV
methodology is the availability of EF for different transport modes and fuels. However,
it cannot be used for individual cars as itis calculated as an average over the year and
for total transport. In addition, cross-border sources were examined, focusing on data
from the European Union. Various emission inventory databases exist (e.g. European
Environment Agency [4], European Monitoring and Evaluation Programme [5], The
Handbook of Emission Factors for Road Transport [6], National Atmopsheric
Emissions Inventory [7]), but the EF is reported in different units, for different vehicle
categories and often the calculation is generic for total transport. For these reasons, it
was decided to use an internal combustion engine thermodynamics simulation
software tool to determine the EF for exhaust emissions.

The second group consists of non-exhaust emissions, which are generated by
mechanical processes (abrasion of brakes, tyres and road surfaces) or resuspended
as settled dust due to turbulence caused by traffic. The main pollutant in non-exhaust
emissions is particulate matter (PM10). This part of emissions will become
progressively more dominant with the development of electric mobility. Several
difficulties arise when examining particulate matter from sources other than exhaust
particles. First, due to the lack of standard measurement procedures, researchers use
many different sampling methodologies, leading to biased and difficult to compare
results. There are many different parameters that affect the non-exhaust particles in
terms of their physicochemical properties. For example, brake particle wear and
emission rates depend on the driving pattern (i.e. frequency and intensity of braking)
and the conditions under which braking occurs (vehicle speed, ambient temperature
and chemicals available in the environment). The particles generated by tyre wear
depend largely on the characteristics of the tyres tested, the road surface
characteristics and also on vehicle operating conditions [8]. Resuspension of road dust
depends on parameters such as traffic density, road surface properties and especially
its maintenance status, local meteorology and vehicle characteristics and operation

9.
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2. TRANSPORT EMISSIONS MODELLING

2.1 Gaseous emissions

The GT-Suite simulation tool was used to calculate the gaseous emissions. This allows
the modelling of exhaust emissions and knock. By default, it predicts 13 combustion
products (N2, O2, CO2, CO, H20, Hz, H, O, OH, NO, N, SO (if sulfur is present in the
fuel(s)), and Ar (inert, argon will pass if present in the inlet)) using equilibrium
chemistry. In addition, selected species can be calculated using chemical kinetics, but
only for some models or if the user explicitly specifies them. This section discusses the
available options.

Engine model

As a model engine for the creation of the model was used a turbocharged engine of
VW manufacturer 1.4 TSI, which was installed in the car Skoda octavia and was one
of the best-selling engines of this vehicle. This vehicle was sold between 2012 and
2017 and the engine had to meet the EURO 5 emission standard that was current at
the time.

Table 1: engine parameters

Emission system model

The catalyst simulation model was a detailed model in the secondary post-processing
circuit. The original baseline 1.4 TSI model was combined with the TWC retrofit model
by Ramanathan and Sharma, which uses the published TWC passenger car reaction
mechanism. A secondary circuit is used to solve the reactions using a quasi-stable
(QS) flux solver, which can reduce the computation time. Various monitors show the
TWC conversion efficiency, exhaust lambda, oxygen supply, temperature before and
after the TWC, and AT across the TWC.

Vehicle model

The dimensions of the vehicle are based on the actual Skoda Octavia, which is also
produced in the configuration with the 1.4 TSI (103 kW) petrol engine described at the
beginning of this chapter. The complete model consists of a detailed model of the
engine (shown above), the transmission, a simplified vehicle and the controls for each
element. The main control element is the Driver, which adjusts the throttle and brake
pedal positions based on the current vehicle speed and power demand to ensure that
the simulated vehicle speed profile replicates the desired speed profile as closely as
possible.
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Trajectory 25: Movement Dynamics
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Figure 1: Camera recording of vehicles passing through the intersection with speed and
acceleration of vehicles

2.2 PMemissions
The problems that have arisen from the search for available emission factors for
particulate matter in traffic are several and can be summarized as follows:

e EF are determined for a steady flow of traffic, i.e. for a certain constant speed

e EFs are determined for a certain number of cars, they do not differentiate
between car types

e EFs are set for PM in general, it is not known which types of PM sources are
included (brake wear, tire wear, road wear, resuspension, exhaust)

e |If EFs are determined for certain dynamic driving behavior, the exact dynamics
are not known

There is a group of studies that offer a detailed view of PM formation during dynamic
vehicle behavior. These studies deal with the formation of PM from various sources,
such as road wear, brake wear, etc. However, they only result in the resulting
concentration near the source, not emissions. An example can be the study [10], which
leads to relationships for the determination of PM concentration at different levels of

braking.
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Figure 2: Camera recording of vehicles passing through the intersection with speed and
acceleration of vehicles [10]



In the first step of the calculation, certain assumptions must be made regarding the
shape of the relationship between EF and acceleration or velocity:
e Emissions of exhaust particles have a linear dependence, at zero acceleration
the EF is equal to idling values, which can be estimated to be 1/20 of the EF
value at maximum acceleration [11].
e Brake wear emissions have a simple linear character, while the resulting shape
of the curve depends on the weight of the vehicle and the brake pads used [12].
e Emissions from tire wear depend primarily on vehicle speed, with a quadratic
dependence assumed [13].
e Road abrasion emissions are assumed to be proportional to tire abrasion
emissions and are 1.36 times higher than tire emissions [14]
e Emissions from resuspension also have a linear character, based on knowledge
about resuspension it is assumed that resuspension occurs from a speed of up
to 30 km/h [15].

2.3 CFD simulation

Flow around vehicles is a well-studied problem in CFD. However, most of the research
is focused on the aerodynamic aspect of vehicles, which is negligible within the scope
of the project solution, as the project is devoted to the spread of pollution. The "Ahmed
body" case was chosen as the reference geometry Various vortices are formed in the
area behind the vehicle, which regularly change their size and position [16]. Some of
the eddies periodically separate and create a so-called drift. Some do not change their
position and form so-called recirculation zones. A detailed description of the nature of
the flow behind the vehicle can be found in the publication [17].

Flow in urban areas is also well explored in CFD. The geometry of cities is commonly
replaced by block structures. The urban street canyon is a well-known type of urban
geometry in modeling studies. It is mostly used to study the dispersion of pollutants in
cities. The street canyon consists of at least two buildings of height H [m] separated by
width W [m] and length B [m]. Different H/\W configurations are used in the studies.
Different flow regimes have been described for different H/W [18].
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Figure 3: a) different flow regimes for different H/W configurations, according to [25]. b)
detailed description of the canyon vortex according to [28]. Element names are left in
their original desianations.
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3. RESULTS AND CONCLUSIONS

3.1 Gaseous emissions

It is possible to implement any vehicle speed curve into vehicle models. On the basis
of the detected real courses of passage of vehicles through the intersection, it is then
possible to simulate various scenarios (with stopping, fast passage, etc.).

In the next step, in the case of using simplified models (fast running model or map
based model), it is also possible to directly connect the models and send the current
value of the vehicle speed to the model, when the model would predict immediate
emissions. It is easy to change the driving profile and possibly the body of the vehicle
for a given model. More complicated is the replacement of the drive (combustion
engine), when it is necessary to use the entire detailed model at the beginning, or to
create simplified models.
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Figure 4: Fuel consumption during the passage through the intersection
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3.2 PMemissions

If the expected shapes of the dependence of the emission factors are determined and
the total amount of particles emitted per driving cycle is known, it is possible to
recalculate the emission factors in the form of mg/s. From known driving cycle data
with 1 s resolution and known emissions for a given particle type, the problem boils
down to an equation with one unknown. The sum of the emissions in each time interval
equals the total emissions, where the unknown is a constant in a linear or quadratic
equation. In this way, the shape and slope of EF can be defined as a function
of acceleration or velocity. The resulting dependencies then look like this:
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3.3 CFD

The calculation was iteratively performed until the convergence criteria and other
parameters, especially those related to the wall functions (y+ value), were met. After
the calculation of the flow, i.e., velocity and pressure field information, solid particles
were introduced into the simulations.

The particles are fed into the simulation after the current field has been calculated and
are solved using a Lagrangian approach, i.e. their tracking is followed. To convert from
particle trajectories to the appropriate concentration, a custom function had to be
programmed into the software. The deposition and tracking results then look as follows.

Figure 8: Particle routing in the space between buildings and associated

In next phase of the project, the models will be modified to account for acceleration
and deceleration zones. At the same time, emission factors will be applied to the
models according to the preliminary results. A reference intersection will be selected
for validation.
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Abstract

Data sources for alternative fleet development scenarios. Publicly available data,
Technical Inspection Stations data sources and model-based vehicle feature
predictions. Use of previously developed, semi-analytical and statistical tool FECET
for TTW and WTW assessment of different vehicle fleet scenarios, considering types
of energy carriers with impacts on energy consumption and green-house gas
emissions. Examples of output data, enabling analysis of pros and cons for different
powertrain types. Possible changes of fleets due to mobility modes changes, shifts
between vehicle types and sizes, energy carrier use and vehicle fleet renewals. Future
enhancements of FECET tool for life-cycle analysis and pollutant prediction.

1. INTRODUCTION

The political need for limiting green-house gases (GHG) emissions in Europe is widely
well-known from Green Deal for Europe and Fit for 55 framework documents, because
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of result of scare of climatic crisis. It has been reflected, e.g., by regulation [1]. On one
hand, it limits vehicle manufacturers, considering mean emissions from vehicle fleets
sold end registered in EU countries. On the other hand, the following directives, known
as RED Il and recently RED IlIl, oblige the member states to accept National Climate-
Energy Plans (NCEP, in Czech NKEP), focused on GHG emission reduction and the
use of so-called Renewable Energy Sources (RES, OZE) —e.g., in [2].

Therefore, the methodology for surface-transport vehicle fleet development, described
in previous papers of the authors — e.g., [5] or [7], has found the broad application in
realistic data mining for those purposes, especially in correcting the biased conclusions
of some politicians or experts from non-physics-based science domains. The Future
Energy Consumption and Environment Impacts of Surface Vehicle Transport (FECET)
code, combining database elaboration with simulations in MS Excel 365 (200 MB), has
been substantially improved for those purposes.

The goal of the current contribution is presenting the recent development of the
methodology. The top-down use is based on available data from public and non-public,
but reliable resources (e.g., Technical Inspection Stations) and applications of
statistics-based estimations of energy consumption and GHG emissions, as in
COPERT methodology - [3] or GreenNCAP resources - [4]. The bottom-to-up checking
simulation-based modelling enables predictions of not yet statistically elaborated new
powertrains. Moreover, the detailed modelling of typical car class representatives,
done using in-house database of powertrain simulation inputs, is able to find errors in
statistics (including COPERT methodology), caused by mistakes of data providers or
extrapolation by purely regression or Al-based applications outside of the range of their
validity.

The available range of the current paper makes it possible to present the selected
outputs and to outline the fields, in which the code can be used. Some warning results,
based on the holistic view on the surface transport facts, are included, as well.

2. DATA SOURCES AND CHECKING METHODS

The public resources from the Statistical Year Books of the Czech Republic, amended
in the discussions with representatives of the Czech Government, Technical Inspection
Stations data (TIS or STK) pre-processed in The Center for Transport Research (CDV
Brno) and manufacturers’ vehicle information were among the main sources. Due to
pandemic situation during the second half of 2020 and the whole years 2021 and 2022
the basic data used were limited to the period of 2017-2020 with some correction from
2023 new information, especially on electric vehicles.

The checks are based on comparison of the energy consumption and transport output
performance (passenger.km or t.km) data resources from the Ministries of Industry and
Trade, Transport, Environment, Finances (including Custom Office Data) and
manufacturers or importers of fuels, electric energy (including electricity market
operator OTE) and vehicles. The estimated standard deviations in those data are close
to 10%, which is partially caused by overlaps in methodology of data classification.

Moreover, the COPERT methodology or its application for the current case is not error-
free, as stated above, since it predicts, e.g., for long-haul trucks, the results below total
minimum of road energy consumption, which can be found from vehicle mass including
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pay-load (checked as integral number of transport performance outputs -
passenger.km or t.km), driving resistance and efficiency of the powertrain using
analytical method - [8]. That is why the simulation of achievable energy consumption
parameters were cross-checked using both mentioned top-down and bottom-to-up
methods by means of a simple vehicle model, described in the next section.

3. VEHICLE AND POWERTRAIN SIMULATIONS

For road energy consumption, it is possible to use the traction work on the wheels and
the overall efficiency of the powertrain with partial efficiencies of storage and extraction
of the energy carrier (fuel) from the storage tank, the efficiency of the engine or motor
itself (altogether n,, =n,n,,, ) and the efficiency of both the gearbox and the final gear

(77,.ns)- Then, with the tractive force at wheels £,,.., and work needed for its coverage
W, ..., 1tyields
1 FopoesdS

1 aw _ J‘ wheel ' wheel I:kWh 1100 km:l (l)

_ wheel
road —
365 tot s, 77tr,:v'n577M nstor 365th Stor 77l'rans77PM

For variable driving modes, it is necessary to integrate over time or path, which is the
basis of a weighted average for representative values of individual variables. For any
efficiency in the chain x, the following relation applies the relative values rel, related to
the rated output (brake) power P, using the operation-representative power and the
losses L

_ PX _ Pre/,x _ 1 . P _ PM,brake .
- - - Y €.g., rel M —
P +L L 1+L '
X X P + X
rel ,x P
x ,rated

A linear regression polynomial relation then used for losses during active engine/motor
performance with the exponents of nonlinear regression x, y a Xg

L =L,P

n / /,
¥ PM,rated e (2)

rel rel rel rel P
a)re/ rel

y Xg
L=|A,+ APy + AP + A0, +Aw, +A, P +A2(Pfe’j }w’e’ (3)

rel

The relative angular velocity or relative speed of the engine is set close to speed
optimum, expressed by relative angular speed, by implicit adjusting the overall gear
ratio ivrans . Then, the road energy consumption Eroad can be found from the well-known

driving resistance force £, formula with rolling (roll), air drag (D), slope (slope) and

inertia (acceleration) terms in dependence on total vehicle mass with some kinetic
energy reduction coefficients and speed. If the COPERT data are available, the mean
representative vehicle speed can be found from vehicle and powertrain data, using
non-linear equation solver with some additional refinements - [5]. It is possible,
nevertheless, if mean operation accelerations and slopes are set. This uncertainty,
caused by estimation and replacement of both kinetic and potential energy changing
terms, e.g., by single equivalent slope term, is not critical for standard powertrains but
it might be important if the measures for energy recuperation other than simple
coasting-down are available. The estimation of it was done comparing the
representative speed found by comparing operation speed estimations (e.g., 70 — 90
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km/h for all cars, 30 — 40 km/h for city operated vehicles as vans or municipal transport
buses, etc.). The check is provided by comparing the real driving energy recuperation
possibility, found from measurements and detailed simulations of typical electrified
vehicles.

These formulas have been adjusted for dual-fuel or flex-fuel use, including the changes
of engine efficiency and additional mass of both engine and storage tanks. Hybrid (i.e.,
twin-prime-mover vehicle, HEV) or full-electric powertrains (BEV) were considered, as
well with possibility of energy recuperation. Using the relative share of the first prime-
mover P, and distinguishing between non-recuperable rolling and drag resistance
wheel works on one hand and equivalent-slope work on the other hand, the total
energy consumption respecting both prime-mover efficiencies can be described as

E =(W, +W, +W, )(iJrﬂj—E
ro slope rec
totl 771012

(4)
Erec = (Wslope,rec _Wroll,rec _WD,rec )nrec,tot

Available recuperable work is reduced by rolling and drag resistances during
recuperation period, which can be found from the equivalent forces along the same
path of recuperation. The energy recuperation efficiency is evaluated from the chain of
energy harvesting (electric generator operation and battery charging) and the second
use of stored energy (e-motor and discharging efficiency once again), whereas the
efficiency of the primary potential and kinetic energy provision was already considered
in the first term of energy consumption in the Eq. (4 ). The total recuperation efficiency
is calculated by multiplication of the described chain partial efficiencies

nrec,stor = K rec ntrans 776 77CH Jrec
(5)

nrec,DCH = ntransneM 77DCH

in which the partial possibility of braking by recuperation is reflected by the recuperation
coefficient Krec<l. The same procedure with adjusted efficiencies is used also for
catenary supplied electric vehicles (e.g., trolley-buses), where recuperation to grid is
used.

4. FECET CALIBRATION

The energy consumption and GHG predicting tool was checked comparing the results
of energy consumption simulations, multiplied by the number of CZ registered vehicles
and their annual mileage according to TIS (STK) records. COPERT data were used in
all cases they provide realistic representative speed with estimated equivalent slope
term, important for recuperation role assessment. Simultaneously, the transport
performance output was kept at levels, published in statistics of the Ministry for
Transport, distributing them to vehicle classes using estimated share of them.

The results of calibration can be found in Figure 1, as far as energy is considered, and
Figure 2 through Figure 3 for transport performance outputs. The accordance with other
sources, as TRANSPLINEX - [5] or total Czech fuel consumption data, are very good
except for some local deviations, caused by lack of data for light-duty commercial
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vehicle transport (LD), transit vehicles (estimated from toll data) and some overlaps in
statistics. The reduction of TJ to TWh is mentioned at horizontal grid lines in Figure 1.
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Figure 1. Comparison of TRANSPLINEX calibration data and FECET prediction of energy
for different energy carriers and domestic or transit vehicles (Czech Republic, 2020)
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Figure 2: Comparison of calibration data and FECET prediction of passenger transport
performance for different vehicle classes (Czech Republic, 2020)
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Figure 3: Comparison of calibration data and FECET prediction of freight transport
performance for different vehicle classes (Czech Republic, 2020)

5. EXAMPLES FROM FLEET DEVELOPMENT SCENARIOS

The analysis of transport mode changes and vehicle fleet development should be
started by comparison of shares of different vehicle classes on transport outputs (Figure
4) and total energy consumption (Figure 5).

The overwhelming role of individual, passenger car transport covered by fossil fuels,
followed by rail transport with massive electricity use and then by diesel-oil bus
transport is clear from it, as the majority of diesel-oil road freight transport, followed by
electricity “fueled”, bulk rail transport. Inside individual transport, the share of light
vehicles as e-bikes and motorcycles is also negligible. The problems in changes like
“back to the rail” or “substitute individual by mass passenger transport” are transparent,
as well. That is why the following examples will be mainly focused on individual
passenger transport vehicles, i.e., cars.
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Figure 4: FECET results of passenger (left) and freight transport performance outputs (right)
for different vehicle groups and energy carriers (Czech Republic, 2020)

87



180 000 70 000

u Petrol = Petrol

60 000 M Diesel roads
Total Transit
LPG
CNG
M Grid-to-Wheel EL Roads

40000 Grid-to-Wheel EL Rail
’ M Diesel railroads
30 000
= 20 000
& 10000
— -
) ||

. 160 000
M Diesel roads

140000 M Total Transit

120000 mipG

50 000

100 000 CNG
80000 ™ Grid-to-Wheel EL Roads
M Grid-to- EL Rai
60 000 Grid-to-Wheel EL Rail

M Diesel railroads
40 000

20000

Energy Consumption 2020 [TJ]. Simulations for
Grid-to-Wheel at grid charged vehicles
Energy Consumption 2020 [TJ]. Simulations for
Grid-to-Wheel at grid charged vehicles.

o N Q° & & O i i i
& A \\Q;\ PRGN Q(, \f(\ N & K\\,\ B Freight Trains LD N1 HD Domestic  HD Internat.
<@ QA NS 2 N
?}o Qa R C
X )

Figure 5: FECET results of energy consumption shares for different energy carriers and
vehicle groups, passenger transport at left, freight at right side (Czech Republic, 2020)

The significant role of hydrocarbon fuels for cars is evident from Figure 5, which is
amplified by smaller tank or grid-to wheel efficiency, if chemical energy is used instead
of already produced electric energy. The efficiency itself, which is higher for diesel
internal combustion engines ICE), as expected, need not to be proportionally followed
by better specific energy per transport input improvement. The reason is in the curb
mass of a vehicle, equipped by different prime movers and energy storage systems.
The results in Figure 6 demonstrate the really achieved ratio of ICE/BEV cars less than
three for cars but less than two for long-haul freight transport. Car diesels are even
less “efficient” in this sense due to their massive use in heavier cars - Figure 6 shows
weighted averages for the whole vehicle group. The use of dieses in light (L7) category
of vehicles is limited to diesel minicars outside of car M1 or motorcycle L1-L4 groups.
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Figure 6: FECET results of specific energy consumption per transport output for different
energy carriers and vehicle groups, passenger transport at left, freight at right side with
delivery vans LD and long-haul HD (Czech Republic, 2020)

Tank-to-Wheel (TTW) or Grid-to-Wheel (GTW, incl. grid input-to-charger loss) of
different powertrains including recuperation are presented in Figure 7. Despite
recuperation, the internal losses of electric vehicles are not insignificant and the idea
of just 90% e-motor efficiency need to be corrected, especially if the input for driving
auxiliaries (e.g., cooling fan or HVAC) is fairly considered. The advantage of higher
ICE load at heavy duty (HD) vehicles or buses creates another factor, which moves
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the ICE efficiency to higher values unlike those of the unused rated power in most of

cars.
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Figure 7: FECET prediction of energy efficiency TTW or GTW for different vehicle
powertrains
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Figure 8: Transport outputs per vehicle for different age of passenger cars
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Figure 9: Energy consumption for petrol and diesel, age and class of passenger cars

Finally, the age of vehicles changes all parameters, although the efficiency of
powertrains is not changed too from the times of Euro 4/IV. The reason is in more strict
pollutants standards, shifting the operation point along Pareto margin, trade-of curve
to lower efficiency. Nevertheless, the share of new vehicles considering transport
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outputs per a vehicle is significant, as expected, which confirms Figure 8. The use of
more efficient diesel-powered vehicles is more intensive. The same result is presented
by energy use in Figure 9. Similar, even steeper trends can be found among
commercial vehicles and buses.

All of energy consumption results are simply re-calculated into GHG TTW or GTW
emissions and can be also amended by life-cycle analysis, as already shown in one of
previous papers - [9]. Let’s show just one case focused on more massive employment
of electrified cars (battery BEV, plug-in PHEV or full HEV hybrids). The simplest
boundary condition is to keep transport performance outputs and proportional
representation of different car-size types. The speed of calculations in FECET enabled
the authors to perform complicated iterative simulations using try-and-error mode.

— 180000 15000 90 000
=)
3 160000 6320 000 14000 oo i i 88000 =
2 B = : - Il <
© 140000 - 6280000 o 13000 | 86000 oy
2 120000 6240000 > g 12000 84000 ;
E 100 000 6200000 § 8 11000 82000 ©
o o ) >
g 80000 6160000 £ 10000 80000 £
2 o
5 60000 6120000 2 9000 78000 ¢
c z n
§ 40000 6080000 2 £ 8o 76000 3
> o °
%o 20000 6040000 2 $ 7000 74000 ©
I T
2 0 . 6000 000 O 6000 72000 2
Basic State  EV-120000 EV-240000 EV-500000 EV-1000000
5000 70000
) . . Basic State  EV-120000 EV-240000 EV-500000 EV-1000000
I Energy Consumption Diesel Energy Consumption ICE Petrol 1 GHG ICE Diesel Operation 9 GHG ICE Petrol Operation
Energy Consumption HEV Petrol HE Energy Consumption PHEV Petrol GHG HEV Petrol Operation GHG PHEV Petrol Operation
. . I GHG LPG Operation I GHG CNG Operation
- E C tion LPG . E C tion CNG
nery Lonsumption nergy Lonsumption O\ GHG EL Operation Il GHG Battery Production
I Energy Consumption EL ——Total Number of Vehicles ——Total Transport Output

Figure 10: Energy consumption and GHG emission changes due to more intensive
employment of electrified vehicles (HEV, PHEV, BEV) keeping the proportionality in
representation of different vehicle-size classes (humber of EVs in axis description, basic
state approx. 24 000 cars). Iterated constant transport outcomes. Time-to-sell a car 10 years.

The number of vehicles (left side of Figure 10) is slightly increased, if number of
electrified vehicles goes up, due to slightly different share of smaller vehicles in the
new fleet. Energy consumption is slightly reduced due to more efficient use of already
previously produced electric energy, if TTW for fossil or bio fuels and GTW —incl.
charging losses — method is used for assessment. Electricity consumption
summarizes BEV and PHEV charging, petrol consumption in PHEVs and HEVs is
presented separately — almost no diesel HEVs are present in the Czech fleet.
Although approx. 17% of fleet is electrified in the last case, the share of liquid fuels is
still significant, gas fuel energy (LPG and CNG) being negligible.

Transport outputs were kept on the almost same level (right side of Figure 10) and
GHG emissions were evaluated according WTW method, including fuel and
electricity production. While the coefficients for hydrocarbon fuels were set according
to 91[2], the emission factors for operation electricity production was 400 g CO>
eq./kWh (lower than net electricity consumption factor in Germany or Czechia
today), the production of accumulator cells in China with 582 g/kWh was assumed,
although this official factor might be a little optimistic. The other CO> car production
emissions are not included, although they would be slightly higher for electric
vehicles. The time-of-using a battery at primary customer (before the car is sold,
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mostly abroad) was assumed to 10 years, i.e., 2 years more than the warranty time
for a battery. The conclusion is clear — before nuclear power stations amend the
GHG emission factor in the whole Europe, there is no environmental profit from
forced electrification.

3. CONCLUSION

The analytical capacity of the tool FECET, developed for prediction of energy
consumption and GHG emissions, can be easily used for scenario assessments, as
presented on an example. Before, the FECET has been substantially calibrated using
independent sources of data from the current road and rail vehicle fleets in Czechia.

FECET allows to compare different possibilities of future fleet development with all
major impacts on energy and material consumption. The market analysis must be
provided by different sources. The political decisions are not yet predictable, however,
but the impact study done before they are set might be useful for unbiased discussion
on them.
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PREDICTION OF GAS LEAKAGE
THROUGH THE TURBOCHARGER
SEALING SYSTEM

Pavel Novotny?, Jifi Vacula?, Petr Kudlacéek?, FrantiSek Kocman*

Abstract

The phenomena called compressor fouling is partly influenced by the gas leakage flow
from the seal system of the turbocharger rotor. The prediction of gas flow through the
sealing system depends not only on many design parameters but also on the operating
conditions of the turbocharger. The paper presents experimentally validated
computational model to quantify the mass flow of gases through the sealing system as
a function of operating conditions. The computational model is applied to a truck engine
turbocharger and the results are verified experimentally. The results show that the
magnitude of gas blow-by is not only influenced by the geometrical parameters of the
lubrication system, but is controlled by the thermo-mechanical loading of the
turbocharger with a non-negligible influence of the radial dynamics of the rotor.

1. INTRODUCTION

The problem of environmental pollution caused by internal combustion engines (ICEs)
in transport means has been perceived as serious and needs remedial actions. The
most discussed issues are the reduction of fuel consumption and the associated CO,
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production in emissions. However, ICE operation also generates the non-negligible
production of particles by both diesel engines [1] and spark-ignition engines [2] and
there are some negative effects of particles on efficiency of turbochargers.

During ICE operation, particles are deposited in the turbocharger (TC) compressor.
Particle deposition can lead to a significant reduction in compressor efficiency. The
particle deposition process, known as compressor fouling, is partly influenced by gas
leakage from the sealing system of the turbocharger rotor. This leakage gas contains
fine liquid oil particles, some of which are deposited on the compressor walls. A
reduction in the production of these particles can be achieved by limiting gas leakage
through the turbocharger sealing system.

TC is used as a standard to increase the specific performance and reduce the fuel
consumption of the ICE. In recent years, research and development of TCs have
focused on increasing the ranges of operating conditions for the TC, maximising
efficiency (especially in transient operating conditions) or increasing reliability [3].
However, during TC operation, there is also a natural leakage of gases — the so-called
gas blow-by (GBB) — this is the gas flow rate from the compressor or turbine to the
central casing due to the pressure difference [4], and typically measured in litres per
minute. Thus, the TC is one of the significant sources of GBB in ICEs, and with modern
trends requiring higher pressure ratios, this source is increasing further. At the same
time, intake air or exhaust gases entering the central housing of the compressor or
turbine are considered to be contaminants of the lubricant. A high concentration of gas
in a lubricant can cause many negative effects. For example, a lubricant with a high air
content becomes compressible and less resistant to oxidation, and the lubricant loses
its properties and eventually its service life more quickly.

If the accumulated amount of air in the central housing increases significantly, the
lubricant can also leak through the seal system back into the compressor or turbine.
This effect can be particularly noticeable under certain operating conditions, such as
very low rotor speeds, in which there is very low pressure in the compressor outlet and
no natural pressure gradient towards the central housing. Under these operating
conditions, the gas returns from the central housing to the compressor or turbine,
creating a so-called gas blowback flow, and this gas carries a certain amount of
lubricant with it. This lubricant is subsequently partially burned, and this negative
phenomenon is accompanied by the increased production of unburned hydrocarbons
in ICE exhaust gases [5]. An example of an operating condition that produces the gas
blowback flow associated with increased lubricant consumption (LC) has been
presented by Sherrington et al. [6].

LC is a natural but undesirable effect of ICE operation. The piston group (PG) is usually
the dominant source in an ICE. An investigation of the mechanisms of LC in ICEs has
revealed that many studies, e.g. Thirouard and Tian [7], have declared that LC is highly
dependent on the oil-dragging mechanisms in the gas blowback flow; thus, a decrease
in LC can be achieved by controlling these gas blowback flows. Although not all
mechanisms are the same for TCs and ICEs, it can be assumed that the mechanism
of oil dragging in gas blowback flow will also be very significant for TCs. The reduction
in LC is likely to be related to the control of GBB and blowback flows, and by reducing
these flows, the LC can be reduced as well. This reduction is also likely to have a
positive effect on the LC of the whole ICE, given that studies [8; 9] have proven the
large effects of the TC on the overall LC. Excess LC is also one of the main factors
that reduce TC reliability [10].
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The seal system is a key design element of the TC that allows the control of GBB and
therefore the LC. The seal system uses flexible seal rings located between the rotating
groove on the rotor shaft and the central housing on both the compressor and turbine
sides. These seal systems usually include several seal rings placed in some
configurations in the central housing and with defined clearances in the rotor grooves.
The seal rings are mounted with specific pretension in the central housing and define
a labyrinth shape by their position within the rotor groove. The actual shape of the
labyrinth is influenced by the movements of the rotors and thermal deformations due
to the given operating conditions. Under certain operating conditions, contact between
the seal rings and the rotor groove may occur, which may subsequently cause the axial
displacement of the ring in the central housing and establish its new position. Thus,
the ring is constantly being pushed away from the walls of the rotor groove. As a result,
the dimensions and shape of the labyrinth vary over time.

Controlling gas leakage through the TC seal system depends on the knowledge of the
mechanisms of GBB. The prediction of GBB through the seal system and the
explanation of GBB mechanisms under operating conditions are the aims of the work.
The prediction focuses on the effects of mechanical interactions between the seal
rings, rotor grooves and central housing. Knowledge of the individual mechanisms will
lead to the ability to control GBB, depending on the design parameters and operating
conditions, and will enable targeted design solutions to reduce GBB and hence
indirectly reduce LC and particulate matter production.

2 COMPUTATIONAL AND EXPERIMENTAL METHODS

2.1 Computational Approach

The computational model for the solution of GBB requires a balanced combination of
the physical depth of description of individual processes and the efficient formulation
of basic equations for their numerical solution. The approach chosen for the solution
of the coupled dynamics of bodies, fluid dynamics and heat transfer used the principles
of a virtual turbocharger. This nonlinear mechanical computational model was
developed and experimentally verified for TC rotor dynamic simulations with floating
ring journal bearings by Novotny et al. [11] and for the simulations of lubrication and
dynamic simulations of a double-sided thrust bearing, according to Novotny et al. [12].
Considering the objectives of this study, this model was extended to include sealing
ring dynamics, gas dynamics and a more detailed description of the thermal effects.

The assembled computational model in Multibody system ADAMS contained 30
moving rigid bodies, two moving 3D elastic bodies, four mass point bodies, 12
differential equations, 35 constraint joints, nine motion generators, four 3D contact
forces, 28 force elements, 124 data elements, 416 design variables and 734 solver
variables. A schema of the virtual turbocharger, including the submodules, is presented
in Figure 1. A detailed description of the calculation models of individual systems can
be found in Novotny et al. [13].
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Figure 1: Graphical representation of the virtual turbocharger, including the submodules. (a)
represents the thrust bearing thermohydrodynamic model (TB) [12], resulting in oil film forces
for every thrust bearing segment on the thrust and counter-thrust sides. (b) shows the seal
ring—rotor contact model (RC) with 3D solid body formulations of the rings, shaft ring grooves
and a stator part. (c) presents the thermohydrodynamic model of the floating ring bearing
(FRB) [11] with oil film forces in the inner and outer lubrication layers. (d) is the gas blow-by
model (GBB) and e) is the rotor-bearing thermal model (TM) using 0D discretisation of a
shaft, impellers, floating rings and the central housing.

2.2. Experimental Setup

The verification of the calculated quantities was carried out by means of technical
experiments in the test laboratory by means of measurements of basic quantities
including temperatures and gas pressures in front of and behind the impellers,
displacements on the axial bearing and others. GBB values were directly measured on
the test bench for the entire turbocharger.

Quantity Sensor type Measurement range Measurement accuracy

+1.5° —333°C or + 0.75°
t(z:‘anlwsperature thermocouple —40-1200°C 5;35_12‘;0(;02, i?:ssc 10,rD_II3 ;Ir)\l %(f)(;r84
Gas pressure  piezoresistive 0- 1500 bar +1 % of FSO at room temp
Oil temperature thermocouple 0-200°C +1.5°C, class 1, DIN EN 60584
Oil pressure piezoresistive 0.5- 6 bar +0.5%
Distance eddy current 0-500 um +1 um

orifice pressure
difference

Table 1: List of sensor characteristics used for technical experiments.

Gas flow rate 1.5-75 dm3®min~?! +1.5% of FSO

The test TC was installed on an inline six-cylinder ICE with a maximum power output
of 260 kW at an engine speed of 2200 min~!. The sensor characteristics used to
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measure the gas and oil pressures and temperatures, the minimum lubrication gap
thickness of the thrust bearing and the GBB through the seal system are presented in
Table 1Chyba! Nenalezen zdroj odkazu.. A detailed description of the technical
experiment including the location of individual sensors can be found can be found in
Novotny et al. [13].

3. DISCUSSION OF RESULTS

In general, the level of the GBB in the TC is mainly monitored under the operating
conditions of the ICE design. In the case of this study, a continuous TC run-up along
the operating line with increasing rotor speed was chosen. According to the initial
assumptions, one of the major influences on the GBB was the axial movement of the
rotor controlled by the thrust bearing. Therefore, the accuracy of the prediction of the
axial displacement greatly affected the prediction of the GBB. A comparison of the
calculated and measured minimum thicknesses of the lubrication gap of the thrust
bearing is presented in Figure 2. The results also demonstrated the influence of the
TC rotor radial vibrations, with the range of vibrations being defined by the upper and
lower envelopes. The higher thickness of the lubrication gap was obtained at rotor
speeds when the axial force was close to zero, i.e. the axial forces from the compressor
and turbine sides were balanced.

0.04

0.03 +
upper envelope of

LN \\/computed Rmin
.

e I

\

lower envelope of |- Rminup
0.01 + computed Apin —minJow

—0— hmin,mea

Minimal gap thickness [mm]
o
o
N

0.00 1 1 1
20,000 50,000 80,000 110,000 140,000

Rotor speed [min-]

Figure 2: Calculated minimum thickness of the lubrication gap, presented by the upper

envelope (hpnp) and lower envelope (hy,ini0w) @nd obtained from the thrust side of the

thrust bearing at the edge of the work surface. The yellow points present the measured

values in the form of the lower envelope of the minimum thickness of the lubrication gap
thickness (hminmea)-

The prediction of the GBB through the TC sealing system depending on the rotor speed
was the main result. Figure 3 compares the calculated values of the GBB with
experimentally determined values. Figure 3 also shows the calculated GBB
corresponding to the compressor and turbine sides of the seal system. The turbine
side was dominant at low rotor speeds, but both sides gradually reached similar values
at high rotor speeds. The compressor side should have started to dominate at very
high speeds, but a sharp decrease in the compressor pressure ratio restricted the GBB
at very high speeds.
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The comparison of calculated and measured values in Figure 3 shows some
differences. These were caused by a combination of many partial phenomena that
were not predicted accurately by the computational model. However, the likely main
reason for the differences was the inaccurate prediction of temperatures at the location
of the seal system on the turbine side.

36
tot, cal
------------- cw, cal
------- tw, cal computed
27 + | —O— tot, mea
£
E
=187
< measured A1
= F%
o EA
29 e
@ 9T / R
O - / \
e /& Y
I - | } \
60,000 80,000 100,000 120,000 140,000

Rotor speed [min-]
Figure 3: Comparison of the calculated (cal) and measured (mea) gas blow-by through the
seal system (tot) and a separation of the calculated values into components corresponding to
the compressor side (cw) and turbine side (tw). The results were presented for a continuous
TC run-up along the operating line with increasing rotor speed.

4. CONCLUSION

The GBB under the typical design operating conditions of the TC is influenced by the
geometric configuration of the seal system, thermodynamic conditions of the TC and

movement of the rotor. The individual effects on the GBB can be summarised as
follows:

e The mechanism of the GBB through the ring gap is influenced by the cross-
sectional area size of the ring gap, pressure gradient and temperature in the
seal system. The mechanism is always present, and the rotor movement has
very little effect. If the thickness of the thin gap is limited on a given side, the
ring gap mechanism dominates.

e The mechanism of the GBB through the thin gap is fundamentally affected by
the movement of the rotor in the axial direction because the axial movement of
the rotor can simultaneously limit the mass flow rates on one side of the seal
system and increase them on the other. The radial movement of the rotor also
has a certain observable effect, i.e. mainly related to the rotor tilt at a given
location. A small impact on the GBB can be observed at the locations of strong
rotor resonances.

e The rotor movement in the axial direction defines the geometric shape of the
sealing labyrinth, and it is mainly influenced by the pressure differences on the
impellers and characteristics of the thrust bearing. This effect is crucial, thus
representing the factor that must always be considered for computational
modelling approaches.

e The thermodynamic conditions on the impellers affected both the GBB and the
axial movements of the rotor. The pressure ratios on the impellers determined
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the axial load on the rotor, and the impeller temperature significantly affected
the temperature distribution in the rotor and therefore in the seal system. This
influence is very visible on the turbine side, where the temperatures significantly
exceeded the oil inlet temperatures, and the corresponding GBB then varies in
accordance with the gas properties at a given temperature, i.e. mainly the gas
density.

evaluation of the quality of GBB prediction by the computational model, including
nfluence of different mechanisms, required some aspects to be considered. The
osed computational model — the so-called virtual turbocharger — combined many

physical processes, and each of these processes was described with some modelling
inaccuracy. Thus, the solution results of the computational model included a non-
negligible difference. This difference was especially visible at lower rotor speeds,
wherein the values reached roughly 30%. However, this difference, although relatively
large, was not important from a practical point of view, since the GBB values were

smal

| and therefore not significant for TC operation. The cause of these differences

must be sought, primarily under thermal boundary conditions.

ABBREVIATIONS

Cw

compressor side

FRB floating ring bearing

GBB gas blow-by

ICE internal combustion engine
LC  lubricant consumption

TC  turbocharger

TB  thrust bearing

TM  rotor-bearing thermal model
tw turbine side
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MOBILE HYDROGEN FILLING
STATIONS

Vit Dole¢ek?!, Petr Hatschbach?

Abstract

Mobile hydrogen filling stations usually do not contain any compressor to feed
high-pressure tanks in the vehicles. Only source of pressurized hydrogen is initial
pressure in the storage. Cooling of hydrogen is not available too. All weak points and
issues of this simplified solution are described and analyzed. The paper is
supplemented by the results of model case simulations.

1. INTRODUCTION

Development of hydrogen mobility is not possible without massive investment into the
hydrogen infrastructure. At start, only few buses were operated in close vicinity of its
home depot. Filling of buss hydrogen bottles was manual process with pressure limited
to half (35 MPa) of automotive standard (70 MPa). Nowadays, there are only two fully
automatized vehicle filling stations in Czech Republic enabling first unlimited usage of
hydrogen cars. At least around Litvinov or Prague. Nevertheless, other public hydrogen
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filling stations are under construction. In addition to high hydrogen vehicle prices
together with relatively high hydrogen price development of hydrogen mobility is very
slow in comparison to other alternative powertrains such as battery electric vehicles.
Hydrogen filling stations works with highly pressurized hydrogen and that is why its
operation is subject of strict ISO regulations [1], [2], [3]. ISO standards involve
hydrogen cooling and station to vehicle communication for fast and safe hydrogen
filling without risk of overheating of composite pressure tanks. Because of all these
aspects, a fully automatic hydrogen filling station is a very complicated (see Figure 1)
and expensive piece of equipment which together with the small number of vehicles in
operation are the reasons for the poor development of the infrastructure. This closed
circle seems to coming to an end in the form of small hydrogen producers. These
producers, usually owners of solar parks, want to store energy in the form of hydrogen
for later use. What will probably not solve the hydrogen mobility in large scale may help
the development of hydrogen vehicles usage. Increased count of hydrogen vehicles in
future could create hydrogen infrastructure more viable.

aiaphragm

stationary storage tanks ——— Signal line data acquisition system
. COMPressors r

Hydrogen pipe
pre-cooling system

70MPa dispenser

|
|
|
I
|
|
|
f

Figure 1: Schematic diagram of hydrogen filling station example.

Small hydrogen producers need to solve issue with hydrogen transport into the location
of consumption without large investments into something very much close to what we
understand as public hydrogen infrastructure. Mobile hydrogen storage created for
instance with container filled with pressurized tanks is suitable and low prize solution
(see Figure 2). Container might consist also necessary equipment for efficient and safe
dispose of hydrogen. Lower hydrogen pressure level and requirement for simplicity
and autonomy does not allow to use any compressor and cooling system. The only
source of energy for hydrogen filling is the pressure difference between hydrogen
mobile storage and filled vehicles.

Hydrogen mobile filling stations need to solve issue with heating of vehicle pressure
tanks. Energy requirement for hydrogen compression and pressure limit for high
pressure gas transport set the maximum reasonable hydrogen pressure level for
mobile storage. Vehicle target pressure was set to 35 MPa and mobile storage will
work with maximum pressure of full storage only a bit higher (around 50 MPa). Small
pressure difference create issue how to effectively discharge as much hydrogen as
possible and no to carry hydrogen back and forth. These two issues are addressed in
this paper.
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Figure 2: Example of mobile hydrogen storage.

2. PHYSICAL PROPERTIES OF GASEOUS HYDROGEN

In the gaseous state, hydrogen occurs as a diatomic molecule H». It is a colourless,
flammable gas burning with a nearly invisible, ultraviolet or blue flame with a very high
calorific value (per unit mass). Some important physical properties are presented in
Table 1.

Chemical Symbol H2

Standard atomic weight 1.00794

Melting Point 14.025 K (-259.125 °C)

Boiling point at NTP (20°C & 1 atm) 20.268 K (-252.882 °C)

Critical temperature & pressure 33.25 K, 1.307 MPa

Density at NTP (20°C & 1 atm) 0.008375 kg/m?

Flame temperature in air 2045 °C

Higher heating value at 25°C 141.80 MJ.kg?

Lower heating value at 25°C 119.96 MJ.kg?
Table 1: Physical properties of gaseous hydrogen.

2.1 Real gas state equations

Under normal conditions (e.g. temperature 20 °C and pressure 1 atm =101 325 Pa),
an ideal gas model can be used for thermodynamic calculations. The ideal gas is
assumed to be perfectly compressible and without internal friction. The ideal gas law
may be written as:

pVi, = RT or pv=rT (1)
where:
p ... pressure [Pa] T ... temperature [K]
p ... density [kg.m3] v= % ... specific volume [m?3 kg]

Vm = M/p ... molar volume [m3.mol]
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M ... molar mass [kg.mol] — for hydrogen H, = 0,00201588 kg.mol*
R = 8,31446261815324 J.K1.mol* ... molar (universal) gas constant
r ... specific gas constant [J.K1.kg] — for hydrogen Hz = 4116,07 J.K1.kg*

2.1.1 Redlich-Kwong equation

But in the case of increasing pressures and/or decreasing temperatures, deviations
from the ideal gas model increase and the ideal gas law cannot be used. When
transferring hydrogen between storage tanks, it is necessary to consider hydrogen as
a real gas due to very high storage pressures and large pressure and temperature
changes.

Based on the theories of corresponding states principles, many equations have been
developed to describe the properties of real gases. The most commonly used real-gas
state equation is the Redlich—Kwong equation:

p— RT a
Vm - b '\/TT ‘Vm (V;u + b) (2)
where:
1 R? rI;l'B.S RQ T:‘2'5
a= —— = (.42748 —,
9(v2-1) F P,
v2-1 RT, RT,
b= - = 0.08664 2
3 P. P
and where:

Tec ... critical temperature- for hydrogen Tc = 33.5 K
Pc ... critical pressure — for hydrogen Pc = 1.307 MPa

so, for hydrogen the constants a and b are:
a=0.144373094
b=1.83971.10%

However, the practical application of the Redlich—-Kwong equation is complicated by
its complex structure containing the volume as a cubic nonlinear term. The calculation
usually requires iterative solutions.

2.1.2 Compressibility factor approach

Another option for describing the behaviour of hydrogen as a real gas is to use a
compressibility factor Z which expresses to what extent the behaviour of the real gas
deviates from the description by the ideal gas law:

_pv

7 =
rT

3)

Chen et al. [4] proposed relatively simple real gas model where an approximation

function for the compressibility factor is used in the form:
ap

z=(1+?) (4)

Where for hydrogen is a coefficient « = 1,9155.10°® K.Pa! and is valid in pressure
range to 100 MPa and temperature range 253 K to 393 K.

The model gives very good agreement with NIST data (relative error to 1,1 %, which
is better than the Redlich—-Kwong equation).
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2.2 Joule-Thomson effect

Joule-Thomson effect is related to the description of real gas temperature changes
during a throttling. For most gases, throttling as an isoenthalpic process results in a
decrease in temperature, which is used, for example, in gas liquefaction. For hydrogen
(and helium and neon) the opposite is true. For hydrogen, the inversion temperature
below which the gas temperature is reduced during adiabatic expansion is very low
(202 K = -71°C at atmospheric pressure).

Joule—Thomson effect is expressed by the Joule-Thomson coefficient given by the
ratio of the change in temperature T to the change in pressure p at constant enthalpy i:

k T = (i_’;)l (5)

An important parameter is the so-called inversion temperature — the temperature at
which the Joule—-Thomson coefficient is zero.

If the temperature of the throttled gas is lower than the inverse temperature, the Joule—
Thomson coefficient is greater than zero and the gas is cooled by throttling.

If the temperature of the throttled gas is above the inversion temperature, the Joule—
Thomson coefficient is less than zero and the gas is heated by the throttling.

Thus, for hydrogen, the Joule—Thomson coefficient at temperatures above 202 K
(-71°C). At normal ambient temperature it will therefore be negative and as the gas
expands during the throttling process the gas temperature will rise. This phenomenon
will occur, for example, when filling the tanks of a vehicle from the cylinders of hydrogen
storage tanks or when rapidly filling other tanks from a large, hard source of
compressed hydrogen. However, the low absolute value of the Joule-Thomson
coefficient (approx. 0.03 K/bar at 300 K) means that in practice the temperature
increase will be relatively small and often negligible.

2.3 Temperature change during rapid filling

During the distribution of the compressed hydrogen, the hydrogen will be transferred
from one tank to another. This can be often a rapid process in which the pressure and
temperature of hydrogen will change rapidly. The rapid change in temperature can be
limiting and must not exceed the limits allowed for hydrogen storage components,
particularly pressure cylinders.

From a thermodynamic point of view, a combination of three phenomena occurs during
rapid hydrogen flow:

a) Compression of the gas in the filled container and expansion of the gas in the
discharged container.

b) If the filling takes place rapidly, it can be roughly considered as an adiabatic
process, which will increase the temperature of the gas in the filled reservoir and
decrease the temperature in the discharged reservoir.

c) During filling, the hydrogen expands from the higher pressure in the discharged
container to the lower pressure in the filled container by passing through the
throttling valve, which, due to the negative value of the Joule-Thomson coefficient
for hydrogen at normal temperatures, results in an increase in the temperature of
the hydrogen.

d) The kinetic energy of the fast-flowing gas is converted into internal energy of the
gas in the filled tank, which also results in a temperature rise.
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e) The calculations show that the first phenomenon, adiabatic compression of the gas
in the filled tank, has the greatest influence on the increase of the temperature of
the gas in the tank and is crucial in controlling the process of gas distribution.

3. HYDROGEN STORAGE IN PRESSURE TANKS

Low hydrogen density demands very high pressure to store maximum possible
amount. To provide storage gravimetric density similar to gasoline tank or battery pack
high pressure up to 70 MPa is used. Other type of storing technology involving extreme
cooling was not considered because of its very high energy demand.

3.1 Hydrogen high pressure tank construction

Several constructions types are used to store technological gases. Different
technology is used in dependence on the pressure inside tank — see Table 2. Due to
hydrogen molecular size, high-density polymer liner is used inside the tank as a sealant
— see Figure 3.

Typical | Gravimetric

Materials pressure density
(MPa) (weight %)
I \ All-metal construction 30 1.7
Mostly metal, composite
Il : o 20 2.1
overwrap in the hoop direction
m Metal liner, full composite 20 49
overwrap
\ All-composite construction 70 5.7

Table 2: Pressure tank materials according to their type.

High-density polymer liner

Carbon fiber composite

Dome protection

TPRD

TPRD=Thermally Activated
Pressuge Relief Device

Valve
Boss

Figure 3: Example of type IV composite pressure tank construction.

Temperature sensor

Only pressure tank construction type 3 and 4 are used for hydrogen transportation.
Type 3 tanks are widely used for pressures of 35 MPa and in recent years also for 70
MPa. The metal liner of type 3 is usually made of aluminum, which, unlike the plastic
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liner of type 4, has a higher thermal conductivity and specific heat capacity. It can
dissipate more heat generated during the filling of the tank. Nevertheless, thanks to
much better higher gravimetric density of the tank, hydrogen vehicles use type 4 fully
composite tanks. Type 4 cylinders are also mostly applied in hydrogen distribution and
in mobile hydrogen filling stations.

3.2 Hydrogen temperature rise during filling

Hydrogen thermodynamic properties described in chapter 2 are natural source of heat
generated during rapid tank filling. Joule-Thompson effect at throttling valve heats
hydrogen only by several Kelvins. Hydrogen compression inside the pressurized tank
is much stronger source of heat (see Figure 4) and can potentially be a source of tank
damage if the temperature of the composite tank wall exceeds approximately 85°C.

20 30.02 40.01 49.98 60.03 69.97 80.02 89.98

t=50s

Figure 4: Temperature distribution after 50 s of filling of the hydrogen tank [5].

Appropriate adjustment of the flow inlet direction to the tank ensures mixing of
hydrogen charge and homogenization of temperature inside the tank (see Figure 5).
This approach improves uniform heating of the tanks and provide increase of heat
transfer to the walls (up to 800 W.mK) for better heat dissipation and faster tank filling.
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Figure 5. Temperature distribution in hydrogen tank with two variants of flow inlet direction
[6].

Despite these measures, it is necessary to maintain a lower filling rate or not to fill the
tanks to pressures higher than 35 MPa. For the case of a mobile filling station, a
combination of both is considered.

4. MOBILE HYDROGEN STORAGE

Mobile hydrogen storage combines a set of pressure tanks, a dispensing equipment
and simple control computer for monitoring and controlling of filling. Everything is built
into the container for easy transportation. The whole capacity of the storage is divided
into several sections. This configuration enables cascade filling. Mobile hydrogen
storage does not contain any compressor nor refrigeration equipment and tank filling
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is ensured only by sufficient gas overpressure. Without cascade filling configuration
would storage empty only to vehicle target pressure (plus some pressure difference
which is considered approximately 1 MPa). At this pressure, the amount of hydrogen
in “empty” storage is still significant.

The cascade storage arrangement improves the efficiency of the storage utilization.
Sections with pressure lower than target can be used in the beginning phase of filling
when vehicle tank pressure is low enough. Equipment required for this type of
arrangement is pressure monitoring of each section and a solenoid valves for
automatic section switching. Increased complexity of control system is well
compensated by an increased hydrogen amount filled into cars. The only question is
how many sections is needed and how to divide the total count of pressure tanks into
sections.

4.1 Hydrogen vehicle filling simulation

Engineering simulation tools help to understand possible issues of newly developed
machines and accelerate new product design. GT-SUITE from Gamma Technologies
[7] is well established pack of simulations tools used in automotive industry. Thanks to
great versatility of the software, it has already been used for many unusual applications
with excellent results. Redlich-Kwong equation of state is possible to use to capture
Joule-Thompson effect. Nevertheless, the best results for simulation of hydrogen flow
at very high pressures are achieved with REFPROP tool from NILS [8] which is also
built-in, mainly for refrigerant circuits simulations.

i

frasecenmy

_ |

=1

Figure 6: Hydrogen mobile storage simulation model created in GT-SUITE. Different colours
represent storage division into sections.

The simple simulation model of mobile hydrogen storage example was created (see
Figure 6) consisting of 32 pressure tanks of total internal volume 10656 litres. Model
also contains hydrogen pressure tanks representing vehicle — Toyota Mirai which is
typical hydrogen vehicle. The heat transfer to the tank walls was calibrated using
results in papers [5] and [6]. Hydrogen initial pressure in the storage was 50 MPa and
vehicle target pressure was 35 MPa.

The simulation model was used for validation of sequential filling concept and for
simulation of vehicle composite tanks heat up during filling. Simulation results provided
estimation of hydrogen mass flow rate limit for safe filling with respect to constraint
given by composite material of vehicle pressure tank walls. Example of results for case
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of hydrogen temperature 15°C in Figure 7 show that mass flow rate limit is
approximately 9 g.s* with filling time of approximately 6 minutes.

--- Temperature limit— mass flow rate 2 g/s—mass flow rate 5 g/s
—mass flow rate 10 g/s—mass flow rate 20 g/s-— mass flow rate 30 g/s
—mass flow rate 40 g/s—mass flow rate 50 g/s—mass flow rate 60 g/s

140

120

100 |

Temperature [C]

0 5 10 15 20 25
Time [min]
Figure 7: Vehicle composite tank temperature during filling in dependence on hydrogen mass flow
rate with hydrogen initial temperature 15°C.

4.2 Arrangement of hydrogen storage into sections

Simulation time of the transient 1-D simulation of hydrogen storage emptying was quite
long. From this reason simple model of thermodynamic state in individual pressure
tanks was programmed in MS Excel using same REFPROP plug-in for calculation of
hydrogen properties. This allowed simple and fast evaluation of several configuration
of storage division into sections. Results of two storage configuration are displayed in
Figure 8. In case of undivided storage with only one section, only 22% of its capacity
can be used. Division of storage to 4 sections improves this usage to 55% and division
to 8 sections to 65%. Count of filled vehicles can be improved from 88 (4 sections) to
107 (8 sections). Further small improvement can be achieved by uneven division into
sections. This benefit can be achieved with a relatively small increase of system
complexity and costs.
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80 80 ——SECTION 2

———SECTION 1 SECTION 3
60 60
——SECTION 2 ——SECTION 4

40 SECTION 3

S
=}

——SECTION 5

——SECTION 4 SECTION 6

Storage pressure (% max p)
Storage pressure (% max p)

20

5]
o

—SECTION 7
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0 20 40 60 80 100 120 0 20 40 60 80 100 120

Hydrogen mass in storage (% max kg H2) Hydrogen mass in storage (% max kg H2)
Figure 8: Hydrogen pressure in dependence on stored mass in the storage for division into 4 sections
(left) and division into 8 sections (right).
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5. CONCLUSION

A hydrogen mobile filling station is a relatively simple tool for hydrogen transport from
the point of production to consumers, which can help to develop hydrogen mobility.
Using a simulation tool, the preliminary design of a mobile filling station was analysed
and improved. The filling rate has been optimized regarding the heating of the pressure
tanks. Hydrogen supply utilization was improved by sequential filling with help of
division of the storage into sections with smaller count of pressure tanks.
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Abstract

Synthesis gases produced from municipal waste or plastic waste pose a great
alternative source of energy, as they are not only reducing dependency on the fossil
fuels, but also diversify energy sector and reduce the amount of a landfilled waste.
This is directly related to the recent initiatives and legislation that consists in the
greening of transport. Our work focuses on the research of the effects of selected
medium-energy synthesis gases on the internal and external parameters of
a turbocharged internal combustion engine in the operation engine speed 1 500 min™.
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The examined synthesis gases are classified as medium-energy fuels with a lower
mass heating value in the range from 9 to 18 MJ.kg™. From the point of view of the
internal performance parameters, the decrease in the mean indicated pressure was
from 8 % to 16 % compared to the operation on natural gas.

1. INTRODUCTION

Social development, improvement of living standards and gradual deterioration of
the environment have shown that it is a necessity to deal with the issue of waste
recovery. Currently, it is necessary to make the greatest possible effort to create and
establish various innovative methods and techniques suitable for primary and
secondary processing of municipal waste, but also waste as such. These steps are
stipulated in methodological and professional manuals of individual states, but also of
the European Union. In addition, wastes, their creation, and their management are also
treated legislatively. Several ecological plans have been based on long-term analyses
[7]. According to the norms of the European Union, states are limited, e.g. by the action
plan of the European Union for circular economy. Despite all legislative interventions
and despite the influence of non-governmental organizations or activists, the
generated municipal waste in the countries of the European Union is yearly increasing,
as shown in the graph in Figure 1, [1-5].
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Figure 1: The amount of municipal waste produced per inhabitant per year for
Slovakia and the European Union

In 2022, an average of 542 kg of municipal waste per inhabitant was produced
inthe EU 27 states, i.e. 12 kg of waste more than in 2021. In Slovakia, a slight decrease
was recorded in this indicator, specifically by 18 kg per inhabitant. However, all these
data contribute to the fact that this issue is becoming more topical [3].
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One of the ways to reduce the amount of landfill waste is recycling. However, not
every part of municipal waste can be recycled or its recycling is profitable. In addition
to recycling, however, some other processes and technologies are used to process
municipal waste, which is energetically and economically more advantageous and also
globally ensures a reduction of the amount of landfilled waste, [5]. These processes
can be divided into two groups: waste-to-fuel processes and waste-to-energy
processes. The second mentioned are ways of burning waste that lead to production
of electricity and heat. Conversely, fuel recovery methods use gasification and
pyrolysis methods to chemically break down the complex organic molecules of
municipal waste into simple molecules of predominantly saturated hydrocarbons and
carbon oxides. The products - gases obtained in this way - are often referred to as
synthesis gases. In the production process itself, the gases have to be cleaned and
subsequently, they can be used for chemical production (including the production of
synthetic fuels) or direct use in cogeneration units, [6-9].

This paper investigates the effect of different gaseous fuels on the operation of a
partially turbocharged (compression ratio 1.25) Lombardini LGW 702 reciprocating
internal combustion engine with an electrically driven AISIN AMR 300 compressor. The
fuels were chosen to mimic synthesis gases obtained from municipal waste and plastic
gasification so that they could help in setting the correct boundary conditions for the
optimal synthesis gas composition. The properties of the selected synthetic gases are
listed in the following table (Table 1), where the properties of the reference fluid, which
was natural gas, are also listed. Natural gas had the following composition: methane
93.7% vol., ethane 3.7% vol., higher hydrocarbons 1.3% vol., inert gases 1.3% vol..

[% vol.] 93.7 15 40 20 15 5
[% vol.] 0.0 20 20 25 20 35
[% vol.] 0.0 30 10 20 25 35
[% vol.] 0.6 35 25 35 35 20
[% vol.] 0.7 0 5 0 5 5
[MJ kg 48.370 9.522 18.054 | 11.228 8.991 | 10.404
[MJ.m3] 34.657 10.536 | 16.530 | 11.538 9.948 | 9.306
[kg.kg Y] 16.77 2.84 5.93 3.47 2.71 2.87
[% vol.] 9.1 27.6 18.1 25.2 28.6 31.9
[g.mol] 17.2 26.6 22.0 24.7 26.6 215
[kg.m3] 0.716 1.107 0.916 1.028 1.107 | 0.984
[kg.m3] 1.177 1.152 1.160 1.176 1.105
MJ.m3] 3.147 2.911 2.992 2.905 2.843 | 2.965

Table 1: Physical and chemical properties of natural gas and synthesis gas (LHV — lower
heating value of fuel, A/F — air to fuel ratio, M — molar mass, onte el — density of fuel at NTP,
LHVmixwre - Volumetric heating value of stoichiometric mixture, NTP = 20 °C, 101 325 Pa)

From a basic comparison of the volumetric heating value of the mixture, which
has the largest share of performance parameters and is also a determining parameter
for preliminary estimation of performance parameters, it follows that the highest
performance parameters can be expected for SG2 gas (2,992 kJ.m3).
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On the contrary, the worst parameters are expected for the gas with the designation
SG4, which has the lowest heating value of the stoichiometric mixture (2,843 kJ.m3).
The synthesis gas SG5 has the largest proportion of hydrogen in the mixture which
situation can lead to a reduced pre-ignition angle compared to operation on natural
gas due to faster fuel burnout and also increased fuel consumption due to a higher
proportion of fuel (31.9% vol.) in the stoichiometric mixture. Hydrogen also has harms
the stability of combustion (occurrence of abnormal phenomena - detonation
combustion, ignition of the mixture in the intake pipes).

2. EXPERIMENTAL PART

The experimental measurements were carried out on the supercharged spark-
ignition combustion engine LGW 702 from the Lombardini Company, which in its
modified version has been used for many years as an experimental engine for the
application of alternative gaseous fuels at the Institute of Automotive Engineering and
Design. The supercharging of the internal combustion engine was carried out using a
mechanically driven compressor AISIN AMR 300, which was driven utilizing a
controllable asynchronous motor. The internal combustion engine is part of the micro-
cogeneration unit, the parameters of which are described in more detail, e.g. in [10,

11].
{ s 7000 o

]

Figure 1. The basic scheme of the supercharged internal combustion engine Lombardini
LGW 702K (Al — air filter, A2 — mass air flow sensor (MAF), A3 - mixer with diffuser, A4 —
mechanical compressor AISIN AMR 300, A5 — water intercooler of the compressed mixture, A6 —
collection container, A7 — silencer, A8 — exhaust tip for discharging exhaust gases, B1 - pressure
bottle with syngas or natural gas, B2 — pressure regulators, B3 — fuel mass flow and volumetric
fuel consumption sensors, C1 — internal combustion engine Lombardini LGW 702K, C2 —
dynamometer AVL P80, C3 — engine cooler, T — temperature sensor, p — pressure sensor, M —
electric motor, n — engine speed, L — broadband lambda probe).
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The diagram of the combustion engine together with the AVL dynamometer is shown
in the figure below (Figure 2). The internal combustion engine was equipped with
pressure sensors from Kistler. A piezoelectric pressure sensor was integrated in the
pressure spark plugs (6118CC-4CQ02-4-1), which sensed the dynamic course of
pressure in the cylinder. To reduce this pressure to absolute values, a pressure
correction method was used based on sensing the absolute pressure in the intake
manifold using a 4075A10 piezo-resistive sensor. The current position of the
crankshaft was sensed using the 2613B1 encoder. The start of ignition angle was
varied using the IMF Soft programmable control unit and was recorded on the data bus
using an opto-coupler connected in parallel with the Bosch P65-T combined ignition
colil.

All measured data were post-processed using a program created in the Matlab

environment. From the measured pressure curves in the cylinder, the course of fuel
combustion in the combustion chamber is evaluated using a single-zone-zero-
dimensional thermodynamic model. This model, based on the use of the law of
conservation of energy, will be used for combustion analysis only when the system is
closed (i.e. both the intake and exhaust valves are closed). The course of the gradual
release of heat from the fuel was determined based on the Rassweiler-Withrow
method. The required start and end of combustion angle for combustion analysis are
determined from the entropy change during the supply and realise of heat [12].
In addition to the above-mentioned analysis, an evaluation of the mean indicated
pressure and a statistical analysis of the parameters for the evaluation of the uniformity
of the engine operation, which are represented by the so-called coefficient of variation
(COV). The coefficient of variation is calculated as the ratio of the standard deviation
to the arithmetic mean of the investigated parameter:

100 (%] ()

where n is the total number of consecutive cycles, xi is the i-th value of the investigated
parameter in the given cycle and x is the average value of the investigated parameter
from the given number of cycles. Cycle variability has a significant impact on the overall
life of the combustion engine as well as on its performance parameters. During one
working mode of the engine, approximately 195 consecutive cycles were recorded at
an operating speed of 1500 min2,

2.1 Analysis of the course of pressure in the combustion chamber

From the analysis of the performance parameters it follows that among the
synthesis gases, the highest torque (54.1 N.m) is at the operating speed of 1,500
mint and a filling of 1.25 when burning synthesis gas SG2. Conversely, the lowest
torque (50.1 N.m) is when operating on SG1 and SG3. The highest volumetric fuel
consumption (161 l.mint) is when operating on SG5 synthesis gas, and on the
contrary, the lowest (91 I.min"t) is when operating on SG2 gas, which is fully in line with
the expected results based on the analysis of volume percentage of the fuel in the
stoichiometric mixture.
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The following figure (Figure 3) shows the IMEP values depending on the angle at
which 50% of the fuel weight is burned. The graph was created from a gradual change
in the start of ignition angle from 36°CA BTDC to approximately 10°CA BTDC,
depending on the gas composition when there is still the possibility of regular engine
operation without misfiring. The highest average values of IMEP (1.245 MPa) are
achieved when burning the reference fuel, which is natural gas. This value corresponds
to the angle asomrs 6.4° CA ATDC.
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Figure 2: Course of the mean indicated pressure (IMEP) depending on the angle when 50%

of the fuel mass is burned for natural gas and synthesis gases, with a marking of max. IMEP

values for natural gas (optimal start of ignition (SOI) angle 26°CA BTDC). Conditions: speed

1500 min%, full load, the stoichiometric ratio of the mixture, the proportional compression on
the compressor 1.25

When burning synthesis gas SG2, the largest value of IMEP (1.149 MPa) is
reached at approximately 6.1 °CA ATDC, when 50% of the fuel is burned. The
volumetric heating value of the stoichiometric gas mixture SG2 (2,992 MJ.m) is also
the highest among the investigated gases. On the contrary, the lowest value of IMEP
(1.042 MPa) has the synthesis gas SG5, which also has the largest angle (8.7 °CA
ATDC), when 50% of the fuel has been burned. This gas also contains the largest
proportion of hydrogen (35% by volume). The coefficient of variation (COV) of the IMEP
for natural gas was 0.65% at the optimal starting pre-ignition angle. The highest value
among synthesis gases (even at the optimal start of the ignition angle) was when
burning synthesis gas SG1 (0.70%), which can also be seen in the dispersion of values
in the previous graph. Conversely, SG5 gas has the lowest value (0.46%).

The following developed p — o diagram shows the course of the average pressure
curve (created from 195 consecutive cycles) in the combustion chamber of the engine
in the region of the top dead centre at the time of combustion. Pressure curves for
selected synthesis gases and methane are shown, always for the optimal start of
ignition angle, which is different depending on the fuel composition.
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The highest maximum pressure (5. 75 MPa) is reached when natural gas is burned.
The lowest value of the maximum pressure (4.52 MPa) is achieved when burning SG1
gas. The position of the maximum pressure had a narrow interval for all gases (from
6.6 t0 9.9 °CA ATDC). The coefficient of variation of the maximum pressure was 6.9%
for natural gas. Among the synthesis gases, SG3 gas had the lowest value (5.0%) and
SG5 gas had the highest value (5.3%).

fuel Pmax ccpmax TDC fuel SOl| optimal
[MPa] [°CA] [°CA BTDC]

| sG1 4.521 366.9 SG1 24

SG2 4.925 367.3 5G2 24
5G3 4.642 367.4 $G3 25
5 4 sGa 4.616 366.6 5 SG4 26

SGS 4.709 369.9 SG5 15
NG 5.745 369.1 NG 26
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Figure 3: Course of pressure in the cylinder of the internal combustion engine when
operating on natural gas and synthesis gases, Conditions: speed 1500 min™, full load, the
stoichiometric ratio of mixture, the optimal start of ignition angle for each fuel, the
proportional compression on the compressor 1.25

Another parameter affecting the life and operation of the engine is the parameter of the
maximum pressure rise rate per degree of rotation of the crankshaft. This value when
burning natural gas is 0.238 MPa/1°CA. The highest value (0.239 MPa/1°CA) was
recorded for gas labelled SG5, which is again related to the relatively highest
proportion of hydrogen (35% vol.). On the contrary, the lowest value (approx. 0.199
MPa/1°CA) was when burning gas marked as SG1 and SG2.
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Figure 4: Course of the maximum pressure depending on the angle when 50% of the fuel for
natural gas and synthesis gases is burned. Conditions: speed 1500 min™, full load, the
stoichiometric ratio of the mixture, the proportional compression on the compressor 1.25

The prevising figure (Figure 5) shows the course of the maximum pressure for each
cycle depending on the angle at which 50% of the mass of the fuel is burned. The
graph was created similarly to the IMEP graph as a set of data (195 cycles for each
operating point — start of ignition) with the start of ignitions from approx. 10°CA BTDC
to 36°CA BTDC with 1°CA step. As can be seen from the course, by increasing the
start of ignition value, the value of the maximum pressure for natural gas stabilizes at
the level of 7.4 MPa, and approximately at the place (angle asomrs) of the maximum
mean indicated pressure is also the place of the inflection point in the course of the
maximum pressure, which can also be seen in Figure 5. The position of the inflection
point corresponds to a pressure value of 5.7 MPa and an angle of asours 6.2 °CA
ATDC. The lowest value of maximum pressure (5.9 MPa) is when burning SG1 gas.
All synthesis gases had approximate inflection points at the asours angle when the
highest performance parameters (max. IMEP) are also achieved at this angle, and thus
the optimal value of the start of ignition angle also corresponds to this condition.
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Figure 5: Course of burning out of fuel as dependent on the crankshaft angle for natural gas
and synthesis gases (SOl — Start of Ignition, SOC — Start of Combustion, EOC — End of
Combustion) Conditions: speed 1500 min, full load, the stoichiometric ratio of the mixture,
the proportional compression on the compressor 1.25

The prevising figure (Figure 6) shows the mass fraction of burned fuel depending

on the angle of rotation of the crankshaft for selected compositions of the synthesis
gas mixture compared to natural gas.
From the analysis of the course of fuel burning, it follows that the time between the
start of the ignition (SOI) and the moment of the start of visible combustion (SOC) is
approximately 11.1 °CA. The time between SOl and 5 wt. % natural gas burning is
approximately 15.9 °CA. The main combustion time of (10-90) %MFB for natural gas
lasts 20.1 °CA. The total burning time (from SOC to EOC) for methane has a value of
approx. 40 °CA. Synthesis gases have different main combustion times, mainly
depending on the presence of hydrogen in the mixture. The higher the proportion of
hydrogen in the mixture, the shorter the combustion time and the ignition delay. For
this reason, synthesis gas SG5 also has the shortest combustion time (19.5 °CA). On
the contrary, the longest main combustion time (27.4 °CA) is given to gas marked SG4.
The time between the SOI and the moment when 5% of the fuel is burned is again the
shortest (9.8 °CA) when burning synthesis gas SG5 and, conversely, the longest (17.0
°CA) when burning SG4 gas. By increasing the amount of burned fuel, the differences
in the individual phases between the fuels also increase. The coefficient of variation of
position (COV) generally increases with the increasing proportion of fuel burned. For
natural gas, these values are as follows: COV10%mre = 0.19%, COVus0%mrs = 0.36%,
COVasowmrs = 0.57%. When burning syngas, the highest values in the entire range are
for syngas labelled SG4 (COVaiowmre = 0.20%, COVsowmre = 0.34%, COVagowmre =
0.69%). Synthesis gas labelled SG5 has the lowest values (COVaiowmrs = 0.12%,
COVuso0wmrs = 0.21%, COVa90%mrB = 0.41%).
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3. CONCLUSION

The transformation of municipal waste into synthesis fuel using gasification is of
irreplaceable importance both in reducing the production of carbon dioxide released
into the atmosphere and also in partially saving classic resources and replacing them
with renewable ones, since in the current situation there may be a problem with a lack
of resources. The above-mentioned synthesis gases can be with advantage effectively
used in stationary cogeneration units because of their low heating value and also high
hourly consumption. The influence of fuel composition on the internal parameters of
the supercharged combustion engine (proportional compression of the mixture 1.25)
at the operating speed of the cogeneration unit of 1,500 min is summarized in the
following points:

- the optimal start of ignition angle had to be changed from the value of 15°CA BTDC
for synthesis gas SG5 (limit of stable ICE operation) to the value of 26°CA BTDC for
synthesis gas SG4;

- the mean indicated pressure of the combustion engine cycle is reduced at least (by
8%) for the SG2 synthesis gas (1.149 MPa) compared to natural gas (1.245 MPa). The
greatest drop in performance parameters (by 16%) compared to natural gas is for the
synthesis gas marked SG5, which also has the lowest volume heating value (9.306
MJ.m3) out of the studied synthesis gases;

- from among synthesis gases, the maximum pressure value was at its highest (4.93
MPa) when SG2 gas was burned. SG1 gas had the lowest value (4.52 MPa). Variations
of maximum pressure were the highest (5.3%) when operating on SG5 synthesis gas,
and on the contrary, the lowest value was recorded when operating on SG3 gas
(5.0%);

- the highest pressure rise rate (0.239 MPa/1°CA) was measured when operating on
synthesis gas SG5, which had the highest proportion of hydrogen (35% vol.). The
lowest pressure rise rate value (0.199 MPa/1°CA) was measured when operating on
synthesis gases SG1 and SG2;

- from the analysis of the course of fuel combustion, it follows that the longest main
combustion time (i.e. 10-90MFB) characterizes the synthesis gas SG4 and has the
value of 27.4 °CA. On the contrary, SG5 gas (19.5 °CA) has the shortest burning
period. The combustion start time (SOI-5%MFB) was the shortest (9.8 °CA) for the
operating synthesis gas SG5 and, conversely, it was the longest (17.0 °CA) for the
synthesis gas SG14. The coefficients of variation of the course of fuel burning out were
average, the lowest was for the synthesis gas SG5 and the highest for the synthesis
gas SG4.

The results give some ideas on how to set up waste gasification technologies to gain
the optimum power and the best economic output from cogeneration units.
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Abstract

Dedicated Hybrid Transmissions (DHT) represent a "HEV-tailored" approach to a more
common powertrain hybridization option of using parallel hybrid electric vehicle (HEV)
topologies. However, within the heavy-duty trucks, the powertrain electrification
progresses more slowly in general. Some DHTs are used in passenger vehicles with
the objective of reducing the overall fleet CO2 emissions, but not to the same extent in
heavy-duty trucks. The objective of this paper is to evaluate a multi-mode HEV with a
DHT and two electric machines with optional series or parallel operation, combined
with a 5.9-litre six-cylinder diesel internal combustion engine. All of this is done in eight
vehicle driving cycles that replicate different use cases for such vehicles. The energy
management control strategy is optimal in nature, and it determines the power split in
various modes of operation. It is based on Pontryagin’s Minimum Principle and
programmed in-house using Python 3.9.0.
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1. INTRODUCTION

The hybridization end electrification of vehicle fleets is moving rather slowly in heavy-
duty applications. In our past studies [1, 2] we have evaluated different options for 7.5-
tonne truck, ranging from cheap hybrid electric vehicle (HEV) parallel topology to plug-
in HEV variants, and finally to battery electric vehicle (BEV) variants. All of these were
combined with classical shifting transmission: 6-speed for HEV and PHEV, 2-speed for
BEV.

Here, we want to follow-up loosely on these studies, combining the truck with multi-
mode dedicated hybrid transmission (DHT), which we have also studied and optimized
in [3] for passenger vehicles.

DHT powertrains aim to improve on mechanical efficiencies and lower the overall
powertrain complexity compared to “classical” HEV options with shifting transmissions
and parallel topologies. This is possible, because the DHT solutions are not designed
as some “ad-on” to the ICEV powertrain, but as a “HEV-tailored” solution. Generally,
DHTs operate the ICE only in best efficiency regions, in combination with high braking
energy recuperation capabilities, and E-Mode in low vehicle speeds.

We use the Pontryagin’s minimisation strategy (PMP) as an energy management
strategy, as we have done also in the abovementioned studies [1, 2, 3]. Our PMP
implementation forms a part of broader in-house simulation, optimization, and
benchmarking environment, based on Python 3.9.0.

1.1 Goals of the paper

The goals of our paper are following:
e First, to present two different multi-mode DHT options for the heavy-duty truck
applications.
e Second, to study the charge-sustaining operation (CS) fuel consumption in
different vehicle driving cycles.
e Finally, to evaluate the sensitivities of DHT powertrains on vehicle load mass,
and selected energy management strategy parameter.

2. MULTI-MODE DHT

The studied multi-mode DHT solution is originally from Schaeffler and was first
presented in 2019 [4]. This DHT (Figure 1) uses two electric motors: generator EM1,
and traction motor EM2; together with an ICE, CO friction clutch, and fixed gear ratios.
Gear 1 is internal, to match the different speed ranges of the ICE and EM1 (and EM2);
and gears 2 and 3 set the EM2 RPM range to maximum design vehicle speed.

This DHT layout allows for three base operation modes (Table 1):

e E-Mode with EM2 providing the only traction power necessary for the vehicle,
either in motor or generator mode (there is a possibility of additional E-Boost
using EM1).

e P-Mode, when ICE and EM2 provide the traction power, with the possibility of
ICE load-point-shifting (LPS).
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e S-Mode, when EM2 provides the traction power, and ICE charges the battery
through EML1.

Damper

ICE

Intermediate shaft

Differential

Figure 1: DHT layout

Vehicle always starts at either E-Mode or S-Mode, depending on the battery SOC; P-
Mode is available only from certain vehicle speed, depending on gear ratios. Generally,
ICE in P-Mode operates as in 4"-5" gear with conventional transmission.

Exact gear ratios for the DHT versions used in this study will be introduced in the
following chapter.

Off Off Mot/Gen

Closed Mot Off Mot/Gen

Open Mot Gen Mot/Gen
Table 1: DHT operation modes

3. VEHICLE DATA AND PARAMETERS

We have prepared two different DHT versions, that use the same ICE and high voltage
battery, but different generator (EM1) and traction motor (EM2). Differences in EMs
require also different gear ratios for these two DHT versions.

DHT-V1  DHT-V2
Vehicle frontal area [m?]
Drag coefficient [-]

Tire rolling resistance factor [-]
Dynamic tire rolling radius [m]
Vehicle mass (no load) [kg]

Table 2: Main vehicle parameters
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Main vehicle parameters (summed-up in Table 2) are from IVECO EuroCargo 7.5-ton
variant. Base vehicle mass is 3500 kg; here, to get the vehicle masses for our DHT
versions, we add masses of EM1, EM2, HV-Battery, and DHT; and subtract the base
transmission’s mass (ZF 6AS1000). A small difference in mass between DHT versions
is a result of different EM masses.

Both DHT variants are combined with 5.9 L inline 6-cylinder turbocharged diesel ICE
(5.9 L TDI).

High voltage battery system is based on Samsung SDI lithium-ion prismatic cells with
nominal voltage of 3.7 V and capacity of 37 Ah. These cells are configured into 104s1p
system (104 cells in series), giving us total voltage of around 400 V, and energy
capacity of 15.6 kwh (at 90 % SOC).

Electric motors for DHT-V1 are production motors GKN AF-130 (EM1), and GKN AF-
230 (EM2). For DHT-V2 we used high-speed EM from Bosch as EM1 and scaled the
GKN AF-230 to 13000 RPM and 420 kW (EM2). Peak parameters of the ICE and all
motors are in Table 3 (peak EM efficiencies include power electronics).

869 181 2250 206.7 -

335 130 8000 - 92.9
670 260 8000 - 92.9
200 140 15500 - 93.5
670 420 13000 - 92.9

Table 3: ICE and EMs’ parameters

EMs for DHT-V1 were chosen to give us “cheap” version of the multi-mode
transmissions, since both are in production for long time. On the other side, the EMs
for DHT-V2 both represent high-speed traction machines and would cost more.

0.280 0.180
2.930 3.930
3.830 4.450
3.142 3.148
11.222 17.489

Table 4: DHT gear ratios
Table 4 contains the gear ratios for DHT-V1 and DHT-V2, both prepared with a goal of

achieving vehicle top speed of around 120 km/h (similar to ICEV variant). Both variants
lead to a minimum ICE operating speed around 40 km/h.

124



Higher maximum speed of EMs for DHT-V2 allows for higher i, and i; gear ratios, and
give higher maximum traction forces in E-Mode (Figure 2) — however, to match the ICE
speed with vehicle speed, the i; must be lower compared to DHT-V1.

In an extreme case, when a truck with DHT-V1 would need higher traction force, the
DHT-V1 powertrain could use the additional E-Boost.

40000

Vehicle forces for DHT-V1

Vehicle forces for DHT-V2

40000

35000 4

30000 4

25000 +

20000 4

Vehicle Force [N]

15000 +

10000 +

5000 -

ICE

EM1

EM2

Veh maxPwr
Veh Res 0 %
Veh Res 5 %
Veh Res 10 %

35000

30000

— ICE
EM1
— EM2
—— Veh maxPwr
—— VehRes0 %

25000

20000

15000 4

Vehicle Force [N]

10000 A

5000

0

—— VehRes5 %
Veh Res 10 %

60 80

Vehicle Speed [kmy/h]

40

120 0

60 80

Vehicle Speed [km/h]

20 40

Figure 2: Vehicle forces diagrams

Figure 3 (EM1 characteristics are recalculated to ICE characteristic) then shows the
combined characteristics of ICE and EM1, together with S-Mode operation line of best
combined charge efficiency.

Peak combined efficiencies of both DHT versions in S-Mode are similar. The one for
DHT-V1 achieves slightly broader range of high values, but the one for DHT-V2

achieves higher peak value.

S-Mode operation for DHT-V1

S-Mode operation for DHT-V2

ICE-EM1 GR = 0.280

1000
g
8004 ™

600 ™.

ICE Torque [Nm]

= H|479

—— ICE IVECO_5e9TDI
— EM AF130
—— 5-Mode Line

1200

ICE Torque [Nm]

1000
800 Ik
600 1
a00 P4

200 =

—— ICE IVECO_5e9TDI
—— EM SMG140
—— 5-Mode Line

ICE-EM1 GR = 0.180
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1600
ICE Speed [RPM]

1800
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2200
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1400 1600 1800 2000 2200

ICE Speed [RPM]
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Figure 3: S-Mode operation

4. VEHICLE DRIVING CYCLES

Simulation sensitivities were carried out using eight vehicle driving cycles, all suitable
for medium duty to heavy-duty vehicles.
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Table 5 shows the main parameters of these eight vehicle driving cycles, Figure 7 in
the Annex then shows the speed profiles.

The low-speed vehicle driving cycles VehC1 and VehC5, should highlight the DHT
powertrains’ strengths, and high-speed cycles VehC3 and VehC9 their weaknesses.

1740 442 10.87 58.26 30.14
3604 970 41.92 95.43 57.27
1877 361 17.77 91.25 42.17
598 227 1.90 44.58 18.35
3853 702 32.92 99.30 37.60
1700 397 10.75 70.49 29.68
1372 262 11.99 91.25 38.85
765 6 16.51 96.40 78.19

Table 5: Vehicle driving cycles’ parameters

4. SIMULATION MODEL

Our simulation model combines a quasi-static approach with the already mentioned
PMP energy management strategy. Both were presented in more detail in [3].

ICE and EM are modelled using steady-state maps (efficiency maps for EM, and BSFC
map for ICE), that are dependent on rotational speed and torque demand. HV-battery
guantities are calculated with an equivalent battery model with SOC and operation
mode (charge and discharge) dependent internal resistance maps, and open circuit
voltage maps.

PMP optimal energy management strategy determines the optimal power-split
between ICE and EM2 in P-Mode, together with optimal charging strategy if S-Mode is
necessary. The switch from E-Mode or S-Mode to P-Mode is determined by EV;,,
parameter, that must be higher than the abovementioned minimum ICE operating
speed, which is around 40 km/h for our DHT variants. In the main study EV,;,,, value is
then 45 km/h.

Equation (1) shows the Hamiltonian formulation with two control variables PDL,. (ICE
pedal position in P-Mode) and Pwrgy,; (charge power requirement in S-Mode),
equivalence factor p and battery SOC €.

H(&(t), PDLycg(t), Pwrgy,(t),p,t)
= 1 s (PDLycg(t), Pwrgy, (t),t) )

+ P[f(f(t); PDL;cg(t), Pwrgy4(t), t)]
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5. SIMULATION RESULTS

Simulation results are divided into three parts:
e Main comparisons of DHT variants with PHEV-15 and ICEV results from [2] as
a baseline.
e Vehicle load sensitivity, comparing base load of 1100 kg and 2300 kg load
results.
e Energy management strategy settings sensitivity, comparing EV,;,, value of 45
km/h strategy, with S-Mode only strategy (EV,;,, value of 120 km/h).

For each setting of vehicle driving cycle, DHT version, vehicle load, and EV;,
parameter, we have optimised the value of equivalence factor p from equation (1) to
achieve the same SOC at the start and end of the vehicle driving cycle (CS mode).

Base vehicle mass of PHEV-15 variant is 3730 kg, and of ICEV 3500 kg.

5.1 Main comparisons

Figure 4 shows the results for the main comparison, using vehicle load of 1100 kg.
Generally, both DHT versions achieve very similar results in CS mode compared to
PHEV-15 variant with 6-speed transmission.

These results show, that DHTs perform better especially in low-speed vehicle driving

cycles VehC1 and VehC5, as expected. However, also in medium and high-speed
vehicle driving cycles is the performance very good.

WICEV ®PHEV-15 ®DHT-V1 ®DHT-V2
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5 VehCl VehC3 VehC4 VehCs VehCé VehC7 Vehcs VehC9
ICEV 15,408 14,711 14,206 20,387 16,326 13,583 14,001 13,975
PHEV-15 10,800 13,741 11,327 10,932 12,891 9,588 10,845 13,792
DHT-V1 10,131 14,132 11,575 9,543 12,436 10,057 11,086 14,275
DHT-V2 10,587 14,323 12,191 9,550 13,729 10,669 11,621 14,737

Figure 4: Main comparison results

Comparison between DHT-V1 and DHT-V2 shows, that a cheaper DHT-V1 generally
outperforms the DHT-V2. This is due to the size of traction motor EM2, which for DHT-
V1 operates closer to its optimum efficiency, and also the combination of ICE and EM2
in P-Mode that also lead to better charging efficiencies available in P-Mode LPS.
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Finally, itis interesting to note, that high ICE efficiency in very broad range of operating
points leads to the ICE-only operation instead of LPS in P-Mode. Energy management
strategy tends to recharge the HV-battery first by recuperated energy from braking,
then by P-Mode charge, and only if there is no other option using the S-Mode.

5.2 Vehicle load sensitivity

Vehicle load sensitivity in Figure 5 shows the results for 2300 kg vehicle load.

DHT versions are less sensitivity to vehicle load compared to PHEV-15. For example,
the DHT-V1 version in VehC4 driving cycle, achieves better FC than PHEV-15. Then,

for both low-speed vehicle driving cycles VehC1 and VehCS5, is the fuel consumption
benefit of DHTs higher, compared to 1100 kg load in Figure 4.

WICEV ®PHEV-15 ®DHT-V1 mDHT-V2
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S VehC1 VehC3 VehC4 VehCs VehCé VehC7 VehCs VehC9
ICEV 17,918 16,010 16,292 23,418 18,852 15,678 16,109 15,362
PHEV-15 13,103 15,000 13,245 13,672 15,226 11,387 12,797 15,096
DHT-V1 12,032 15,410 13,236 11,899 14,265 11,641 12,808 15,593
DHT-V2 12,358 15,604 13,875 11,738 15,566 12,228 13,312 16,046

Figure 5: Vehicle load sensitivity

5.3 Energy management strategy settings sensitivity

WDHT-V1, P+S MDHT-V1,S ®DHT-V2, P+S mDHT-V2, S
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WDHT-VL, P+S 10,131 14,132 11,575 9,543 12,436 10,057 = 11,086 = 14,275
® DHT-V1, S 10,260 18,644 = 12,976 9,543 13,762 10,524 = 12,165 = 18,691
mDHT-V2, P+S 10,587 = 14,323 = 12,191 9,550 13,729 10,669 = 11,621 = 14,737
DHT-V2, S 10,592 20,138 = 13,701 9,550 14,539 11,059 = 12,787 20,153

Figure 6: Energy management strategy settings results
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Finally, third sensitivity compares two “extreme” possible settings of energy
management strategy EV,;,, parameter (Figure 6). First option of EV;;,,, 45 km/h is the
design baseline, where ICE starts its operation at around 940 RPM. This means,
energy management strategy can use the P-Mode charging as well as the S-Mode
charging (hence “P+S” in Figure 6). The second option of EV;;,, 120 km/h means the
vehicle powertrain works as a series HEV: battery can only be charged using
recuperation energy or S-Mode charging when necessary (hence “S” in Figure 6).

Vehicle driving cycles with low overall speeds, that must use S-Mode charging show
very low sensitivity on EV,;,, parameter (VehC1 and VehCS5, followed by VehC7). On
the other side are the high-speed vehicle driving cycles VehC3 and VehC9. For these,
the forced S-Mode charging results in FC penalty of more than 25 %.

The general trend from main resultin chapter 5.1 is preserved: DHT-V1 performs better
than DHT-V2.

6. CONCLUSION

We have prepared two different versions of a DHT powertrain, combining different EMs
with 5.9 L TDI ICE, 15.6 kWh 400 V HV-battery, and 7.5-tonne heavy-duty truck. DHT-
V1 represents a cheaper option with lower speed — lower power EMs, that are readily
available on the market. DHT-V2 then combines high speed EMs, with traction motor
EM2 achieving also high power.

Both versions were tested on a set of eight vehicle driving cycles with different
maximum and average speeds, and lengths. Main tests were extended by two
sensitivities: one on vehicle load, and the other on energy management strategy
parameter. All results were then compared to a set of older results for the same heavy-
duty truck combined with 6-speed shifting transmission and plug-in HEV parallel
topology (PHEV-15).

DHT versions’ performance in all cycles is very similar to PHEV-15: DHTs perform
better in low-speed vehicle driving cycles, PHEV-15 in medium to high-speed cycles.
DHT-V1 always achieve better fuel efficiency than DHT-V2. This leads us to a
conclusion, that in a multi-mode DHT powertrain of this type it is important to match
EM and ICE characteristics in both P-Mode and S-Mode, to achieve best fuel
efficiency.

Regarding the vehicle loads, DHT variants are slightly less sensitive to higher loads
compared to PHEV-15. Second sensitivity showed that energy management strategy
E-Mode limit parameter that determines the switch from E-Mode or S-Mode (series
operation mode) to P-Mode (parallel operation mode) can lead up to more than 25 %
fuel consumption penalty for high-speed vehicle driving cycles, where P-Mode
charging is more efficient than S-Mode.

To conclude, our study showed promising results for DHT powertrain use in heavy-
duty application. A thorough optimization study including EM parameters, together with
DHT gear ratios could lead to further improvements in fuel consumptions for all test
cases.
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ANNEX
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Abstract

With the growing impact of industry on climate change, interest in alternative energy
sources has increased. One renewable source is hydrogen, producible via anaerobic
bacteria like Clostridium. This study models a single-cylinder spark ignition engine
using biohydrogen from these bacteria, optimizing the mixing ratio, ignition advance,
and other factors to enhance power, torque, and combustion efficiency. Additionally,
a dual compression ignition engine model will be developed where the biohydrogen
serves as a secondary fuel to diesel. Results from both engine models will be
compared to evaluate the biohydrogen's efficacy in spark ignition and compression
ignition engines.

1. INTRODUCTION

The combustion of hydrogen in internal combustion engines is one of the alternatives
for powering vehicles to reduce emissions. Hydrogen has many unique physical
properties, including low molar mass, high diffusion coefficient, high thermal
conductivity and low viscosity. Therefore, hydrogen can be used as an energy carrier
that can be conveniently produced using electricity from renewable sources, biomass
and fossil fuels. [1]

Biohydrogen, produced by anaerobic bacteria such as Clostridium butyricum and
Clostridium tyrobutyricum, represents a promising source of renewable energy with
significant potential for reducing greenhouse gas emissions and efficient use of waste
materials. Hydrogen combustion produces only water vapour, without emissions,
which contributes to improving air quality and combating climate change. Hydrogen
can be produced from waste materials from the food industry, such as whey from the
dairy industry, thereby promoting a circular economy and reducing the environmental
burden associated with the disposal of these wastes. Its high energy density
(122 MJ/kg) makes hydrogen a powerful energy carrier suitable for a variety
of transport and energy applications.

Compared to hydrogen fuel cells, internal combustion engine technology
is economically less expensive to produce and can use a variety of fuel types, including
those with lower purity. Hydrogen as a fuel offers several advantages over
conventional fuels, such as short quenching distance, high flame spread rate
in mixtures and, most importantly, a wide range of air-fuel ratios, which allows efficient
combustion of very lean mixtures, as shown in TABLE 1.

Internal combustion engines are primarily divided into spark ignition (SI-ICE) and
compression ignition (CI-ICE) engines. When comparing various parameters,
hydrogen enriched engines show several differences in combustion characteristics for
both types of engines.

In spark ignition engines, hydrogen can be burned as a secondary fuel or even as
a primary fuel without much difficulty. It can be supplied indirectly to the intake air in
the intake manifold or directly into the combustion chamber. The ignition of the air
mixture is initiated by a spark plug.

In a diesel engine, ignition of the mixture is achieved by the timely release of fuel into
the heated air in the combustion chamber. Due to the specific properties of hydrogen,
such as its high auto-ignition temperature, low ignition energy and high flame
propagation speed, the use of hydrogen alone in a diesel engine is economically and
technically complicated. However, this ignition complication can be solved by using
hydrogen as a secondary fuel with which the intake air is enriched and this mixture is
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then ignited by the diesel fuel injected into the combustion chamber during the
compression stroke.

The main disadvantage of hydrogen combustion is the risk of flame backflow into the
intake manifold. This is due to the small quenching distance of the hydrogen, which
allows the hydrogen flame to pass through the narrow space between the valve and
the valve seat. If a mixture of hydrogen and air is then present in the intake manifold
between points, the flame will propagate through the intake manifold and the resulting
temperature and pressure can damage sensitive intake tract components such as the
mass air flow sensor the ignition, intake air pressure sensor or fuel injectors.

In this project, hydrogen is produced using anaerobic bacteria Clostridium butyricum
CCM 8499 and Clostridium tyrobutyricum CCM 8498, enabling us to utilize food
industry waste as a carbon source for biohydrogen production. However, the gas
mixture produced by these bacteria contains not only biohydrogen, but also other
gases (e.g. CO2), which can affect the final mixing ratio for combustion in internal
combustion engines.

Hydrogen Gasoline Methanol Methane

Propert

- (H.) (Co-Ci2)  (CHOH)  (CHa)
Energy density of 3,23 3,84 3,56 3,31
stoichiometric mixture with
air [kJ/dm3]
Energy density at STP [MJ/N 11 32000 15700 35
m3]
LHV specific energy [MJ/kg] 120 42-44 20 48
Molecular diffusion 0,61 0,05 0,13 0,16
coefficient [cm2/s]
Octane [RON] >130 92-98 106 120
Auto-ignition temperature 571 220 470 632
[°C]
Minimum ignition energy 0,02 0,24 0,21 0,29
[mJ]
Maximum flame speed [m/s] 2,8 0,37-0,43 0,45 0,37-0,43
Explosion limits - volume in 18,2-58,9 1,4-3 6,7-36 5,7-14
air [%]
Flammability limits - volume 4,1-74 1,4-7,6 6-36,5 5,3-15
in air [%]
Lean limit equivalence ratio 0,1 0,58 0,57 0,5
in air

Table 1: Properties of common fuels [1]
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2. BODY OF PAPER

2.1 Production of biohydrogen

2.1.1 Used microorganisms

The bacteria used in this project to produce biohydrogen are Clostridium butyricum
CCM 8499 and Clostridium tyrobutyricum CCM 8498, under patent certificate No. 305
450, deposited in the Czech Collection of Microorganisms (CCM).

2.1.2 Media

The bacteria Clostridium butyricum CCM 8499 and Clostridium tyrobutyricum CCM
8498 are cultured in Reinforced Clostridial Medium (RCM) with different carbon
sources such as glucose (RCM) or lactose (RCM?*):

39 39
109 109
109 10 g
1g 19
59 59
39 39
59 X
X 59
1000 ml 1000 mi

Table 2: Composition of RCM and RCM* media used for the cultivation of Clostridium
butyricum CCM 8499 and Clostridium tyrobutyricum CCM 8498

2.1.3 Cultivation of microorganisms

The entire cultivation process will be carried out in an inert chamber filled with nitrogen
(N2) and containing oxygen (O2) up to 2% of the total chamber volume. The bacteria
will be first cultivated at first in 50 ml tubes containing 20 ml of RCM or RCM* medium
at 37 °C for 24-48 h. The inocula prepared in this way will be subsequently inoculated
into 50 ml tubes containing 20 ml of production medium (again RCM or RCM* medium).
0,6-1 ml of inoculum will be inoculated into the production medium. The culture of the
production cultures will be carried out again at 37 °C for 24-72 h. During cultivation,
the gas mixture produced by the bacteria will be collected and subsequently analysed
using the Hiden QGA system (‘quantitative gas analysis') to determine the hydrogen
content produced.
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Figure 1: Metabolic pathway connected to hydrogen production in genus Clostridium

2.2 Hydrogen usage internal combustion engines

2.2.1 Hydrogen as a primary fuel for spark ignition internal combustion engines

Hydrogen is a suitable primary fuel for powering spark ignition internal combustion
engines. Due to the absence of carbon in the fuel mixture, the formation of carbon
dioxide and carbon monoxide is minimised. Exhaust gases consist mostly of water
vapour and may contain small amounts of carbon oxide emissions due to the
combustion of engine oil [2] [3] When combusting lean mixtures (with excess air), the
high temperature in the combustion chamber results in NOx emissions, which can be
reduced by exhaust gas recirculation (EGR) or by a selective catalytic reduction
catalyst (SCR) using an aqueous AdBlue solution.

The principle of function H2 SI-ICE

Hydrogen is released indirectly - into the intake air stream in the intake manifold, with
which itis drawn into the engine cylinder and burned. The mixture is ignited in a similar
way to conventional spark-ignition engines by the spark plug. Experimental work has
shown that hydrogen-fuelled spark-ignition engines can operate at up to 30 % power
without airflow control, allowing a reduction in throttling losses in the low-load range.

[3]

2.2.2 Hydrogen as a secondary fuel for spark ignition internal combustion
engines (SI-ICE)

When burning conventional fuels in spark-ignition internal combustion engines -
gasoline, LPG, CNG, it is necessary to maintain a relatively precise mixing ratio
between fuel and air. The value of the mixing ratio directly affects the combustion
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characteristics of the mixture burned. If the mixing ratio is inappropriate, important
combustion parameters of the mixture are affected, which can have a negative impact
on the output power, efficiency, durability and also on the specific effective fuel
consumption. In certain cases of inappropriate air to fuel ratio, detonative combustion
may also occur during combustion. The addition of hydrogen as a secondary fuel to
the combustion mixture can also achieve more beneficial characteristics than
combustion of the primary fuel alone. Additivation can extend the mixing ratio range
of lean mixtures, increase the burning rate, but also reduce the formation of emissions
of unburned hydrocarbons HC and carbon oxides, in particular carbon dioxide CO:
and carbon monoxide CO. By increasing the burning rate, higher thermal efficiency
can be achieved. Enrichment of the mixture in spark-ignition engines appears to be
particularly advantageous in part-load conditions, where it is possible to burn very lean
mixtures and reduce the losses due to throttling of the intake air. Typical efficiency
gains are around 5-30 %. [2] The advantage of these systems is the possibility
of operating on multiple fuels. The vehicle is not dependent on only one fuel source.

The principle of function H2 enriched dual fuel SI-ICE

Hydrogen is released into the intake air stream via injectors in the intake manifold and
is drawn into the cylinder where it is burned with the primary convection fuel. The
primary fuel can be in both liquid and gaseous form and can be released either
indirectly into the intake manifold or directly into the engine cylinder. If the primary fuel,
as well as the secondary fuel (hydrogen), is released into the intake manifold
in a gaseous state - (e.g. LPG systems, CNG, biomethane, etc.), then the two fuels
can be premixed in a certain ratio and released together into the intake manifold, which
can reduce the amount of some fuel system components. The mixture is then
compressed in the cylinder and ignited by the spark plug. Due to the variable
combustion characteristics of the mixture depending on its composition, it is necessary
to adjust the ignition timing in order to optimise engine operation and avoid negative
effects. [7]

Knock resistence

Resistance to knock (detonation combustion) is a very important parameter of fuels for
spark-ignition internal combustion engines. However, the knock resistance - the so-
called octane number of the fuel - cannot be simply specified in the case of hydrogen
combustion as for convection fuels, as there are some irregularities under different
combustion conditions. This is due to the high flame propagation velocity and low
ignition energy, which causes a sharp pressure to increase in the combustion chamber,
which can be similar to actual detonation combustion, including the typical acoustic
effect. These characteristics have led to the claim that octane number is not a suitable
parameter for hydrogen combustion. A measure, referred to as the methane number,
has been developed for resistance to gaseous fuel knock. [4] However, this
designation has subsequently been criticised due to the relatively unusual combustion
properties of methane and hydrogen. [5] Resistance to detonation combustion shows
a different behaviour in the case of enrichment with mixtures of hydrogen and carbon
monoxide, compared to enrichment with pure hydrogen. [6] Overall, hydrogen enriched
blends at concentrations below 20% by volume showed similar resistance to
detonation combustion as the primary fuel at the same mixture ratio diluted with EGR
gases. Running on a highly diluted mixture with EGR gases and a parallel extremely
lean H> fuel can increase the resistance to detonation combustion, which can increase
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the compression ratio or boost pressure, leading to a significant increase in engine
efficiency. [3]

2.2.3 Hydrogen as a primary fuel for compression ignition ICE

Due to the specific properties of hydrogen, its use as a primary fuel for compression
ignition engines with current technologies is not suitable. Complications arise
in particular from the poor controllability of ignition timing, low ignition energy and
consequently high flame propagation velocity.

2.2.4 Hydrogen as a secondary fuel for dual compression ignition ICE

Diesel engines, compared to petrol engines, usually operate with a significant excess
of air and their performance and emission parameters are regulated mainly by the
timing and the amount of primary fuel injected into the combustion chamber. When the
intake air is enriched with hydrogen, the primary fuel can be partially replaced to
achieve positive results.

The principle of function H2 enriched dual fuel CI-ICE

The hydrogen is released into the intake manifold where it is sucked into the engine
cylinder in various proportions together with air. [7] [8] During the compression stroke,
this mixture is compressed, which significantly increases its temperature. In the area
around the top dead center, primary fuel with lower flash point is injected, known as
pilot injection. The tiny droplets of primary fuel ignite after a short time delay due to
heat, igniting the hydrogen-air mixture.

Effect of the AFR (air-fuel ratio) of the intake mixture

The concentration of hydrogen in the intake air can cause different enrichment effects.
The mixture of hydrogen and air is divided into two categories based on mixture
flammability. [7] [8]

Lean mixture below the flammability limit

If the mixture of the inlet gas is too lean of hydrogen and is below the so-called ignition
limit, then the flame does not spread throughout the combustion chamber and
combustion occurs only in the diffusion combustion areas. When this occurs, the
hydrogen is burned in a relatively short interval and the combustion of the tiny droplets
of primary fuel is affected. The hydrogen-air mixture, which does not directly interact
with the burning droplets, ignites when the temperature and pressure in the combustion
chamber reach critical auto-ignition values. This effect causes a further increase
of temperature, a decrease of oxygen concentration and an increase of water
concentration, which affects the duration of the diffusion flame surrounding the primary
fuel droplets.

Mixture within flammability limits

If the hydrogen concentration in the inlet mixture is within the flammability limits, then
it is likely that the flame will spread throughout the combustion chamber after
the primary fuel has ignited. This will increase the concentration of steam water in the
combustion chamber, increase the temperature and pressure, affecting the diffusion
flame in the closeness of the primary fuel droplets. [5]) [7] [9] [10] [11]
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2.3 GT-=SUITE simulations

Due to the unknown composition of the generated gas, it has not been yet decided
how this gas will be further used. There are two possible strategies that will be chosen
based on the results of the quantitative gas analysis. If hydrogen is present in a minority
in the mixture, the individual gas components will need to be separated to increase the
hydrogen concentration. Alternatively, if the proportion of impurities in the mixture is
low, it may be more economical to inject the hydrogen mixture directly into the engine
together with the other gases produced by fermentation. The final decision will depend
on the presence of specific gases in the mixture. Some gases, such as CO., are inert
and will remain unchanged when passing through the internal combustion engine,
while other components may oxidise to CO> or be potentially harmful to the engine and
its components.

For the purpose of this project, a model of the Tatra 928 T3D compression ignition V8
engine was created in GT-Suite software, based on a real engine. This model was
optimised to achieve the performance parameters declared by the manufacturer.
In order to reduce the length of the individual simulations, the model was reduced to
a single-cylinder variant, which was enhanced with a hydrogen injector placed
in the intake manifold, just ahead of the intake valve. Refer to Figure 2.

-
Vstrik_H2

SV Sac_kan prechod_sanisaci_svod  Skrtici_ Atmosfera
klapka sani

Atmosfera Vyf_sved prechod Vyl_kanal wW
vyfuk vyfuk

Engine-1 )

Figure 2: Reduced dual fuel CI-ICE model in GT-Suite

The performed simulation will provide important information about the engine
behaviour when combusting the generated gas with different mixture compositions and
determine the optimal conditions for its use in an internal combustion engine. Based
on the results of this simulation and the quantitative analysis of the gas, it will be
possible to decide whether further separation of the gas or its direct use
in a compression ignition or spark ignition variant of the engine is necessary.
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3. CONCLUSION

This project focuses on the potential for the use of biohydrogen, produced by
fermentation of food waste using specific bacteria of the genus Clostridium, in internal
combustion engines. Although the production of biohydrogen is not yet complete
and the exact composition of the generated gas has not yet been determined, the
results so far indicate promising possibilities for its application.

In the introductory parts of the article, the technology of biohydrogen production was
described, which represents an environmentally friendly method of converting food
waste into a valuable energy source. This process has the potential not only to reduce
greenhouse gas emissions but also to make efficient use of waste materials from the
food industry.

The main part of the study focused on the possibilities of using biohydrogen in internal
combustion engines, culminating in a chapter on simulations carried out in GT-Suite.
First, a model of a real Tatra T3D 928 engine was created and optimized according to
the manufacturer's parameters. The model was then reduced to a single cylinder
variant for more efficient simulation purposes and a sequential hydrogen injector was
integrated into the intake manifold.

The results suggest that the optimal strategy for biohydrogen utilization will depend
on the proportion of hydrogen and the presence of other gases in the mixture. Two
possible strategies include either separation of the individual components to increase
the hydrogen concentration or direct use of the gas mixture in the case of low impurity
content. A final decision can only be made once the quantitative gas analysis has been
completed.

This research contributes to the understanding of the potential of biohydrogen as
an alternative fuel and provides a basis for further experimental work. Future steps will
include the completion of the quantitative gas analysis, more accurate simulations and
experimental validation of the results, allowing the full potential of biohydrogen to be
exploited for internal combustion engines and to contribute to sustainable development
and energy self-sufficiency.
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Abstract

The paper deals with application of electrically assisted turbocharging (HP e-Turbo, e-
Booster without downstream intercooling) for the case of 2-stage turbocharged large-
bore gas Sl ICE. The main focus is put on steady state operation under different load
levels while varying NOx level (according to TA Luft norm) — different sensitivity studies
were performed. Transient performance is also considered. Detailed analysis of data
was carried out — main advantages and disadvantages of considered turbocharging
configurations were drawn while comparing these with standard configuration(s).
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1. INTRODUCTION

Large-bore spark-ignited internal combustion engines became very popular in last
couple of decades due to very high efficiency and low pollutant formation. This is
achieved by strong Miller cycle (early IVC) in combination with high air excess — both
these measures require very efficient boost group which has to be able to provide high
boost pressure. This is usually achieved by application of 2-stage boost group. It is
well-known that such engine layout leads to complex design and complex engine
control. It is also known that 2-stage boost group configuration has very high potential
in terms of achievable BMEP, BSFC, transient response and low pollutant level (NOy)
—c.f. [2], [3], [4], [5] and [6]. However, it is expected that future NOx limits will become
much stricter while engine load will increase as well to further improve engine
efficiency. Moreover, additional fuel sources may become important: hydrogen, biogas,
ammonia, methanol or possibly low energy content gas mixtures (containing a lot of
COy). All that will lead to increased requirements with respect to boosting systems.
And not only steady-state operation will be of main importance — engine transient
response is expected to become even more important (e.g., due to ‘intermittent’ nature
of renewable energy sources).
Transient operation of large-bore ICEs is usually not that critical (when compared with
automotive ICE applications). In the case of large-bore gas S| ICEs, which are typically
used for power and heat generation (i.e., it is a co-generation unit), this is the case in
majority of their applications. However, there are cases when the phenomenon might
become important — example could be ‘island operation’ of such a unit which has to
react quicky with respect of fast load changes at constant engine speed.
The presented work is a part of the research within the TA CR program of National
Competence Centres (TNO2: NCK2). Results (shown in the paper) are based on a
long-term cooperation between PBS Turbo and Czech Technical University in Prague
as a lot of experience & knowledge was transformed from previous research projects
between those 2 subjects.
Main paper goal is to study the effect/influence of electrically assisted boosting systems
for the case of large-bore highly turbocharged gas Sl ICE while focusing mainly on
steady-state operation. Additional goals are the following:

e To test different solutions: e-turbo and e-booster without downstream

intercooling.
e To evaluate transient performance of selected variants.
e To perform sensitivity studies of selected parameters.

2. MATHEMATICAL MODEL

Engine model was built in 0-D/1-D SW tool [1] while using previous experience with
similar engines [2], [3], [4], [5] and [6]. As the presented work is closely related to the
previously published papers [5] and [6], the engine model is in principle the same —
however, it was extended/modified to allow for engine transient calculations (this
mainly concerns ICE control and some details, e.g., fully transient heat transfer model)
and application of e-boosting technologies (e-turbo, e-booster). Main engine
parameters are summarized in Table 1. The most important model features are the
following. Simplified FE (Finite Element) model is used to calculate combustion
chamber temperatures while Woschni formula (c.f. [7]) is applied to estimate the heat
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transfer coefficient between the in-cylinder gas and the walls (boundary condition for
FE model). All necessary model constants were estimated by the authors — they are
based on authors’ experience with similar engines in the class of large-bore
turbocharged gas IS ICE. Mechanical efficiency was calculated using default GT-
Power formula (based on Chen-Flynn model [8]). Concerning combustion model, no
experimental data were available. Simple Vibe function model was applied using the
experience from a similar engine (c.f. [2], [3], [4]). The combustion duration is constant
regardless of engine load, air excess and considered fuel composition — it was verified
(by means of detailed sensitivity study) that this assumption has minor influence on
optimization of boost group (among others) under steady state operation. Moreover, it
is also supported by other literature sources (e.g., [10]) dealing with gas SI ICE
equipped with scavenged pre-chamber. Knocking was not considered — however,
minimum air excess (depending on engine load) was estimated for CH4 fuel to avoid
this phenomenon. NOy formation is calculated by means of multi-zone combustion
model while using Zeldovich kinetic mechanism [9] — the model constants were carried
over from other model(s) of similar engines (e.g., [2], [3], [4]). Moreover, all the previous
work (concerning highly turbocharged gas Sl ICEs) suggests that such a model (after
certain calibration) provides very reasonable values in terms of NOy formation. That is
why the authors are confident that this is the case even under very high load (BMEP
above 35 bars).

[-] 0.784
[-] 14.0
[rpm] 1500

2-stage turbocharged

Scavenged pre-chamber
CNG
V20
2
2
[bar] 20-36

Table 1: Main engine parameters

Standard turbomachinery maps were provided by turbocharger manufacturer (PBS
Turbo) including available ranges of swallowing capacity for each compressor/turbine.
Each turbocharger stage has its own intercooler. The total efficiency of the two-stage
boost group is above 70%. Inertia of each turbocharger was known as it is important
even for steady-state calculations — it is critical for transient ones. Finally, mechanical
losses (mainly caused by bearings) were provided as a function of shaft speed for each
turbocharger while considering both sliding bearing and ball bearing.

The Figure 1 shows the control layout of the engine. It is a bit simpler when compared
with previous work [2], [3], [4] — as one of the conclusions was that EGR technology is
less effective for such kind of ICE (it is better to get more air and/or use stronger Miller
cycle), hence there are only 3 main control circuits: BMEP, air excess and compressor
surge. Regarding the BMEP control logic, there are 6 possibilities (intake throttling, 2
versions of waste-gating, compressor blow-by, e-boosting and VGT), however the VGT
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was disregarded after some considerations (high cost with relatively low benefit). Air
excess is controlled in such a way that prescribed level of NOy (recalculated according
to TA Luft norm) at exhaust gases is achieved. Dealing with compressor surge, the
standard approach was applied by means of by-passing certain amount of compressed
cooled air/mixture back to LP compressor inlet.

3

Air excess control:
gonerstor } . . . - based on free oxygen
R (including EGR)
P

+ NO, target (TA Luft)

| e-motor/
' | generator

4
—____ /
a ]
5 ]
Y - e
\ - Compressor blow-by control:
-booster
§ 2
a =]
/ L_-‘—_

+ customer requirement (~5%)
+ compressor surge

Electrical assistance:

= + e-turbo (HP stage)

+ e-booster (no downstream
intercooling)

J
CH4
— -

Figure 1. Engine layout including main control circuits

The electrically assisted boosting variants are based on concepts/approaches of e-
turbo and e-booster — the e-turbo represents a classical turbocharger equipped with e-
motor, which can work as e-generator as well — it can be called as electrically assisted
turbocharger and, in this paper, only HP stage is considered as e-turbo. Other
possibility is the e-booster which is an additional compressor powered by e-motor. The
position/location of e-booster (in the boost systems) can be varied — after discussion
with PBS Turbo, it was decided to position it between LP and HP stage while no
intercooler is applied downstream of e-booster (hence it increases HP compressor inlet
temperature). The reason behind this decision is the fact that intercoolers are large,
heavy and expensive devices while the e-booster is supposed to help only ‘slightly’ in
terms of boost pressure level (the majority of compression work is expected to be
performed by the 2-stage turbocharger group) to avoid a major redesign of a boost
system layout.

There are additional control circuits to adjust intercooler properties (pressure loss,
cooling efficiency) to achieve target values — in other words, using the ‘right’ inter-
cooler size/design for each engine operating conditions (which may vary significantly
in terms of BMEP, air excess, fuel composition). Similar approach was used for low-
pressure exhaust manifold to get reasonable pressure losses.
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3. COMPUTED CASES

The presented data are focused on steady-state performance of the target engine (c.f.
Table 1) under different operating conditions — this usually concerns engine load and
NOy level (defined by German norm TA Luft). Each operating point is fully optimized
by means of genetic algorithm while varying 9 parameters (combustion phasing (1),
sizes of all turbomachinery (4), timing of intake/exhaust valve opening/closing events
(4)) to minimize BSFC while satisfying many constrains. Each point in the graphs (e.g.
Figure 2) corresponds to a different engine (due to different valve timing events) with
different turbochargers. The base/standard variant for comparison is based on the
classical throttle control (no electrical assistance), which was presented (among
others) in [5] — this variant is usually labelled as ‘cont. THROTTLE' in the figures while
the e-turbo uses ‘cont_eTurbo’ and e-booster is labelled ‘cont_e-BOOSTER'.
The following effects are presented in the paper:

¢ Influence of NOy level for the case of e-turbo application while being compared

with the base variant.

o Effect of e-turbo for varying load with fixed ICE design parameters.

e Potential of e-booster application without downstream cooling.

e Transient response.

4. DISCUSSION OF RESULTS

This section presents selected results, which were obtained during TA CR NCK I
project BOVENAC, while focusing on electrically assisted turbocharging for the case
of 2-stage turbocharged large-bore gas Sl ICE (it should be stressed that the engine
is operated under constant NOy level, which is a significant difference when compared
with automotive applications). As it is mentioned in the previous section, 2 different
approaches of electrically assisted turbocharging are considered: e-turbo (at HP stage)
and e-booster (between LP and HP stage, without intercooling). Due to limited scope
of the paper, only the most important aspects are commented.

4.1 Influence of NOx Level for the Case of E-Turbo Application

The large-bore gas engines are usually operated at constant NOy level to satisfy certain
requirements. Typically, the German norm called TA Luft is applied and its base level
is labelled as ‘“TA Luft=100%’. However, the norm is relatively old, hence more strict
NOxy level are required — e.g., ‘TA_Luft=20%’ represents a case when NOy level is 5-
times lower when compared with the base value. The comparison of a standard engine
control (using throttle) with e-turbo while varying NOy level (from 100% down to 5% of
base TA Luft) is presented in Figure 2 while showing BSFC and air excess for fully
optimized engine setting. It should be stressed that each point (in the Figure 2) is
optimized independently, hence each point represents a different engine.
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BSFC - Brake Specific Fuel Consumption
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Figure 2: Comparison of base variant (throttle; continuous line) with e-turbo (dashed
line) under different engine loads (BMEP) and different NOx levels (defined by TA Luft
multiplier) — engine fuel consumption (top sub-figure) and engine air excess (bottom sub-
figure)

When comparing BSFC (top subfigure in Figure 2), the application of e-turbo makes
sense only under high engine load or low NOx level while the potential (to improve
BSFC) is typically between 0.5-1.0 g/kW/h. The trend is logical: the higher the required
boost pressure, the higher the potential of e-turbo application. Under relatively low load
(typically below 24 bar of BMEP), there is usually no BSFC improvement. When load
is increased, the BSFC improvement increases as well while the best e-turbo
performance is at BMEP of 32 bar. Additional increase of engine load does not yield
the expected BSFC improvement — on the contrary, the BSFC curves get closer, thus
suggesting that required boost pressure is too high and it could be achieved only at
cost of additional BSFC penalty. The BSFC diagram confirms that the best engine
efficiency can be achieve for BMEP between 24 and 32 bars, hence confirming again
that pure focus on ICE downsizing is not the best solution — engine rightsizing is the
right solution. Moreover, the diagram shows that the lower the NOy level (hence, the
higher the boost pressure), the lower the optimal BMEP level. This trend was expected
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as the 2-stage boost group has its optimal performance within certain pressure levels
(6-8 bars of boost pressure) — when operated below/above these values, engine gas
exchange requires more piston work, thus leading to increased BSFC.
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Figure 3: Comparison of base variant (throttle; continuous line) with e-turbo (dashed
line) under different engine loads (BMEP) and different NOx levels (defined by TA Luft
multiplier) — intake valve width multiplier (top sub-figure) and HP turbine electrical power
assistance (bottom sub-figure)

The optimal value of air excess is plotted in bottom subfigure of Figure 2. The e-turbo
variants usually operate under higher air excess as they can achieve slightly higher
boost pressure more effectively (when compared with the base variant). This allows
for more optimal combustion phasing and weaker Miller (top subfigure in Figure 3)
cycle to satisfy required NOx level. All that helps BSFC, as it is described above. All
the optimizations were unrestricted in terms of electrical assistance power — the optimal
value is plotted in bottom subfigure of the Figure 3. All the optimal values are below
100 KW, which is a reasonable value (this was discussed with the experts in
PBS Turbo).

Concerning boost group performance, the e-turbo variant has usually slightly larger HP
compressor and slightly smaller LP compressor while the same applies to turbine sizes
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— this leads to lower HP stage speed and higher LP stage speed. Exhaust valve size
becomes a limiting factor (especially for the base variant) under high mass-flow rate
conditions.

4.2 Effect of E-Turbo for Varying Load with Fixed ICE Design Parameters
The previous sub-section (4.1) deals with thermodynamic potential of e-turbo
(comparing with the base variant) under different load and NOy level, hence each point
in the diagrams represents different engine setting (i.e., different valve opening/closing
events, different turbochargers, different combustion phasing). This sub-section (4.2)
shows comparison of e-turbo vs. base variant while using fixed engine setting (which
was optimized for BMEP of 24 bar for each variant under constant NOy level of
TA Luft=100%) — this means that the whole curve represents a particular engine
(operated under different conditions). Moreover, the effect of limited e-turbo power is
presented as well while considering 20, 50 and 100 kW as max. allowed electrical
power to assist the e-turbo. All that is shown in Figure 4.

As presented in the previous section, there is almost no difference in terms of BSFC
between the base variant and the e-turbo one at nominal BMEP (of 24 bars). However,
if higher engine power is required, the e-turbo could provide higher boost pressure
(when compared with the base variant), hence higher power/BMEP — but it is not
massively higher, moreover there is surprisingly small effect when comparing different
max. power levels of electrical assistance. The main reason behind that is the LP
compressor performance — the operating points are out of optimal efficiency region and
close to the stall/choke line. And it is clear from the figure that higher BMEP/power
output is achieved with significantly higher BSFC.

When decreasing engine load, the e-turbo is slightly more efficient (top subfigure in
Figure 4) —the BSFC improvement potential is usually below 0.5 g/kW/h. This is mainly
caused by the possibility to recuperate small amount of HP turbine power (bottom
subfigure in Figure 4), which is more effective/efficient when compared with throttling
control. However, this is not a general trend/observation — there are cases where there
is almost no difference (between e-turbo and the base variant). Finally, when using
waste-gating of HP stage only, the efficiency is very similar to what could be achieve
with e-turbo. Obviously, the e-turbo variant is much faster during a transient load
change, which is discussed below in the subsection 4.4.
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BSFC - Brake Specific Fuel Consumption, Cyl, Part crank_V20
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Figure 4: Comparison of base variant (throttle; continuous line) with e-turbo (dashed
line) under different engine loads (BMEP) with fixed engine setting while considering
different power limits of electrical assistance — engine fuel consumption (top sub-figure)
and HP turbine electrical power assistance (bottom sub-figure)

4.3 Potential of E-Booster Application without Downstream Cooling

This section is focused on potential of e-booster application on the target engine. The
e-booster is supposed to be located between LP and HP turbochargers and no
intercooling (directly downstream of the e-booster) is considered — the reasons behind
that are based on the packaging and price considerations. As the qualitative trends of
important parameters are similar to those presented in section 4.1, only the selected

diagrams are shown in the following text while considering the base variant, the e-turbo
one and the e-booster one — c.f. Figure 5.
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Figure 5: Comparison of base variant (throttle; continuous line) with e-turbo (dashed
line) and with e-booster (dotted line) under different engine loads (BMEP) and different
NOy levels (defined by TA Luft multiplier) — engine fuel consumption (top sub-figure) and
electrical assistance power (bottom sub-figure)

The main conclusion from Figure 5 is that application of the e-booster does not bring
any BSFC improvement (c.f. top subfigure in Figure 5) — on the contrary, the BSFC is
always higher regardless of engine load or NOy level while comparing with either the
base variant or e-turbo one. This is caused by 2 main factors — additional pressure loss
in the intake pipe system and no intercooling (downstream of e-booster), which
increases HP compressor power requirement. These 2 factors create such a significant
disadvantage that the optimized solutions try to avoid the e-booster engagement as
much as possible. Hence, the main benefit of e-booster application is related to
improved transient performance when compared with the base variant — c.f. subsection
4.4.
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4.4 Transient Response
Transient performance of the target engine is discussed in this subsection. As

presented above in the previous sub-sections, the steady-state operation of the engine
has relatively small potential (if any) in terms of engine efficiency improvement. This is
in-line with previous research of the authors while focusing on automotive
application(s) — c.f. [11]. However, the situation is different when transient performance
is considered — c.f. Figure 6 and Figure 7 where the base variant is compared with e-
turbo while considering 3 limits of electrical power assistance (20, 50 and 100 kW).
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Figure 6: Comparison of base variant (throttle; continuous line) with e-turbo (dashed

line) during transient load change (at constant engine speed) with fixed engine setting
(optimized for BMEP of 24 bars and TA Luft of 100%) while considering different power
limits of electrical assistance — BMEP (top sub-figure) and air excess (bottom sub-figure)

The transient is defined as engine load change from 12 bars of BMEP to 32 bars — c.f.
top subfigure in Figure 6 (the same definition is used in [6]), the load change starts at
time of 8 seconds. When considering only 20 kW of electrical assistance, the transient
duration is only very slightly faster when compared with the base variant (without any
electrical assistance). However, when using 50 or 100 kW, the load change is clearly
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faster (1 and 2 seconds, respectively), thus showing clear benefit, which could be
critical for specific applications. Other important parameters are shown in Figure 6 and
Figure 7 — the effect of electrical assistance is most visible on HP turbocharger speed
(top subfigure in Figure 7).

Average Speed (HP stage)

55000

50000

45000

ag A s
' »/l " KV
40000 :‘,////\
Je
------------------------ o
35000

— cont_THROTTLE (op_for_BMEP24bar)
~~cont_eTurbo (opt_for_BMEP24bar; eTurbo_power_limit_20kW)
< ~cont_eTurbo (opt_for_BMEP24bar; eTurbo_power_limit_50kW)
< ~cont_eTurbo (opt_for_BMEP24bar; eTurbo_power_limit_100kW)

Average Speed [RPM]

30000

25000 . : . i . . . . :
0 2 4 6 8 10 12 14 16 18 20
Time [s]

Average Speed (LP stage)

42000 — = T z
— cont_THROTTLE (opt_for_BMEP24bar)
< ~cont_eTurbo (opt_for_BMEP24bar; eTurbo_power_limit_20kW)
40000 | |<-cont_eTurbo (opt_for_BMEP24bar; eTurbo_power_limit_50kW) P
< ~cont_eTurbo (opt_for_BMEP24bar; eTurbo_power_limit_100kW)
38000 |-
36000
=
o
&, 34000 |-
bl
o
o
»
o 32000 7
> ‘
< 30000 ;) /
g4
I’.”
28000 | /
/
fjn s
,{//
24000 L L L s L L L L L
0 2 4 6 8 10 12 14 16 18 20

Time [s]

Figure 7: Comparison of base variant (throttle; continuous line) with e-turbo (dashed
line) during transient load change (at constant engine speed) with fixed engine setting
(optimized for BMEP of 24 bars and TA Luft of 100%) while considering different power
limits of electrical assistance — HP turbocharger speed (top sub-figure) and LP
turbocharger speed (bottom sub-figure)

Comparison of e-booster with e-turbo and the base variant is presented in Figure 8
(engine setting is optimized for different conditions when compared with Figure 6 and
Figure 7 — Figure 8 corresponds to optimized setting for TA Luft=20% while Figure 6
and Figure 7 for TA Luft=100%). The e-booster variant is clearly faster than the base
one (by 2 seconds), however it is slower than the e-turbo one (by 1 second). The
reasons behind the fact that e-turbo is faster than e-booster are (again) additional
pressure loss of intake pipe system and increased HP compressor inlet temperature —
HP turbocharger speed (bottom subfigure in Figure 8) is actually very similar (in terms
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of its time increase) to the base variant, thus confirming that increase of boost pressure
(hence, BMEP) is primarily driven by e-booster.
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Figure 8: Comparison of base variant (throttle; continuous line) with e-turbo (dashed
line) during transient load change (at constant engine speed) with fixed engine setting
(optimized for BMEP of 24 bars and TA Luft of 20%) while considering different power
limits of electrical assistance — BMEP (top sub-figure) and HP turbocharger speed
(bottom sub-figure)

5. CONCLUSION

The paper deals with application of electrically assisted turbocharging for the case of
2-stage turbocharged large-bore gas Sl ICE operated under constant engine speed,
varying load and constant NOy level (defined by TA Luft norm) — the results were
obtained by means of 0-D/1-D CFD calculations/optimizations. Dealing with electrical
assistance of the boost group, 2 options were considered — electrically assisted HP
turbocharger and e-booster (without downstream intercooling) located between HP
and LP turbocharger. Both steady-state operation and transient one were considered.
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The presented research work is based on previous experience (c.f. [2], [3], [4], [5] and
[6]) and it could be considered as its extension in the field of electrically assisted
turbocharging.

The main conclusion is that there is a limited potential to improve engine efficiency
(i.e., decrease BSFC) under steady state operation when compared with the base
variant (throttling is used to control BMEP) — this could be achieved for e-turbo only as
selected e-booster configuration has 2 clear disadvantages (additional pressure loss
in the intake pipe system and increased HP compressor inlet temperature). Moreover,
the potential BSFC decrease is typically small (below 0.5 g/kw/h) and it could be
achieved under very high boost pressure operation only.

On the other hand, transient performance is clearly faster even if the power of electrical
assistance is limited to low values (below 100 kW) — this is the main advantage of
considered solutions of electrically assisted turbocharging. Under suitable conditions,
there are other ‘small’ benefits — low BMEP operation could be improved in terms of
BSFC and if needed, max. engine BMEP could be increased, however it should be
stressed that these improvements are relatively small. The e-turbo variant is more
efficient when compared with the e-booster solution — on the other hand, e-turbo is
much more expensive while e-booster could be used/applied as ‘add-on’ to existing
installations and being activated only when needed.

The final conclusion is that electrically assisted turbocharging enables to optimize the
boost group purely for steady state operation, which could yield small BSFC benefits,
while transient operation is significantly faster (when compared with the ‘classical’
solution without any assistance). This statement is in-line with [11], which is focused
on automotive application(s).
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LIST OF ABBREVIATIONS

BMEP brake mean effective pressure

EGR exhaust gas recirculation

FE finite element

HP high pressure

ICE internal combustion engine

IVC intake valve closing

LP low pressure

NOx nitride oxides (NO, NO2, N2O)

Sl spark ignition/ignited

TACR technology Agency of the Czech Republic

TA Luft German norm to define and to limit NOy level in exhaust gases

TDC top dead centre

VGT variable geometry turbine
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Abstrakt

Cilem této prace je optimalizovat konstrukci ramu s vyuZitim sofistikovaného
softwarového nastroje ModeFrontier. ModeFrontier je integracni platforma pro vice
cilovou optimalizaci, ktera umoZzZriuje efektivni kombinaci riznych inZenyrskych
simulaci a optimalizacnich algoritm(. Proces optimalizace zahrnuje definovani
geometrickych parametri ramu, mechanickych vlastnosti materialt a zatiZeni, kterym
bude ram vystaven. Pomoci parametrickych studii a automatizovanych iteraci
ModeFrontier umoZzriuje najit optimalni konfiguraci ramu, ktera minimalizuje hmotnost
a maximalizuje pevnost a tuhost. Vysledky této optimalizace ukazuji na znacné
ZlepSeni mechanickych vilastnosti ramu pfi zachovani nebo snizeni jeho hmotnosti,
coZ prinasi vyznamné uspory materialll a nakladt. Prace rovnéz demonstruje vyhody
vyuZziti ModeFrontier pro komplexni inZzenyrské problemy a jeho schopnost integrovat
rtizné simulaéni nastroje a optimalizacni techniky do jednoho procesu.

Klicova slova: optimalizace, ram, hmotnost, tuhost, Zivotnost
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1. UVOD

Tento Clanek se zabyva tvorbou nastroje pro parametrizaci nosniki a naslednou
optimalizaci ramovych konstrukci pomoci 1D elementu, které ve 3D prostoru
substituuji 2D, nebo 3D geometrii nosnika.

Samotna optimalizace je tvofena v numerickém programu ModeFrontier za vyuZiti jeho
optimalizacnich a statistickych nastroji.

Cilem této metodiky je Casova a finanCni uspora pfi tvorbé ramovych konstrukci.
Tohoto je dosaZeno zejména absenci prvotni 3D geometrie. Diky vyuZiti numerického
programu dochazi ke zrychleni vypocetniho ¢asu. To ma za nasledek zlevnéni celého
procesu diky moznosti niz§iho poctu pracovnikl a moznosti vypoctu bez pouziti
vypocetniho serveru.

Vzhledem ke stale se zvySujicim narokim trhu a tlaku na udrzitelnost, Uspory
a zachovani konkurenceschopnosti, je toto téma velmi poplatné dnesni dobé.
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2. METODOLOGIE

Tvorba kfivek prochazejici stfedem okamzitého prifezu
jednotlivych  nosniki vramci ramové konstrukce v CAD
programu.

PREPROCESSING

Parametrizace jednotlivych nosnikl na 1D kfivkach
pomoci zobecnénych prifezovych charakteristik
Pfifazeni materialovych vlastnosti jednotlivym nosnikim
Definice okrajovych podminek a zatizeni

Vypis vstupniho souboru s modifikovatelnymi parametry.

Vypocet zatéznych
stavu.

Kontrola a vypis cilovych funkci z vysledku.

POSTPROCESSING

e Zapis souboru s modifikovatelnymi parametry

e Urceni rozpéti modifikace jednotlivych parametr(

e Zapis cilovych funkci

e Zapis souboru s vysledky (okrajové podminky a zatézné
stavy)

e Volba vyhodnocovaci metody (MOGA)

¢ Kontrola poctu iteraci

e Kontrola vysledku

e Volba statistické metody (Kriging)

e Stanoveni cilové funkce, v€etné uréeni vahy jednotlivych
parametru

e Vybér urcitého poctu nejlepSich vysledku

Generovani nosniku z optimalizovanych prafezovych
charakteristik.

REDESIGN




2.1. Preprocessing

2.1.1. Stavba modelu

Proces zacina stavbou kfivkového modelu z 1D kfivek ve 3D prostoru. Maze jit
0 spojovani uzlovych bodl v néjakém omezeném zastavbovém prostoru, &i se pouziva
jiz stavajici konstrukce a dochazi pouze k vytazeni kfivek ze stfedd okamzitych
prufezd nosniku. [1] [2]

Pfi tvorbé modelu je nezbytné, aby CAD program, ve kterém je model tvoren,
podporoval beziérové modelovani, tedy B-Spline. PouZiti T-Spline je problematické pro
dalSi zpracovani v MKP programu. [1] [2]

Obrazek 1: Model ramové konstrukce v programu Catia V5

2.1.2. Parametrizace modelu

V prostfedi Abaqusu CAE jsou jednotlivym kfivkam pfifazeny zobecnéné prarezové
charakteristiky, které odpovidaji zakladnimu stavu prifezu nosniku. Tyto zobecnéné
prufezové charakteristiky jsou dale parametry, které je mozno v urditych mezich
upravovat tak, aby byl zachovan profil, ale doslo k jeho modifikaci v zavislosti na
zatizeni. [1] [3] [4]

Dale jsou nosniky pokryty 1D elementy. Zde je vhodné volit vétsi hustotu sité, aby bylo
ziskano dostate¢né mnozstvi uzlovych bodu pro cilové funkce. Vysledkem je
parametricky model, ktery je pfipraven pro optimalizaci. [1] [3]

2.1.3. Okrajové podminky a zatézné stavy

Aby bylo mozné sledovat chovani ramové konstrukce, je zapotfebi dodat modelu
okrajové podminky a zatézné stavy. Co se okrajovych podminek a zatéznych stavu
tyCe, primarnim cilem je optimalizace na tuhost a Zivotnost, nicméné je v omezené
mife mozné pozorovat také plasticitu, a to jak u statickych, tak dynamickych vypocta.
V pripadé 1D element se toto omezeni vztahuje vyhradné na osovy tah a tlak. [1] [3]

Co se tyce cilovych funkci, nastroj je vyvijen primarné na pouZiti pro kontrolu posuvd,

jejichz minimalizaci v ur€itych bodech muize dojit ke zvy8eni tuhosti konstrukce,
optimalizace hmotnosti a kontroly napéti. [1] [3] [4] [5]
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Takto pfipraveny model je pomoci datasetu .inp v programu Abaqus CAE exportovan
do textové podoby a dale feSen feSiCem Abaqus, zpravidla jako uloha linearni statiky.

[1]1[3]
2.2. Vypocet zatéznych stavi

Prostfednictvim feSiCe dojde na zakladé zatéznych stavu ke spocitani modelu.
V pfipadé zkusebniho vypoctu se jednalo o linearni statiku feSenou implicitni metodou.

[1] [3]

Co se tyCe samotnych zatéznych stavll a okrajovych podminek, tak pro dany model
bylo zvoleno zatéZovani jak ohybem, tak krutem. [1] [3] [4] [5]

U, Magnitude

+2.850e+02
+2.612e+02
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Obrazek 2: ZatéZovani ohybem s vyobrazenim vyslednic posuvti

U, Magnitude
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+2.546e+00
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Obrazek 3: ZatéZovani krutem s vyobrazenim vyslednic posuvi
2.3. Postprocessing

V ramci postprocessingu dochazi ke kontrole vypoctenych dat, okrajovych podminek
a zatéznych stavl. Je také vhodné zkontrolovat celistvost modelu, jelikoz kolize
a nespojitost je v programu Abaqus CAE velmi téZko rozeznatelna v ramci
preprocessingu. K tomuto ukonu je mozné vyuzit preprocessing ANSA, ktery nabizi
Sirokou Skalu kontrol a uprav modelu. [1] [3]

V tomto kroku je nezbytné vypsat cilové funkce, na které bude optimalizace zaméfena.

[1] [3]
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2.4. Optimalizace

Optimalizace je provadéna za ucelem zlepSeni cilovych vlastnosti konstrukce,
konkrétné zvyseni jeji tuhost, pevnosti, optimalizace kritickych frekvenci a Zivotnosti.
ModeFrontier je pokroCily optimalizacni numericky software, ktery umoznuje integraci
s vysledky z feSi¢e Abaqus, se kterymi je schopen provadét parametrické studie. [1]

+20%

Obrazek 4: Schéma vyobrazujici modifikaci prifezové charakteristiky nosniku

2.4.1. Definovani cilli a omezeni
Prvnim krokem je definovani cilové funkce optimalizace, napfiklad minimalizace
posuvu Vv nékterém uzlu konstrukce za ucelem zvySeni jeji tuhosti. Dale jsou
stanovena omezeni, ktera zahrnuji oblast, ve které se mohou pohybovat jednotlivé
zobecnéné prlfezové charakteristiky, tedy setrvacné momenty vuci osam x, y a z,
deviacni moment J a okamzity prufez nosniku A. [1]

2.4.2. Vytvoreni optimalizaéniho diagramu

V ModeFrontieru je vytvorfen optimalizaéni diagram, ktery zahrnuje generovani
riznych variant modelu se zaméfrenim na cilovou funkci. [1]

2.4.3. Spusténi optimalizace

ModeFrontier nabizi fadu vyhodnocovacich metod, které mohou uzivatelé vyuzit
k analyze a optimalizaci svych modell. Jednou zhlavnich je Multi-Objective
Optimization, ktera provadi optimalizaci nékolik cilovych funkci sou¢asné. Casto je tak
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feSeno metodou Pareto front, které pomahaji identifikovat nejlepSi kompromisni
feSeni. [1]

Nastroj v ramci Multi-Objective Optimization uzity pro tvorbu prace, na kterou odkazuje
tento ¢lanek je Multi-Objective Genetic Algorithm (MOGA). V ramci tohoto nastroje
jsou vysledky feSeny pomoci jiz zminénych Pareto front a dale pak vyhodnocovany na
cilovou funkci pomoci pokrocilé statistické metody Kriging. [1]

2.4.4. Vyhodnoceni vysledku

Po dokonceni optimalizacniho procesu jsou vysledky analyzovany a nejvhodnéjSi
konfigurace je vybrana. Tato konfigurace by méla vykazovat zvySenou tuhost
a minimalizovany posuv v kritickém bodé. [1]

n 1rﬁ=£ i t | ; I

Obrazek 5: Optimalizace posuvi v uzlu L_Kolo pfi zatéZovani krutem na 100 iteracénich krokd
2.5. Redesign

Na zakladé nejlepSich statistickych vysledkd bude z novych zobecnénych soufadnic
generovana optimalizovana prifezova charakteristika. Tyto data mohou byt poté
nahrany do CAD programu kde bude na zakladé jiz pfipravené kfivky vytvoren
skofepinovy nosnik. [1] [5]

Tato technika je poplatna zejména pfi kalkulaci plasticity, kde pfi napétich, blizicich se
mezi kluzu na 1D elementech muzZe dochazet k pretvoreni, které neni mozné
posuzovat na 1D elementu. Substituce skofepinovym 2D elementem toto umozriuje.

Vznikne tak kombinovany model 1D a 2D element, ktery je schopny v pfed vyvojové
fazi usetfit velké mnozstvi vypocetniho stavu a cely proces tak vyrazné zlevnit. [1] [2]

[4] [5]
3. ZAVER
3.1. Prinosy optimalizace

Optimalizace 1D elementu v 3D prostoru pfinasi nékolik kliCovych vyhod.
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o Zvysena tuhost konstrukce: Optimalizaci prifezovych charakteristik Ize
dosahnout vyrazného zvysSeni tuhosti konstrukce, coz vede k lepSimu vykonu
a odolnosti vici zatizeni.

e Snizené posuvy: Minimalizace posuvu v kritickych bodech zlepsuje stabilitu
a spolehlivost konstrukce.

o Efektivni vyuziti materialu: Optimalizace umozniuje efektivni vyuZiti materialu
tim, Ze se zamérfuje na kli€ové oblasti konstrukce, kde je zvySena tuhost
nejvice potfebna.

3.2. Vyhody kombinace 1D a 2D element

Mezi vyhody této optimaliza¢ni techniky se fadi pfedevSim vyrazna ¢asova uspora v
pfed vyvojové fazi ramové konstrukce. Velmi mala naro¢nost na vypocetni techniku,
diky vyuZziti numerického programu.

Od této metody si slibuji také vyrazné sniZeni uspor, a to jak na poli vyvoje, tak
nasledné vyroby pfi maximalnim mozném vyuziti materialu.

ZDROJE

[1] PANEK, Tomas. VYVOJ NASTROJE PRO POSOUZENI MECHANICKYCH
PARAMETRU TYPICKYCH STAVEBNICH PRVKU KAROSERIE. Diplomova
prace. Technicka 4 160 00 Praha 6: Ceské vysoké uceni technické v Praze,
2022.

[2] MIHL, Viktor. VYVOJ I\{ASTROJE PRO AUTOMATIZOVANOU TVORBU CAD
GEOMETRIE PROFILU. Bakalarska prace. Technicka 4 160 00 Praha 6: Ceské
vysoké uceni technické v Praze, 2022.

[3] Abaqus 2016 DOCUMENTATION. Online. Dostupné
z: http://130.149.89.49:2080/v2016/index.html. [cit. 2024-07-11].

[4]  VASICEK, Michal. Vehicle Concept, Structure, Safety. 2017. Dostupné také z:
https://studium.fs.cvut.cz/studium/ul2120/E211112\ VCS/VCS\%20-
\%20Safety\%202017.pdf

[5] SHI, Lei. Lightweight Design for BEV Body Using Modular-based: Multi-material
Space Frame (M3-SF) Technology [online]. 26.4.2017, 2-30 [cit. 2022-06-22].
Dostupné z: https://www.lbcg.com/media/downloads/events/625/galm17-lei-
shi.11599.pdf

PODEKOVANI

Tato prace byla podpofena grantem Studentské grantové soutéze CVUT
SGS24/089/0HK2/2T/12.

Tento vyzkum byl realizovan za podpory Technologické agentury Ceské republiky,

programu Narodniho kompetenéni centra Il, projekt # TN02000054 Bozek Vehicle
Engineering National Center of Competence (BOVENAC).

164


http://130.149.89.49:2080/v2016/index.html
https://studium.fs.cvut.cz/studium/u12120/E211112/_VCS/VCS/%20-/%20Safety/%202017.pdf
https://studium.fs.cvut.cz/studium/u12120/E211112/_VCS/VCS/%20-/%20Safety/%202017.pdf
https://www.lbcg.com/media/downloads/events/625/galm17-lei-shi.11599.pdf
https://www.lbcg.com/media/downloads/events/625/galm17-lei-shi.11599.pdf

TECHNICKA UNIVERZITA V LIBERCI

\~

2
//

Y

\l/
S
N

2
7/7/7//\

55. mezinarodni védecka konference zamérena na
vyzkumné a vyukové metody v oblasti vozidel a jejich
pohont

Zafi 5. - 6., 2024 — Liberec, Ceska republika
Technicka univerzita v Liberci
Fakulta strojni, Katedra vozidel a motor(

IMPACT OF FROST & ICE ON FANS
FOR LIGHT DUTY VEHICLE EQUIPPED
WITH HEAT PUMP

Andrej Repa?, Petr Opravil 2

Abstract

The transition from passenger cars with internal combustion engines to electric cars
brings a lot of new questions. One of them is the frost (ice) creation on the cooling
components and their impact on the function of the cooling fan, thus on the function
of the entire cooling module.

This work discusses the possibilities of formation of frost (ice) as: when, where, and
in what quantity can occur. It deals with the possibility of release and subsequent
interaction with the rotating parts of the cooling system (fan of rotor). It evaluates the
possibility of mechanical damage of the individual parts and the impact of potential
damage on the function of the entire module functions.
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arepa@hanonsystems.com
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1. INTRODUCTION

The last decade has seen a push towards Battery Electric Vehicles (BEV’s), that is
bringing some new technologies not usually used before for passenger cars. One
of them is Heat Pump.

Need of this principle (heat pump) is driven by “loss of energy” coming from
combustion, used to heat cabin and bring to passengers comfortable and safe
environment. This missing energy must be replaced. In case of BEV it is directly
electrical energy from main battery that significantly decrease car range [1]. Heat
Pump is a good solution that can help to eliminate these losses by transferring (using)
energy contained in outside air to the cabin air and at the end safe energy for main
battery for vehicle range [2].

2. PRINCIPLES DESCRIPTION

Based on above mentioned we can divide system into two groups:

1. Cars with only Air Conditioning
2. Cars with Air Conditioning + Heat Pump

System in AC mode is transferring energy (heat) from cabin to outside, and in HP mode
is transferring energy from outside (air) into the cabin.

Both principles are described in (figure 1).

_______ . —_—— = = = -

Expansion valve Condenser

Compressor

Evaporator

QII

Cabin

Qe
Cabin

Figure 1: Air Conditioner and Heat Pump principle [3].
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AC as HP modes are using in principle same components, just work in the opposite
cycle.

Both typically consist of condenser, expansion valve, evaporator and compressor,
where condenser is placed in front cooling module and evaporator in cabin area, as
visible in (figure 2), (condenser placed in front cooling module in HP mode fulfills the
function of an evaporator).

Also conditions of usage are different:

AC mode is not used when outside temperature is less than 15 °C, and contrary to that
HP mode is not used above outside temperature 15 °C, because of usage in others
ranges does not make sense (from energy point of view).

In modern cars both modes can be switched at any time.

ELECTRIC
MOTOR

BATTERY

o=Z00

INVERTER

Figure 2: AC and HP components position in the car [3].

Typical working temperatures of condenser in AC mode are from +50°C to +155°C
(depends on refrigerant, outside temperature etc., measured on the outer surface),
temperature at evaporator can drop down to minus temperatures.

Contrary condenser (in evaporation state) in HP mode can operate at -40 °C to +15°C,
(measured on the outer surface).

From the above follows that frost does not occur in AC mode in front cooling module
on the condenser. Frost can occur only on evaporator, what is not scope of this article,
because evaporator is not a part of front cooling module, where the FAN-DRIVE is
placed.

In HP mode the situation is totally different. Frost on the condenser (as a part on front
module) occurs periodically.

The periodicity comes from the need to preserve the functionality of the HP mode,
where frost degrades this required functionality with its insulating ability. This results in
the need to melt the ice. This process must therefore be repeated periodically.
Because this situation is new is necessary to pay more attention to this problem.
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3. FRONT MODULE CONCEPTS

Since heat pumps have not yet been massively deployed, system architecture are not
yet standardized. Therefore, it is necessary to evaluate different variants from the point
of view of freezing.

Variant a) Condenser placed between two radiators (Figure 3). In this case no ice
particle larger than biggest gap in the radiator (that is placed at right side
from condenser) can interact FAN. Gap is driven by FIN high (FH) and by
FIN density (FPD) (Figure 4).

Typical examples used on the market for LTR are FH 4.5 or 5.5 mm and
FPD 70 to 80, for HTR are FH 4.5 or 6 mm and FPD 80 to 100

HTR/LTR

-CONDENSER /GAS - GOOLEFI-

HTR/LTR
FAN & DRIVE

Figure 3: Front module configuration a)

FPD—

Figure 4: FIN definition
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Variant b) Radiator placed between two condensers (Figure 5). In this case no ice
particle larger than biggest gap in radiator (HTR or LTR) can interact FAN
from left condenser. Gap is driven by FIN high (FH) and by FIN density
(FPD) as for variant a).

But any particle created on right condenser will directly interact with FAN-
DRIVE.

AIR FLOW

HTR/LTR

CONDENSER!GAS-COOLER-
FAN & DRIVE

CONDENSER!GAS—COOLEH-

Figure 5: Front module configuration b)

Variant ¢) Condenser placed between radiator and FAN-DRIVE (Figure 6). In this case
any patrticle created on condenser will directly interact with FAN-DRIVE.

AIR FLOW

HTR/LTR

-CONDENSER [ GAS - COOLEH-

FAN & DRIVE

Figure 6: Front module configuration c)
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When the condenser is the last next to the FAN-DRIVE particles size can be defined
as:
- Particles driven by FIN height (FH) and FIN density (FPD) (figure 7).
Typical examples used on the market for GAS-COOLER are FH 6.5 mm
and FPD 100. For condenser are FH 5.5 to 7 mm and FPD 80 to 105.

- Particles created out of the FIN area (extremely can achieve size of condenser
or GAS-COOLER, but this case is not probable because of mostly vertical
orientation) (Figure 8).

9 9

Figure 7: Fin area particle — red one Figure 8: OUT of Fin area particle

4. ICE OR FROST

1. ICE (glaze) - From the nature of the use of the vehicle, we can assume that the
formation of ice as glaze occurs only by the joining of small water particles
contained in the air upon hitting the cold surface of the condenser and their
subsequent accumulation. Therefore, it can be assumed that the formation of
larger particles of the ice will occur on the side away from the FAN, but these
particles are blocked by the body of the condenser and will not reach the FAN
blades.

We do not expect the emergence of any part of an ice on the side of FAN.

2. FROST (like snow) — frost occurs due to the precipitation of atmospheric

moisture on the cold surface of the condenser and the subsequent growth
of water crystals on this surface.
It happens more or less evenly over the entire surface, independent of gravity.
Of course, air flow affects this, so that the frost grows against the direction of the
flow (in the presence of fog), means on the side away from the FAN, which is
not any problem.
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Also it is possible to assume that the density and hardness of the frost is much
less that of the ice therefore our next investigation will focus on the ice.

The speed of formation, or the amount of frost (ice) can be interpreted with the Mollier’s
HX diagram (Figure 9).
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Figure 9: Mollier’s HX diagram

It is clear that need of energy for heating cabin grow up by decreasing of outside
temperature. That push HP system to work at condensation limit of the outside air,
representing in HX diagram by 100% relative humidity line. If system exceeds this limit
above freezing point (of the water) nothing bad happened, but if the limit is exceeded
under freezing point frost formation occurs. What causes the system to malfunction.
Of course, there is an effort to avoid this situation, unfortunately it doesn't always
happen.

Important for function of HP system is also the minimum air gap 5°C that cover system
losses. Air gap is difference of air temperature and the condenser outer wall
temperature.
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5. TEST PROCEDURE

Because exact specification from customer has not yet been provided, how to test the
given effect, it is appropriate to test an extreme case.
Appears from the description above this:

- Heat exchanger with FPD 70, FH 5.55

- FIN fully filled by ice

- Horizontal position of the heat exchanger

- Fan on the bottom

The test has been conducted in a temperature chamber capable of supplying coolant
to at least -15°C in two steps, once without and once with FAN. Net will be placed
under the assembly to catch any remaining hard particles.

Test A (without FAN):
- freezing
= Coolantinlet temperature -15°C
= Flow rate 14 I/min
= Freezing time 30 min
= Temperature in the chamber without control due to handling the sample
(pouring water on the cooler, recording, etc.)
- heating
= Coolantinlet temperature +50°C
* Flow rate 20 I/min
= Heating time 5 min

Test B (with FAN):
- freezing
= Coolantinlet temperature -15°C
* Flow rate 14 |/min
» Freezing time 30 min
= Temperature in the chamber without control due to handling the sample
(pouring water on the cooler, recording, etc.)
- heating
= Coolant inlet temperature +50°C
* Flow rate 20 I/min
= Heating time 5 min

Tracking parameters.
- Particles caught on the net
- Damage to the fan blades
- FAN functionality
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5. TEST RESULTS

Test A (without FAN):

- New heat exchanger (fully functional, not affected by any other test).

Figure 10: New test sample

- Cooler full of ice (water filled by hand in some steps in freezing phase)

Figure 11: Filled heat exchanger Figure 12: Filled heat exchanger
top side bottom side
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- Particles caught on the net (there are visible some particles not larger than 15
mm).

WON

Figure 13: Particles caught on net Figure 14: Particles caught on net

Test B (with FAN):

- New heat exchanger (fully function able, not affected by any other test).

Figure 15: New test sample
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- Heat exchanger full of ice with and without icicles
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Figure 17: Filled heat exchanger Figure 18: Filled heat exchanger
bottom side with FAN

Figure 19: Filled heat exchanger
bottom side with icicles
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- New FAN-DRIVE used for testing. Fully functional sample taken from serial
production.

Figure 20: New FAN before test Figure 21: New FAN before test
another blade

- Particles caught on the net
= |t was not possible to record because rotating fan is dangerous (must
be safely closed in box) and at the end of test all of the hard particles
can be ever found are melted.

- FAN after test. No damage visible.

Figure 22: FAN after test Figure 23: FAN after test
another blade
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3. CONCLUSION

The choice to divide the test into two (with fan and without fan) proved correct, as the
test with fan did not show any ice particles caught on the mesh, which is not the case
with the test without fan, in which some amount was captured after all.

It logically follows from this that during the test with the fan, contact between the fan
blades and ice particles must have been occurred, which was also heard during the
test.

Despite this, there was no visible damage of the fan blades or loss of drive functionality,
however long term test can lead to any significant wear.

In conclusion, it can be said that the formation of frost and ice on the components of the
front module does not pose a great risk to the correct functionality of the FAN-DRIVE
under the conditions described above.

Of course, it is advisable to wait for specifications from customers in case
of unexpected anomalies and subsequent verification.

In addition, it is advisable to focus on the other emerging problems in the future, such
as:
- What impact would long term test on FAN-DRIVE has
- Investigate when, what kind of and in which volume frost (ice) can occur
- What is the difference between mechanical properties of the ice (frost) and
material of the FAN in all possible conditions?
- Can frost occur also on the FAN-DRIVE?
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NAVRH SPALOVACIHO MOTORU
V DASY

Jindfich Hofenin?!, Oldfich Vitek?, Jan Macek?

Abstract
Prispévek ukazuje vyuZiti DASY pfi navrhu spalovaciho motoru. S pouZitim
parametrickych 3D modelli je proveden navrh a porovnani 5 motort o vykonu 110 kW
s velkym rozpétim stiedniho efektivniho tlaku, pfi zachovani stejné stfedni pistové
rychlosti 15,8 m/s v navrhovém bodé a omezenim maximalniho spalovaciho tlaku na
10 MPa.

1. UVOD

Na ustavu automobild, spalovacich motorti a kolejovych vozidel na FS CVUT v Praze
je vyvijen sytém pro navrh pohanéci soustavy vozidla ,Design Assistance SYstem*
DASY. Tento systém vyvojafi umozni s minimalnimi ¢asovymi a finanénimi naklady
prozkoumat rizné kombinace pohanécich soustav a diky propojeni parametrického
navrhu se simulaénimi systémy nalézt pro dané vozidlo nejvhodnéjSi pohanéci
soustavu. Parametricky model umoznuje on-line optimalizaci konstrukce pohanéci
soustavy s ohledem na zvolené parametry, zejména spotfebu energie a mnozstvi

1 Jindfich Hofenin, ES CVUT, Technicka 4 Praha 6, jindrich.horenin@fs.cvut.cz
2 Oldfich Vitek, F§ CVUT, Technicka 4 Praha 6, oldrich.vitek@fs.cvut.cz
3 Jan Macek, FS CVUT, Technicka 4 Praha 6, jan.macek@fs.cvut.cz
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Skodlivych emisi, bezpecnostni rezervy, hmotnost pohanéci soustavy a zastavbové
rozméry pro pozadované vozidlo. BEhem navrhu tohoto systému jsou jednotlivé sekce
testovany na pfikladech. Jeden z téchto testl je popsan v tomto pFispévku.

2. NAVRH SPALOVACIHO MOTORU

Procedura navrhu zazehového spalovaciho motoru byla otestovana na pfikladu
navrhu motoru o vykonu 110 kW. Aby byla ovéfena vSestranna funkénost systému,
byly porovnany motory s velkym rozpétim stfedniho efektivniho tlaku, pfi zachovani
stejné stfedni pistové rychlosti 15,8 m/s v navrhovém bodé a omezenim maximalniho
spalovaciho tlaku na 10 MPa. Parametry porovnavanych motoru jsou patrné z Tab. 1.
Hlavni vysledky porovnavanych motora jsou shrnuty v Tab 6.

TYP MOTORU oznaceni|4V2,5L (4Vv15L|3V1,5L(3V1,2L|3V1,0L|jednotky
pocet valca i 4 4 3 3 3

parmér pistu D 90,0 74,5 82,0 76,6 73,3 mm
zdvih pistu Z 98,0 85,9 94,6 86,7 79,0 mm
pomeér zdvih vrtani €=z/D 1,09 1,15 1,15 1,13 1,08
kompresni pomér € 12,5 10,5 10,5 10,5 10,5

zdvihovy objem motoru V,m 2,49 1,50 1,50 1,20 1,00 dm’
otacky pfi max. vykonu n, 4850 5250 | 5000 | 5450 | 6000 | 1/min
stfedni efektivni tlak Pe 1,086 1,69 1,77 2,03 2,21 MPa
prepliovani NE ANO

stfedni pistova rychlost C 15,8 m/s
vstiik paliva primy vsttik paliva do valce

pocet plnicich ventilG 2 (VVA) millerdv princip

pocet vyfukovych ventilt 2 (VVA)

Tab. 1 Parametry porovnavanych motort

Pro navrh motorl byla vyuZzita procedura vytvofena v DASY. Na zakladé vstupnich dat
byly vypocteny vSechny nezbytné parametry pro tvorbu 3D modelu motoru v CREO
Parametric a vypocCet termodynamiky daného motoru pomoci modelu 1 valcového
motoru vytvofeného v GT-Power. Regenerace 3D parametrického modelu na rozméry
pozZadovaného motoru trva fadové 30 minut a vypocet termodynamiky, ktery probiha
paralelné fadové 15 minut. Takze béhem 30 minut je k dispozici zakladni 3D model
motoru, jehoz soucasti jsou jiz nadefinované mechanismy a soudasti se vSemi
okrajovymi podminkami pro tepelné a silové analyzy.

2.1. 1D model motoru v GT-Power

Simulacni model spalovaciho motoru byl vytvofen v simulaénim softwaru GT-Suite [1],
ktery umoznuje simulaci celého termodynamického cyklu motoru, s vyuzitim
pfedchozich zkuSenosti s podobnymi motory. Zakladni jednovalcovy zazehovy
Ctyfdoby motor umozriuje simulovat tfi a ¢tyfvalcové motory od atmosférickych verzi
az po vysoce prepliované. Model motoru je parametricky modifikovatelny. Geometrie
motoru a pozadované vykonnostni parametry jsou do modelu importovany vstupnim
souborem, ktery je navazany na 3D CAD model viz Tab. 1.
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e Motor
Jednovalcovy Ctyfdoby zaZzehovy motor. Hlava motoru je 4 ventilova s pfimym vstfikem
paliva do valce. Motor pracuje v otaCkovém modu, kde otacky motoru jsou zadany
uzivatelem, a to€ivy moment motoru je pocitan. Model motoru vyuziva silny stupen
millerizace. Model je zaloZen na predpokladu, Ze diky silné millerizaci nedochazi ke
klepani motoru. Mechanicka ucinnost motoru je odhadovana. Na zakladé zkuSenosti
je spalovani modelovano prediktivnim modelem spalovani s velmi turbulentnim a
rychlym hofenim, délka hofeni je okolo 20° otoCeni klikového hfidele. Dle zkuSenosti
je pro Casovani spalovani, definovana poloha bodu 50 % vyvinu tepla. Aplikovany
model hofeni je schopen spravné predikovat vyvin tepla (spalovani) pfi zméné otacek,
zatizeni, pfebytku vzduchu, plniciho tlaku nebo ¢asovani ventil(. Sdileni tepla do stén
spalovaciho prostoru je simulovano Woschniho modelem (viz [2]). Teploty stén jsou
pocitany zjednoduSenou kone¢né prvkovou ulohou, ktera dle zkuSenosti kvalitativné
dobfe reaguje na zmény geometrie, zatizeni motoru a stfedni pistovou rychlost
motoru.

o Vyfukovy systém
Ve vyfukovém systému jsou simulovany vyfukové sekce jako by se jednalo o
vicevalcovy motor. Tyto sekce umoznuji simulovat pulzace na turbiné turbodmychadla.
Modelu je pfifazeno turbodmychadlo, které zaruci pozadovany tlak v plnicim systému
motoru a nastavi odpovidajici protitlak ve vyfukovém systému modelu motoru. Celkova
ucinnost turbodmychadla je odhadnuta zhruba okolo 46% s tim, Zze jde dnes o
obvyklou hodnotu pro moderni zaZzehové motory v uvazovaném rozsahu velikosti
valcové jednotky.

e  Plnici systém motoru
Plnici systém zacina tlakovou okrajovou podminkou, na kterou navazuje vzduchovy
filtr. V sacim systému je chladi¢ plniciho vzduchu. Vlastnosti plnicich kanal( jsou
zadany bezrozmérnymi charakteristikami, které byly ovéreny testy na aerodynamickeé
zkuSebni trati. Model motoru vyuziva plnici kanaly s vysokym stupném rozvifeni ve
sméru kolmém na osu valce — Tumble. Vysoka mira rozvifeni naplné valce zarucCuje
vysokou rychlost spalovani.
Aby byla zajisténa objektivita porovnani riznych variant motort, musi byt tyto motory
navrzeny se srovnatelnou bezpecnosti, proto byl proveden vypocet klikového
mechanismu téchto motora.
Analyzou klikového mechanismu jsou ziskany prubéhy silovych ucinkd v kontaktnich
mistech klikového mechanismu.

2.2. Kontrola klikového mechanismu

Kontrola klikového mechanismu zacina kontrolou tepelného a strukturalniho zatizeni
pistu, protoZze zména hmotnosti pistu ovlivni silové zatizeni vSech naslednych dilu
klikového mechanismu.

Byly testovany 4 rlzné geometrie pistl. Zakladni geometrie pistu provedeni A dle
Obr. 1, provedeni B Obr. 2 zakladni geometrie je totoZzna s provedenim A, ale ma
zesilené dno pistu, tato obvykla konstrukéni uprava vede ke zvySeni soucinitele
bezpeclnosti, ale zaroven se vyrazné zvySuje hmotnost pistu. Provedeni C Obr. 3,
Obr. 6 a D Obr. 4, Obr. 5 maji odlehCeny nalitek pro pistni Cep a dno pistu vyztuzené
Zebry, ktera zaroven zvétSuji teplosménnou plochu spodni Casti pistu a tim zlepSuji
odvod tepla. Touto konstrukci bylo dosazeno snizeni hmotnosti oproti provedeni A, a
zaroven zvySeni soucinitele bezpecnosti. Vysledky simulaci jsou shrnuty v Tab. 2.
Referenéni bezpecnost je stanovena na zakladé vyhodnoceni namahani daného dilu
pfi danych otackach. Z pribéhu zatizeni je zjisténo maximalni a minimalni zatizeni.
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Z téchto zatizeni je vyjadiena bezpecnost v Haighové diagramu pro dany material.
Nejedna se o unavovou bezpecnost, provedené vypocCty zatiZzeni soucasti jsou
provedeny kvazistaticky, ve vypoctu jsou zahrnuty setrvacné sily, ale neni uvazovana
dynamika, pro stanoveni unavové bezpec€nosti neni ve stadiu uvodniho navrhu
k dispozici zatézovaci spektrum jednotlivych soucasti.

TYP MOTORU oznaceni |4V2,5L [4V15L|(3V15L(3V12L| 3V1,0L | jednotky
PRUMER PiSTU D 90,0 74,5 82,0 76,6 73,3 mm
ZDVIH PiSTU z 98,0 85,9 94,6 86,7 79,0 mm
MAXIMALNi SPALOVACI TLAK Prnax 8,05 9,85 9,90 | 10,00 | 10,00 MPa
SOUCINITEL PRESTUPU TEPLA DO PiSTU a 551 705 752 828 889 W/(m*K)

STREDN{ TEPLOTA PLYNU NA PiST T, 1580 | 1529 | 1457 | 1390 1353 K

A 301 310 318 311 317 °C

B 298 308 315 309 311 °C

C 285 306 310 306 308 °C

MAXIMALNI TEPLOTA NA PiSTU D 272 304 305 301 303 °C
) A 95 105 115 107,4 109 MPa
I;, B 90 101 110 105 107 MPa
‘T C 87 97 108 99 102 MPa
— TEPLOTNI ZATIZENI D 81 92 101 89,1 90 MPa
E A 105 108 119 128 126 MPa
N B 87 92 98 105 103 MPa
'E C 102 105 111 122 120 MPa
N TLAKOVE ZATiZENI D 96 98 107 119 117 MPa
A 165 192 201 198 205 MPa
B 160 178 185 176 184 MPa
ZATIZENi SOUCTOVE C 142 156 162 157 162 MPa
TEPLOTNI + TLAKOVE D 126 135 141 138 139 MPa

A 1,21 0,82 0,8 0,8 0,76 -

B 1,25 0,9 0,89 0,94 0,88 -

REFERENCNi C 1,41 1,1 1,08 1,08 1,05 -

BEZPECNOST D 1,59 1,31 1,28 1,24 1,24 -

A 403,1 | 236,8 | 304,7 | 249,6 | 2279 g

B 418,2 | 251,5 | 320,0 | 264,7 | 2386 g

C 406,5 | 2352 | 308,0 | 251,0 | 2181 g

HMOTNOST PiSTU D 411,2 | 236,5 | 311,1 | 2557 | 2258 g

Tab. 2 Vysledky simulaci zatizeni pistd
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Obr. 5 PistprovedeniD o 6 pist provedeni C

Obr 7 Ojnice provedeni A Obr. 8 QOjnice provedeni B
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TYP MOTORU oznaceni | 4V2,5L [4V15L|3V1,5L|3V12L|3V1,0L |jednotky
POCET VALCU i 4 4 3 3 3
PRUMER PiSTU D 90,0 74,5 82,0 76,6 73,3 mm
ZDVIH PiSTU y4 98,0 85,9 94,6 86,7 79,0 mm
MAXIMALN{ SPALOVACi TLAK Prmax 8,05 9,85 9,90 10,00 10,00 MPa
MATERIAL C70S6 |42CrMo4|42CrMo4|42CrMo4 |42CrMo4
<L TLAKOVE ZATIZENi NAPETI 270 365 350 390 410 MPa
3 DEFORMACE| 0,120 0,154 0,168 0,166 0,155 mm
E TAHOVE ZATIZENI NAPETI 378 332 371 357 365 MPa
-_ DEFORMACE| 0,092 0,062 0,084 0,079 0,075 mm
O [umoTNnosT 651,0 412,9 516,7 4444 400,2 g
REFERENCNiI BEZPECNOST 1,48 1,69 1,51 1,47 1,39
MATERIAL C70S6 |42CrMo4|42CrMo4|42CrMo4|42CrMo4
e ETi 2 4 7 MP
[a'a ] TLAKOVE ZATIiZENi NAPETI 50 350 343 370 390 a
bJ DEFORMACE| 0,096 0,144 0,152 0,153 0,150 mm
E TAHOVE ZATIZENI NAPETI 207 149 208 193 198 MPa
= DEFORMACE| 0,061 0,039 0,058 0,050 0,481 mm
O [umoTnosT 661,0 410,8 524,3 442,1 400,5 g
REFERENCNI BEZPECNOST 2,24 2,2 2,24 2,08 1,97
&] TLAKOVE ZATIZENI NAPETI 264 455 453 399 410 MPa
Q DEFORMACE| 0,057 0,076 0,089 0,070 0,067 mm
—_— e ETi 1 102 2
\Z TAHOVE ZATIZENi NAPETI 9 65 0 08 65 MPa
[ DEFORMACE| 0,022 0,012 0,022 0,041 0,016 mm
W [HMOTNOST 124,6 75,4 92,6 78,7 89,4 g
Q- [REFERENENI BEZPECNOST 2,77 1,57 1,57 1,8 1,66
d MATERIAL GJS-900-2|42CrMo4 [42CrMo4 |42CrMo4 |42CrMo4 -
\e ZATIZENi NA 1 CEPU NAPETI 138 138 218 195 195 MPa
Ha's DEFORMACE| 0,045 0,075 0,264 0,218 0,218 mm
\i POZICE MJ 2B | MJ 4B | MJ 2A | MJ 2A | MJ_2A -
S | MAXIMALNE ZATIZENE MISTO |  napETi 142 185 231 207 207 MPa
g DEFORMACE| 0,149 0,230 0,264 0,258 0,258 mm
= |HMOTNOST 20,31 11,00 12,26 9,49 8,11 kg
X |REFERENCNI BEZPEENOST 3,5 4,16 3,33 3,72 3,72 -
Tab. 3 Vysledky simulaci zatiZzeni pistnich ¢epu, ojnic a klikovych hridelt

Kontrola dili klikového mechanismu pokracuje provedenim strukturalnich simulaci
pistnich Cepl a ojnic. Vysledky téchto simulaci jsou shrnuty v Tab. 3. Byly provedeny
simulace se 2 typy ojnic. Konstrukce téchto ojnic se lisila provedenim horniho oka
ojnice, které bylo pro provedeni B zesileno. Konstrukce ojnic je zfejma z Obr 7 a Obr. 8.
Poté je klikovy mechanismus slozen z navrzenych dili a je provedena simulace
pohybu klikového mechanismu, z které jsou ziskany prabéhy zatéznych sil
v jednotlivych uzlech klikového mechanismu. Témito silovymi uc€inky jsou zatizeny
klikové hfidele.

Porovnanim pribéhu zatizeni hlavnich ¢epu &tyfvalcového preplfiovaného motoru na
Obr. 9 a tfivalcového pfeplinovaného motoru Obr. 10, je zfejmé patrny vyrazny vliv
velikosti sil od pusobeni spalovacich tlakl na zatizeni klikového hfidele. P¥i stejnych
spalovacich tlacich jsou sily u tfivalcového motoru vyssi coz ma vliv nejen na velikost
napéti, ale i na polohu nejvice zatizeného Cepu klikového hfidele. Pfehled zatizeni a
bezpecCnosti je uveden v Tab. 3.
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Obr. 11 Systém znaceni mérenych veli¢in na klikové hrideli ¢tyfvalcovych motort

Po stanoveni rozméra klikového mechanismu jsou znamy roztece valcl a lze tudiz
pokracovat v navrhu hlavy valcu. Pro konstrukci hlavy je nejdllezitéjSi stanovit typ
rozvodového mechanismu a geometrii plnicich a vyfukovych kanalt. Pro navrh plnicich
kanall je pfipraven parametricky model, ktery obsahuje definice okrajovych podminek
a vypocetni sité.

2.3. Navrh geometrie plnicich kanall hlavy valce
Byly porovnany rizné geometrie tvarovani plnicich kanald.
Popis jednotlivych provedeni:
A - z&kladni provedeni plnicich kanalu dle parametrického modelu.
B — zvétSeni prifezu kanalu v misté ohybu
C- zména bokorysu osy kanalu kanaly jsou ve vifivéjSi poloze
D- zména pudorysu os kanall — vytvofeni dvou samostatnych rovnobé&znych kanall
E- zména pldorysu os kanall — vytvofeni dvou samostatnych kanall s rozevienim 10°
F- zména padorysu os kanalu — vytvofeni dvou samostatnych kanali s rozevienim 5°
G- kombinace varianty C a D
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varianta A B C D E F G

prutok kanalem 360| 359 | 337|376,9|377,3|377,8|357,7 | [kg/h]
Tab 4 Porovnani pratokt plnicimi kanaly pfi otevieni ventilu 10 mm

Vliv zmény geometrie na pratokové vlastnosti je na Obr 12 a v Tab 4. Z tohoto diagramu
a tabulky je zifejmé, Ze provedeni A, B, G jsou témérf totozna, a provedeni D, E, F jsou
také témér totozna a pfinesla zlepSeni prutoku plnicimi kanaly. Varianta C vykazala
zhorSeni prutokovych vlastnosti, ale je predpoklad, Zze bude dosahovat vétSiho
rozvifeni naplné ve valci. Varianta G vznikla kombinaci variant C a D ma pfedpoklady
na intenzivni vir ve valci jako varianta C ale nedojde ke zhor$eni pritokovych
vlastnosti. Varianta G je nejvhodnéjSi variantou u téchto motorQ, protoze zajisti
intenzivni vifeni v motoru, které je potfebné pro rychly prabéh horeni.

Pratokové cislo mis

0,7
0,6
0,5
< 04 -%- 3V 1,5 litr A
©
© —— 3V 1,5 litr B
W
g 0.3 - 3V15litrC
—— 3V 1,5 litr D
0.2 —— 3V 1,5 litr E '
.- 3V 1,5 litr F
0,1 = . ]
—— 3V15litr G
0,0 T T T T T T
0 2 4 6 8 10 12 14

zdvih ventilu h [mm]

Obr 12 Porovnani pratokovych viastnosti plnicich kanal(i pfi zméné geometrie
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GEOMETRIEA GEOMETRIE C GEOMETRIED

Obr 13 Rdzné provedeni plnicich kanalt

2.4, Navrh chladiciho prostoru
Pro kontrolu rozlozeni rychlosti v chladicim systému motoru byl vyuzit parametricky 3D
model chlazeni motoru. Tento parametricky model je ovladan stejnym vstupnim
souborem, ktery je vyuzit pro tvorbu 3D modelu sestavy motoru. Simulaci proudéni Ize
navrhnout chladici prostor s vyrovnanymi rychlostmi proudéni. Vystupem ze simulaci
jsou tlakoveé ztraty v jednotlivych ¢astech systému i celkova tlakova ztrata v chladicim
systému, ktera slouzi pro navrh chladiciho Cerpadla a stanoveni ztratového vykonu
chladiciho Cerpadla. Diky vyuziti parametrického modelu, ktery obsahuje vSechny
definice pro provedeni simulaci, trva vypocet proudéni v chladicim prostoru fadové
jednu hodinu. Model se pouze pre-regeneruje na pozadovaneé velikosti a spusti se
nadefinovana simulace. Pfehled prutoku, tlakovych ztrat a vykona potfebnych pro
pohon vodniho Cerpadla je v tabulce Tab 5. V této tabulce jsou zaroven uvedeny
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prutoky olejovym systémem a vykony potfebné pro pohon olejovych cerpadel
vypoctenych systémem.

vr oz

Obr 14 Porovnani velikosti chladiciho prostoru nejvétsiho a nejmensiho tfivalcového motoru

Obr 15 RozloZeni rychlosti v chladicim prostoru trivalcového motoru
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TYP MOTORU oznaceni|{4V25L|4v1,5L|3V1,5L(3V1,2L(3V1,0L|jednotky
_ |pocet valch i 4 4 3 3 3
\<Z,; purmér pistu D 90,0 74,5 82,0 76,6 73,3 mm
'% zdvih pistu Z 98,0 85,9 94,6 86,7 79,0 mm
stfedni efektivni tlak Pe 1,09 1,58 1,76 2,02 2,20 MPa
& |efektivni vykon motoru P, 109,4 | 109,0 | 110,0 | 110,0 | 110,0 kw
g chladici vykon P 44,4 41,6 39,3 38,3 36,3 kw
G |pratok vody Q, 65 | 609 | 576 | 561 | 532 | m’h
tlakova ztrata v chlazeni Apg, 43,66 | 43,80 | 44,30 | 45,20 | 46,20 kPa
° prikon vodniho cerpadla Pceh 87,6 82,3 78,8 78,3 75,9 W
& |priitok oleje lozisky Q, | 1,462 | 1,191 | 0,981 | 0,9577 | 0,983 | m’/h
prutok oleje motorem Q, 1,9006 | 1,9056 | 1,6677 | 1,6281 | 1,6711 m3/h
pfikon olejového ¢erpadla| P, 35,2 35,3 30,9 30,1 30,9 w
Tab 5 Prehled pritoku a ztratovych vykont chladiciho a mazaciho systému.
3. ZAVER

Touto studii byly vytvofeny geometrie motora, které splfiuji zakladni konstrukéni
podminky a byly vybrany rizna provedeni dili a materiall téchto dild, tak aby tyto dily
mely srovnatelnou bezpecénost. Z vytvofenych 3D modell motor( Ize ziskat vSechna
nezbytna data pro provadéni podrobnych simulaci.

TYP MOTORU oznaceni|4V25L |4V1,5L(3V1,5L(3V1,2L(3V1,0L|jednotky

__ |potet valci i 4 4 3 3 3

Z |parmér pistu D 90,0 74,5 82,0 76,6 73,3 mm

% zdvih pistu Z 98,0 85,9 94,6 86,7 79,0 mm
stfedni efektivni tlak Pe 1,09 1,58 1,76 2,02 2,20 MPa

& |mérna spotreba m, 227,4 | 232,7 | 232,7 | 238,2 | 241,1 |g/(kW-h)

§ efektivni vykon motoru P, 109,4 | 109,0 | 110,0 | 110,0 | 110,0 kw

G |celkova Géinnost Nc 37,82 | 36,97 | 36,96 | 36,11 | 35,68 %
délka motoru L 556 487 430 412 399 mm

Q |vySka motoru Vv 651 592 627 594 575 mm

S |sitka motoru S 435 491 510 499 498 mm
hmotnost motoru H 95,9 76,2 77,2 69 65,3 kg

Tab 6 Hlavni parametry porovnavanych motort

Z porovnani hlavnich parametri uvedenych v Tab 6, je zfejmé, Ze nejvySsi u€innosti a
nejmensi mérné spotfeby dosahuje nepfepliiovany Ctyfvalcovy motor o objemu 2,5
litru. Tento motor bude zaroven vyrobné nejlevnéjsi, protoZze nema turbodmychadlo a
z duvodu nizkych spalovacich tlaki maze vyuzit lity klikovy hfidel, ktery je levn&jsi a
jeho vyroba je energeticky méné naro¢na. Ojnice tohoto motoru je rovnéz zvolena
z levnéjSiho materialu nez u ostatnich motori. Tento motor je ale nejrozmérnéjsi a
jednotce, protoze nehrozi poskozeni turbodmychadla pfi vypnuti motoru po vysokém
zatiZzeni motoru. Naopak nejmensi a nejlehCi je nejvice preplhovany tfivalcovy motor
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a objemu 1 litr. Tento motor ma nejmensi ucinnost a nejvétsi mérnou spotfebu paliva.
Toto ukazuje, Ze snaha o navrh co nejmensiho motoru s vysokym pfeplnénim nemusi
byt nejvyhodnéjSi cestou ke sniZeni spotfeby motoru.

Kompromisem mezi t€mito dvéma extrémy se zda byt tfivalcovy motor o objemu 1,2
litru, ktery ma jen nepatrné vétsSi rozméry a hmotnost nez 1 litrovy motor, a zaroven
Z porovnani tfivalcového a ¢Ctyfvalcového motoru o objemu 1,5 litru je zfejmé, Ze oba
motory maji stejnou spotfebu a ucinnost. Tfivalcovy motor ma ale vyrazné vice
zatizené dily klikového mechanismu. Tento motor ma menSi zastavbovou délku,
naopak jeho vyska, Siftka a hmotnost je vétSi nez u Ctyfvalcového motoru. Cena
tfivalcového motoru bude niZSi nez ¢tyfvalcového, protoze je sloZzen z mensSiho poctu
drahych dild klikového a rozvodového mechanismu, ale pfibydou dily vyvazovaciho
mechanismu.

Takovato studie vyZaduje fadové 1 mésic prace pfi vyuZiti navrzeného systému DASY.
3D model motoru a vSech dilu v&etné okrajovych podminek, definici vypocetnich siti a
meéficich bodu je vygenerovan fadove za 30 minut, takze nejvétsi €as je potfeba pouze
na simulace zatizeni jednotlivych soucasti a vyhodnoceni ziskanych vysledkid a
pfipadné korekce pro dosazeni pozadované bezpecCnosti. Vysledky jsou snadno
porovnatelné, protoze tim, Ze parametrické modely obsahuji vSechny definice
okrajovych podminek i méficich bodd, je zajiSténé identické znaceni téchto bodu a tim
jejich snadné porovnani a vylouceni chyb. Bez vyuZiti tohoto systému, by tato studie
vyzadovala vice jak ro¢ni praci.
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BEV COOLING
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Abstract

The focus of this paper is to alternative ways of BEV thermal management. It presents
potential of plastic HEXs as alternative to well known aluminum based HEXs. Thin
hollow fibers show very good thermal performance and offers ability to form unusual
shapes of HEXs. Dielectric oil and immersion cooling may become alternative to
standard BEV thermal systems. The direct and indirect immersion cooling systems are
described with (dis-)advantages.
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1. INTRODUCTION

Battery Electric Vehicles (BEV) are supposed to gain massive market share to
Combustion Engine Vehicles. The main challenges for BEVs are mainly battery
capacity, fast charging and thermal management including optimal cooling & heating.
Nowadays most of battery cells and battery packs are cooled by aluminium Heat
Exchangers (HEX) using glycol-based coolant. Waste heat is transferred by
conduction though mechanical contact between batteries and HEXs. Alternative option
with same principle may be using plastic HEX with lower weight and lower electric
conductivity. On the other hand, application of immersion cooling for battery thermal
management using specific dielectric oil may lead to significant improvement. Two
possible architectures of oil immersion cooling were studied. Direct immersion cooling
with only one cooling loop, where dielectric oil is cooled by air in Oil Low Temperature
Radiator (O-LTR). Another option may be an indirect immersion cooling with two
cooling loops. One loop using glycol-based coolant with air to coolant LTR. Second
loop is using dielectric oil and oil-to-coolant HEX inside the oil pan close to batteries.
This paper presents results of investigations in those fields.

2. BODY OF PAPER

2.1 Standard way of battery cooling in BEV

Battery Thermal Management System is a crucial component in Battery Electric
Vehicles (BEV). It regulates the temperature of the vehicle’s battery, influencing and
optimizing the performance, safety, efficiency, and lifespan of the vehicles. The travel
distance out of one battery charge significantly depends on the ambient temperature.
For example, at an ambient temperature of -7 °C compared to 23 °C, the travel distance
provided by one battery charge can fall as low as 60%. Heating the cold electric drive
components and the vehicle interior from low temperatures increases this negative
effect even further. Fast charging requires the battery cell temperature to be held in a
tight window at 40 °C, as the battery charges particularly fast in this condition at low
losses [1].

There are various basic methods, including forced-air cooling, liquid cooling, phase
change material (PCM), heat pipe (HP), thermoelectric cooling (TEC), etc. Some BEV
systems include both coolant and refrigerant circuits with heat pump systems. Every
method has its unique application condition and characteristic, advantages and
disadvantages.

Liquid cooling is emerging as the dominant technology, particularly as the use of
integrated thermal management systems for the whole vehicle become more common.
These systems incorporate heating as well as cooling, and move heat around to control
the temperatures of many components as well as the battery and cabin. The liquid
coolant goes through tubes, cold plates, or other components that surround the cells
and carry heat to another location, such as a coolant Low Temperature Radiators. As
an example, a typical cylindrical cell in the 21700 format, has a power dissipation of
around 5% when operating at low load, but can exceed that figure considerably at
higher loads [2]. A 100 kWh battery pack could generate around 5 kW of heat, so only
an efficient liquid-cooling system can remove that much from the cells quickly enough
to keep them at a stable temperature in their optimum range [2].
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Typically, those heat exchanges such as tubes, cold plates and LTRs are aluminium,
manufactured using Controlled Atmosphere Brazing (CAB) or Vacuum Aluminium
Brazing (VAB). Aluminium as material for heat exchangers provides excellent thermo-
physical properties and CAB brazing allows mass production keeping automotive
guality standards. On the other hand, brazing flux, that is essential for oxidic layer
destruction during brazing, is adding Al, F, K ions and therefore potentially increasing
electric conductivity and bringing risk of short circuit.

Figure 2: Aluminium “cold plate” heat exchanger for battery packs [6]

2.2  Alternative proposals for battery cooling

Despite the fact of low heat conductivity, a plastic HEX may be a reasonable alternative
to metallic HEX. Plastic materials bring significantly lower weight (e.g. 2 720 kg/m3
Aluminium density vs. 1 120 kg/m3 density of Polypropylene) and much lower electric
conductivity, which is essential for battery cooling and safety. But the main advantage
of plastic HEXs is ability to form them to very unique geometrical shapes, that cannot
be produced from metallic materials. In addition, the invention of Hollow Fiber (HF) [3]
with outer diameter in range of 0.4 to 1.3mm with wall thickness about 10% of outer
diameter allows construction of plastic HEX with heat rejection similar to aluminium
HEX. Results of investigation in field of HF HEX, supported by the Technological
Agency of Czech Republic (grant code TH04010031), were presented by Hanon [4].
Application of Reaction Injection Molding (RIM) with polypropylene HF allows
production of compact, robust HEX with effective heat transfer between battery cells
and inner cooling media based on ethylene-glycol mixture with water (see Fig. 3).
Plastic materials such as polypropylene and polyamids are extrudable and may be
formed into multi-port tubes. The shape of inner tube ports can be optimized to support
maximal heat exchange to batteries and keep homogenous temperature gradient
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along the HEX length (see Fig. 4). The polypropylene HF and RIM technology may be
used to form plastic “cold plate” HEX (see Fig. 5). The polymeric HF can be designed
and manufacture in such way they fill some available volume of the shell or tank. This
volume may not be of regular shape and may not suit standard metallic HEX, but it can
be equipped with thousands of HF side by side or in very chaotic structures to enhance
heat exchange. Two examples of oil to coolant HEXs are shown on Fig. 6 and 7.

%
&

Figure 5: Hollow fiber RIM plastic heat exchanger for battery packs, “cold plate” [5]
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Figure 7: Hollow Fiber plastic oil heat exchanger for immersion cooling [5]

2.3 OIL IMMERSION COOLING FOR BEV

A complete battery pack can be immersed into special dielectric oil. This may bring
various advantages to BEV application including improved thermal management and
higher safety. Battery cell is completely washed by dielectric oil and therefore itis being
cooled in more uniform way all around the complete surface. While the standard HEXs
are cooling usually only one surface of the battery cell (e.g. cylinder wall or cylinder
bottom) and the gap between HEX must be filled by special paste with high thermal
conductivity. The paste application is costly and there might be degradation in
properties or contact during the lifetime. Dielectric oil can be forced to flow around all
battery cells and keep uniform temperature field within battery pack. The mass of the
oil can better absorb temperature peaks during for example fast charging and with lack
of oxygen inside the oil pan it can prevent critical events.

Two possible architectures of oil immersion cooling are possible and were investigated
by Hanon Systems — Direct and Indirect immersion cooling systems. Direct immersion
cooling (see Fig. 8) is system with only one cooling loop, where dielectric oil is cooled
directly by in Oil Low Temperature Radiator (O-LTR). Qil is driven by oil pump into oil
pan, where battery pack is kept closed. The oil flow inside the oil pan keeps the cells
at optimal thermal conditions. The O-LTR is situated in front side of the vehicle as part
of the cooling module and it is cooled down by air flow at ambient temperature. The
position in cooling module and architecture of cooling module affects air mass flow and
air temperature, which are essential parameters for optimal O-LTR performance. For
example, adding R744 Gascooler or any other HEX in front of the O-LTR may heat up
cooling air and add additional flow resistance for cooling air negatively affecting heat
transfer from dielectric oil to ambient air.

Indirect immersion cooling system contains two cooling loops (see Fig. 9). One loop is
using glycol-based coolant, while the second loop is using dielectric oil. Glycol loop
contains LTR, hoses and coolant driven by coolant pump. The LTR is air-to-coolant

194



HEX very similar to existing radiators commonly used in BEVs. The glycol loop includes
another HEX that is common with oil loop. This coolant-to-oil HEX transfers heat

between both circuits. The related oil flows inside the closed oil pan is responsible for
keeping batteries inside the optimal parameters.

Gi-Pump
]
-
-~
—a—
——
—
= BatteryPack

Cooling] module

Figure 8: Schematics of Direct immersion cooling system [6]

Qi-Pump

E

HEX

Figure 9: Schematics of Indirect immersion cooling system [6]

On the other hand, the immersion cooling does have some significant disadvantages.
Thermal system with such us layout is much more complex and does need unique or
additional sub-components. It adds extra weight to car body with large oil pan for
battery pack and weight of additional fluid including dielectric oil (50 — 200 L per
application). It would affect service and maintenance of BEV during lifetime.

The architecture of immersion cooling systems, both direct or indirect, needs new HEX
and as the concept is very fresh, the design concept of HEXs is very fluid. Hanon
Systems considers well known aluminium HEXs optimized to immersion cooling as
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well as more revolutionary HEXs from plastic materials (chapter 2.2). Aluminium tube
and fin design seem to be applicable for O-LTRs. This design (air-to-oil HEX) shows
best ratio between thermal performance and pressure drop. The simulated and
measured data [6] show reduction in thermal performance compared to similar tests
with coolant and increase of the inner pressure drop. Those observations are valid for
large portfolio of radiator tubes (18,5 — 36,4 mm tube depth). Both parameters, lower
heat rejection and higher oil pressure drop, will negatively affect system performance
of direct immersion cooling and therefore complete system have to be balanced
including power of oil pump.

Figure 10: Aluminium brazed O-LTR for direct immersion cooling at calorimeter
during performance & pressure drop test [6]

Indirect immersion cooling system consists of two circuit. One circuit with coolant is
conventional as all the components are well known. The focus is therefore with coolant-
to-oil HEX as this is new and it is key to make immersion cooling effective. The
essential part of this cooler is available package space. For optimal function cooler
should be placed inside the oil pan very close to batteries or ideally it shall create
complete envelope around the battery pack. Of course, the cooler can be placed
outside the oil pan and supply oil pan & batteries with heat transfer media flow, but
such arrangement will be less effective due to additional pressure drop and mainly not
optimal heat treatment of every single battery cell (larger temperature gradient
between cells).

Figure 11: Aluminium brazed tube-fin heat exchanger for indirect immersion
cooling, full size of approx. 1200 x 1600 mm, 10,8mm thickness [6]
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The heavy batteries in BEVs are mostly located under vehicle floor to keep centre of
gravity as low as possible. The oil pan with batteries is expected to be in similar
position. For such arrangement and for application with high capacity of batteries a
solution using several large and thin aluminium tube-and-fin radiators is very effective
[6]. To optimize heat rejection of 2-4x radiators in size of approx. 1 200 x 400 mm and
keep temperature gradient on the batteries within + 1 K it is essential to evaluate
combination of parallel and counter flow configurations. For some of the applications
only one radiator of extreme size (active core of 1 200 x 1 600 x 10,8 mm) may work
the best considering optimal heat rejection, lowest pressure drop and battery cell
cooling uniformity (see pictures 11 & 12).
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Figure 12: Flow simulation, tube-fin heat exchanger, full size of approx. 1200 x
1600 mm, 10,8mm thickness [6]

2.4  COOLING LIQUIDS

For optimal design of any HEX and evaluation though measurement at calorimeter a
cooling liquid is essential. Most applicable thermo-physical properties are reviewed
and compared in Table 1 and Figure 13 & 14 for pure water, glycol-based coolant,
typical transmission oil and two examples of newly developed dielectric oil for BEV
cooling.

998,1 4,190 0,5950 1,00 4,30
1 068,6 3,310 0,4156 1,00 4,60
858,5 1,892 0,1356 73,82 63,37
805,0 2,180 0,1430 19,40 15,60
794,9 2,030 0,1396 9,28 7,38

Table 1: Table of thermo-physical properties for cooling liquids at 20°C [8], [9], [10], [11]

Usually the pure water is supreme media for heat exchangers, but in technical practise
a mixture with glycol is mostly used. Typically oils for lubrication performs significantly
worse [12]. Lower density and reduced Heat capacity lead to 20-40 % reduction of heat
rejection. The main impact on the cooling system is due to excessive pressure drop as
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the viscosity of lubricant is extremely high mainly at low temperatures. The high
pressure drop is reducing effectiveness of the pump and lowers down the volume flow
to cooler, which leads to additional degradation of heat rejection. Dielectric oils are
bringing not only lower electric conductivity, but improved thermo-physical properties.
Those liquids stand in between standard lubricants and glycol-based coolants.
Improved Heat capacity (approx. +15%) and reduced viscosity (approx.. minus 75-
88%) makes immersion cooling systems much more thermal effective.

4.5

4.0

Heat capacity [k)/kg.K]

=8 Qil for transmission

1.0 —#— Dielectric oil II.
Dielectric oil I.
0.5
e \\/ ater-glycol (50 / 50 %)
i \Nater (100%
0.0 L100%)

40 -30 -20 -10 0 10 20 30 40 50 60 70

Temperature [°C]
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Figure 13: Graph for Heat capacity per temperature for cooling liquids [8], [9], [10],
[11]
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Figure 14: Graph for Dynamic viscosity per temperature for cooling liquids [8], [9],
[10], [11]
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3. CONCLUSION

This paper shows that investigation for alternative ways of cooling and/or alternative
system architecture is relevant. Plastic HEXs shows potential up to 60% weight saving
compared to aluminium made HEXs with comparable heat rejection. It allows usage of
unique manufacturing methods (e.g. RIM or extrusion) to form very rare geometries of
the HEX. Another alternative is to use a completely different cooling medium (dielectric
oil) and utilize advantages of heat transfer though complete surface of battery cell to
the surrounding liquid. The new component O-LTR is needed for direct immersion
cooling and it needs a further investigation to reach optimal thermal performance and
pressure drops. Mainly the tubes for dielectric oil and more effective heat transfer need
to be optimized. The indirect immersion cooling needs coolant-to-oil HEX. This HEX
will be unique for every application based on package and size of the oil pan and/or
battery pack as well as it will be affected by oil flow pattern inside the oil pan. For some
application large and thin planar aluminium brazed radiators would be optimal, while
for different oil pan with complicated shape a hollow fiber coolers placed in every free
space would be a best option.
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APPROACHES TO MODELLING NOx
EMISSIONS FOR NH3 ENGINES IN GT-
SUITE

Stépan Kyjovsky?, Valery Martyuk?

Abstract

Although far from a new idea, ammonia (as a hydrogen carrier) has recently re-
emerged as a zero-carbon fuel for internal combustion engines. Direct combustion of
ammonia is possible, albeit difficult. However, issues with modelling and prediction of
the nitrogen oxides emissions arise, as the popular Zeldovich model does not account
for the fuel bound nitrogen. Apart of the NOx thermal pathway included in the Zeldovich
model, ammonia oxidation is accompanied by multiple other pathways for both
production and consumption of different nitrogen oxides. This article covers the
possibilities of modelling these phenomena in GT-SUITE using chemical kinetics in the
burned zone and neural networks.

1Stépan  Kyjovsky, Gamma CAE Technologies s.r.o., Dobrovského 1076/36, Praha,
s.kyjovsky@gtisoft.com
2 Valery Martyuk, Czech Technical University, Technicka 4, Praha, valery.martyuk@fs.cvut.cz
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1. INTRODUCTION

Ongoing concerns about human impact on climate are fuelling demand for carbon-
neutral technologies. In the transport sector this is represented most notably by battery
electric vehicles (BEV) and fuel cell electric vehicles (FCEV). However, both these
technologies currently face limitations hampering their widespread adaption,
furthermore their deployment in some applications seems currently unlikely. This
conundrum strengthened the demand for zero carbon fuels for internal combustion
engines (ICE), representing a reliable and mature technology.

As an answer to this call hydrogen reemerged as a possible fuel for ICEs with its many
beneficial properties, most notably wide flammability limits — allowing for very low NOx
emissions production, and no carbon content resulting in zero CO2 emissions [1].
Unfortunately, storage and transportation of hydrogen is complicated, while
simultaneously achieving near zero NOx emissions and good drivability requires
extreme levels of boosting.

To address some drawbacks of hydrogen, other fuels that could be considered
hydrogen carriers are investigated, such as e-fuels and ammonia. So far, the e-fuel
production seems to be costly and requires a source of carbon. The ammonia
production is currently dominated by the mature Haber-Bosch process and there is
abundance of nitrogen present in atmosphere. While production of ammonia appears
to be less complicated, it poses a challenge for engine applications with its low heating
value, low flame speeds and complex pathways for emission production [2].

While flame speeds and heating values are a practical complication, the emission
production pathways are modelling issue and with the limited amount of experimental
data available, modelling of ammonia engines is of high interest. As equilibrium
chemistry is not enough to model NOx emissions in ICEs, the Zeldovich (1) mechanism
is common practice in modelling where NOXx predictions are required [3].

O+N,=NO+N
N+0,=N0+0
N+OH=NO+H (1)

The results of Zhang et al. [4] illustrate that for combustion of ammonia there are
multiple pathways leading to both NOx production but also depletion. Looking at (1)
we observe that Zeldovich mechanism only considers the N+ 0,/0H pathway,
disregarding the paths originating from NH and NH,, radicals (Figure 1).
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H2NO—> HNO
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Figure 1: NOx formation and depletion pathways in NH3 oxidation. Reproduced from [4]

It is evident that the Zeldovich mechanism is insufficient to model NOx emissions
production from ammonia ICE. Accordingly a more complicated mechanism is
required. Unlike the Zeldovich mechanism such mechanism must involve the oxidation
of the fuel (ammonia) to evaluate concentrations of relevant radicals at each time step.
With the increased complexity of the mechanism significant computational expense is
expected driving a demand for an alternative approach.

This text investigates the possibilities of predicting NOx emissions from ammonia ICE

using 1-D CFD tool GT-SUITE, using chemical kinetics and artificial neural networks
(ANN) with an attempt to improve the runtime of the models.

2. MATERIALS AND METHODS

Following figures depict two methodologies investigated in this paper. The first one
(Figure 2) directly couples the chemical mechanism for ammonia oxidation to multi
cylinder engine model to calculate the engine out emissions.
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Chemical kinetics

+— H+ NH, = H, + NH

0, + NH; = HO, + NH,

Figure 2: Direct coupling of chemical kinetics to multi cylinder engine model

In the second approach (Figure 3) we couple the chemical kinetics to simplified single
cylinder engine model to generate cylinder-out emissions at different conditions (Table
1)3, such model runs faster than the multi-cylinder model and allows for parallelization,
being able to calculate the resulting 83 790 operating points in reasonable time.

This data is then used to train an artificial neural network with operating conditions as
inputs and cylinder out emissions as outputs — in comparison to Table 1:

e pressure is replaced by the peak in-cylinder temperature
and additional inputs for:

e combustion phasing (CA50),
e duration (CA10-90)
e and residual fraction

are considered in the ANN training.

Finally, the neural network is coupled to the multi cylinder engine model (without
chemical mechanism) actuating the cylinder-out emissions at exhaust valve opening.
Drawback of this procedure is that it provides a single integral value for given set of
integral inputs and therefore it can only provide cycle resolved emissions but can’t
provide crank angle resolved emissions concentrations in the cylinder. Also, since it
provides a single value, individual ANNs have to be trained for each emissions

component.

3 For this investigation the backpressure was calculated using polynomial correlation fitted to data from
the multi-cylinder engine model. While this lowers the number of operating points, it also limits
predictivity in cases where the backpressure would vary significantly from the original model (i.e. turbo-
matching studies)
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Figure 3: Process of utilizing neural network for engine out emissions

0, + NHy = HO, + NH,

Parameter
RPM
Inlet pressure

Investigated range
[70,125] RPM
[1.05,5.3] bar

Start of injection [0,15] bTDC
Air excess ratio [0.7,2.5]
NHz energy fraction [0.1,0.95]

Table 1: DOE parameters and ranges
2.1 1-D Engine Models

All results were obtained with 1-D CFD GT-SUITE model of two-stroke dual fuel
(diesel/ammonia) marine engine. The engine is fuelled with ammonia in the intake port
and the ignition is obtained by a pilot diesel injection. Parameters of the engine are in
Table 2. Simplified single cylinder model of the engine is used to generate data for
training of the artificial neural network.

Displacement 1-cyl 402 |
Bore/Stroke 500/2050 mm
Compression ratio 12
Ignition source Diesel pilot
Fuel Diesel + Ammonia

Table 2: Engine parameters
2.2 Chemical kinetics

The utilized chemical mechanism was developed by Liu et al. [5] for ammonia/n-
heptane oxidation including 675 species and 3019 reactions. The chemical mechanism
is used to calculate composition of the burned zone at each time step yielding
emissions concentrations and heat release. While the combustion (as a transfer of
mass from unburned zone to the burned zone) is governed by the Dual Fuel model in
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GT-SUITE. This differs from a standard GT-SUITE engine simulation, where the
burned zone chemistry would be governed by equilibrium chemistry.

2.3 Artificial neural network

Post processing tool of GT-SUITE (GT-POST) is used for the training of artificial neural
network. In this context, ANN acts as a tool for nonlinear regression without
understanding of the system. The trained ANN can be exported from GT-POST as
.mmp file and plugged into the model through MetamodelHarness template which then
feeds values to the Emissions map object in Engine Cylinder. Alternatively, the ANN
can also be exported as .c code. Details about ANN training in GT-POST can be found
in [6].

3. RESULTS AND DISCUSSION

To validate the training of neural network Figure 4 compares the engine-out NOXx
emissions of the single cylinder model using either chemical kinetics or neural network
at full load and different engine speeds. We can observe that the approach using ANN
to actuate cylinder-out emissions can follow relatively closely the results calculated
using chemical kinetics directly. The error for NO is within few percent, while the
relative error for NO2 and N2O can be 10-20% for some points, the absolute error is
still within couple of ppm, which is an error that could be easily outweighed by
measurement uncertainties on an actual engine.

NO2 N20O
4000 0 0
——Chemical
o0 |- A Kinetics
S i ¥ = |——MNeural Network
000 | '/ Al \ :
E __.-"' i f I'I ] -:'._‘ il
= / I
ﬁ 2500 [ - /i o= \
S 2000 - s ) s L ~
2 /A
1500 |- __,.7'/ J W
) wl / L} - Al
000 LY \\ [
\ \
500 l 5 ' 5 L
a0 100 150 a0 100 150 a0 100 150
Engine Speed [RPM) Engine Speed [RPM] Engine Speed [RPM)

Figure 4: Emissions of the single cylinder engine predicted by direct solution of
chemical mechanism against neural network

Figure 5 compares the engine-out NOx emissions of the multi-cylinder model using
either chemical kinetics or neural network for emission prediction. The errors for lower
engine speeds are within 2% while they increase to 10% at higher engine speeds. The
Neural Network can still follow the trends very well and that is despite the fact the single
cylinder model predicts lower emissions at identical operating points due to slower
combustion (as can be observed from the comparison between Figure 4 and Figure 5)
— seemingly that phenomena is sufficiently described by the selected ANN inputs.
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Figure 5: NO emissions of the multi-cylinder engine predicted by direct solution
of chemical mechanism against neural network

As was expected, coupling the kinetic mechanism to the multi cylinder model results
in an extremely slow running model restricting the use of the model for longer
simulations such as drive cycles (or manoeuvres in the case of a marine engine).
Considering for example a simple manoeuvre taking 80 minutes accelerating the ship
from 5 to 13 knots, we can estimate the run time of different models. The factors of real
time and computational time required for the specified manoeuvre for the models are
in Table 3.

Model Factor of real time Manoeuvre
computation time
Chemical mechanism 60 80 hours
ANN 1 1 hour 20 minutes

Table 3: Factor of real time of investigated models

Obviously, the data necessary for training of the ANN also require additional
computational effort. In the presented study 83790 operating conditions were
investigated on a single cylinder engine using chemical kinetics and the simulation took
63 hours on 20 cores. Unlike the multi-cylinder model with chemical kinetics, the
generation of data for NN training can be easily parallelized.
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4. CONCLUSION

The paper describes how NOx emissions in ammonia engines can be modelled in GT-
SUITE using either chemical mechanism to solve the burned zone kinetics or actuating
the cylinder-out emissions using ANN that was trained on a larger set of data generated
beforehand using a simplified model.

The method utilizing ANN can replicate the results of chemical mechanism quite well
and provides significant speed-up of the model. Such model can then be used for
longer simulations like drive cycles and manoeuvres. Comparing the time needed to
obtain results for a single manoeuvre using chemical kinetics, the approach utilizing
neural networks can provide significant time savings, even when generation of the
training data is considered. The extent of the time savings depends on the
parallelization available. In the presented case, when running the simulation for training
data on 20 cores, the total computational times was shorter than a single run of the
manoeuvre with the multi-cylinder model including chemical kinetics. Also, the ANN
can be reused for multiple simulations with the same engine, furthering its benefit.

When using neural networks for correlation there is no guarantee of quality results
when extrapolating outside of the training data. Therefore, great care must be taken to
ensure that training data reflect the intended use of the final model. Furthermore GT-
SUITE allows enforcing limits on the Neural Network inputs when coupling it to the
model using MetamodelHarness template.

Future work should focus on validating these methodologies on experimental data
which are currently scarce.
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E-ASSISTED BOOSTING SYSTEM FOR
H2 ICE

Valery Martyuk?, Stépan Kyjovsky?

Abstract

Hydrogen internal combustion engine (H2 ICEs) powered vehicles offer the
advantages of emitting zero carbon, while exploiting the existing infrastructure and the
familiarity of conventional internal combustion engines. However, meeting near-zero
emission targets is complicated. High AF ratios are required to limit production of NOx
which requires high boost pressure. Lower exhaust gas temperatures and enthalpy
makes turbo-matching complicated. To overcome these challenges, electrically
assisted boosting system seems to be a reasonable solution. This paper explores
advantages of e-Boosting systems utilizing comprehensive numerical analysis in 1D
CFD solution GT-SUITE.

1. INTRODUCTION

Internal combustion engines (ICEs) have long been the predominant power source in
the automotive and heavy-duty vehicle sectors. However, growing concerns about
carbon dioxide (CO2) emissions and stringent regulations on pollutants have driven

!Valery Martyuk, Gamma CAE Technologies s.r.o., Dobrovského 1076/36, 170 00 Praha 7,
v.martyuk@gtisoft.com

28tépan  Kyjovsky, Czech Technical University Prague, TechnickdA 4, Praha 6,
stepan.kyjovsky@fs.cvut.cz
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the development of alternative propulsion technologies. Among these, battery electric
vehicles (BEVs) and fuel cell electric vehicles (FCEVs) have gained traction. Despite
these advancements, ICEs are expected to remain relevant for the foreseeable future
due to their established infrastructure and ongoing technological enhancements.

Hydrogen, as a clean fuel, has garnered significant interest due to its potential to
achieve near-zero CO2 emissions. When combusted in an ICE, hydrogen primarily
produces water vapor, offering a substantial reduction in greenhouse gases compared
to conventional fossil fuels. Nevertheless, hydrogen combustion presents unique
challenges, particularly the need to maintain higher air-fuel ratios to mitigate NOXx
emissions. For hydrogen engines, a lambda value of 2.5 is often targeted to minimize
NOx formation, which necessitates nearly double the air supply compared to diesel
engines for the same power output [1].

This substantial air requirement complicates turbocharging strategies and exacerbates
issues such as turbo-lag. Traditional variable geometry turbochargers (VGTSs), while
effective in many applications, struggle to provide the immediate air delivery needed
for optimal hydrogen combustion, especially under dynamic operating conditions.

To address these challenges, this paper investigates the application of an e-assisted
turbocharger (eTurbo) in a heavy-duty hydrogen internal combustion engine. The
eTurbo integrates an electric motor to assist the turbocharger, offering rapid response
and improved engine dynamics. Electrically assisted boosting has been successfully
applied in high-performance applications, notably in Formula 1 since 2014. In this
context, eTurbos have demonstrated significant advantages, including the elimination
of turbo-lag, improved torque delivery at low engine speeds, and enhanced overall
engine efficiency. These benefits make eTurbos an attractive solution for improving
the performance and emissions characteristics of hydrogen-fueled engines.

This study utilizes a 1D CFD simulation model in GT-SUITE, focusing on a 6-cylinder,
11.7L, port-injected hydrogen engine. The model incorporates a predictive combustion
model, extended Zeldovich mechanism for accurate NOx emissions prediction and
control logic to optimize engine operation, including a knock control mechanism. The
research methodology includes both steady-state and transient simulations. The
steady-state analysis compares the performance of a standard VGT turbocharger with
that of an eTurbo. Transient simulations are conducted to evaluate the dynamic
response during load steps at constant engine speeds, assessing the potential for
turbo-lag elimination. Additionally, the World Harmonized Transient Cycle (WHTC) is
simulated to quantify NOx emissions reduction across a representative driving cycle.
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Figure 1: BorgWarner eTurbo™ [5]

2. METHODOLOGY AND DESCRIPTION OF THE MODELS

A heavy-duty truck size engine is considered. This modelling activity sought to best
combine the literature data and the values deriving from the authors’ experience. Two
models were prepared baseline with a standard single stage variable geometry turbine
and same engine with eTurbo instead. In the first place steady-state simulations at
different engine speeds and loads were made to generate engine performance maps.
Subsequently models were modified to run transient simulations with loadsteps at
constant speeds for driveability comparison and WHTC cycle. Electrical energy was
considered as “free” here and is meant to be recuperated.

2.1 Baseline engine model

A 6-cylinder turbocharged engine derived from GT-SUITE example library was taken
as a baseline. Initially diesel engine was modified to become a port injected, hydrogen
fuelled engine partially calibrated to match mediocre engine of said size and
application. In cooperation with Czech Technical University (CTU) measured data from
experimental single cylinder engine was used to calibrate predictive turbulent
combustion model. Combustion chamber properties were modified to comply with said
engine, however base geometry was kept as in original diesel engine. Main
characteristics are listed in Table 1. Engine was then calibrated to reach similar power
and torgue output as is expected from modern diesel engine of similar size.
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SI, PFI, TC
R6
119
175
300
12
240
1580

Table 1: Main engine characteristics

Turbocharger and its compressor and turbine maps were generated using
CompressorMapParam and TurbineMapParam templates available in GT-SUITE.
Single-stage variable geometry turbocharger was considered. CompressorMapParam
template takes the compressor performance data from a single operating point and
generates a fully extrapolated map using a set of physically-based parametric
equations. This single operating point (referred to as the design point below) is
assumed to be the peak efficiency point on the compressor map, and the inputs at the
design point should be specified accordingly. These performance inputs may be
specified either using typical performance variables (i.e. speed, mass flow, pressure
ratio, and efficiency) or using non-dimensional parameters (i.e. Tip Speed Mach
Number at Design Point, Work Input Coefficient at Design Point, Flow Coefficient at
Design Point and Polytropic Efficiency at Design Point.). The method and correlations
used to generate the compressor map are described in the paper from Casey and
Robinson [2]. Turbine map is generated on a similar principle.

Load is controlled by model-based controllers. Throttle and rack controllers function as
targeting controllers, analogous to the PID controller, but without the inconvenience of
finding good gains for every operating condition. At every timestep, they calculate the
rack position (or throttle position) based on several physical quantities of the engine
and turbocharger system. Ignition timing is also adjusted during the run with a tuned
PID controller acting as knock controller. Normalized knock induction time integral is
targeted to 1 securing operation close to knock limit or an optimal value of CA50=8°
ATDC.

Essential limitation of the turbocharger is compressor exiting gas temperature.
Considering aluminum vanes, temperature was limited to 220°C. Another performance
limit, due to lean mixture, is exhaust gas temperature which is relatively low (order of
500°C at full load) leading to low enthalpy and thus lack of available power for turbine.
With this said for higher loads enrichment was applied with base lambda 2.5 linearly
decreasing to 2 at 17 bar BMEP. That enrichment leads to increased NOXx production
penalty.
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Figure 2: Relation between air-excess ratio and measured NOx emissions [1]
2.2 eTurbo engine model

Baseline engine was then equipped with eTurbo. Motor-generator with battery
assembly was designed. Since electrical engineering side is not the focus of this paper,
a simplified approach to modelling was chosen with electromechanical conversion
efficiency map of the e-motor. Since application of e-assisted boosting on a hybrid
vehicle is apparently most efficient, 48V system was chosen as a standard solution.
104 Ah battery with 14 serial and 8 parallel cells with 13Ah capacity was used.
Electrical side was sized according to actual state of available technology limiting peak
output power from battery to 40 kW [3].

Control strategy of eTurbo was developed. When requested load is low, boost pressure
is controlled with rack position of VGT. However, contrary to a baseline engine, no
enrichment was considered, hence engine is operated at constant lambda 2.5. When
load request exceeds maximum possible load with just VGT, eTurbo controller is
targeting requested load adjusting torque on a e-motor of eTurbo and rack controller
is deactivated with rack moved to an optimal position resulting in lower back pressure,
better gas exchange and thus higher efficiency. For a better comparison same
compressor and turbine performance maps were used as in the baseline model.
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3. RESULTS AND DISCUSSION

3.1 Steady-state comparison

Significant improvement in steady-state operation wasn’t expected, however, due to
specifics of H2 ICE, even here improvement is noticeable. Plots in Figure 3 bellow
show operation at full load. Engines full load curves were achieved with same limits
(i.e. maximum temperature of exiting gas from compressor of 220°C and maximum
back pressure of 4 bar).
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Figure 3: Characteristics at full load

As can be seen on a BMEP plot, with a conventional VGT turbocharger maximal
achievable load is around 13 bar if A is kept at 2.5 with no enrichment. Low end torque
is limited due to lack of enthalpy in exhaust. Starting from 1200 RPM performance is
limited with both exiting gas temperature and back pressure. That output if absolutely
insufficient and therefore enrichment is necessary. With that approach, power output
is comparable with a standard diesel truck engine, although low end torque is still
affected with lean mixture low exhaust gas temperature and thus lack of available
power on a turbine. Introducing eTurbo helps with low end torque, moving desired flat
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torque curve towards lower engine speeds, however peak power is lower compared to
VGT variant due to absence of enrichment and therefore necessity of higher boost
pressure leading to higher compressor exiting gas temperatures.

Enrichment drastically increase NOx emissions which was expected based on
measurements provided by CTU and simulation results corresponds well with these

results.
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Another advantage brought by eTurbo is decrease of back pressure due to more
opened rack position. That leads to substantial increase of indicated efficiency due to
improved gas exchange. That effect is most noticeable at 800 rpm, where back
pressure is reduced from mere 4 bar to 1.3 and higher BMEP is achieved even with
lower boost pressure. Total efficiency is questionable though, since reduction of back
pressure leads to higher demand on the eTurbo power though higher consumption of
electrical energy that needs to be either recuperated or generated with motor-
generator. However here we consider that energy to be provided by recuperation
system and hence is “free”. Rack position at full load was optimized to give a
reasonable compromise for power share between turbine and eTurbo.

3.2 Transient comparison

Driveability improvement is one of the main advantages of e-assisted boosting
systems. Although in case of a truck engine driveability probably isn’t a main
characteristic it's still important. Loadsteps at constant speed show significant
improvement in engine response time, reducing turbo-lag as shown in Figure 6.
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Figure 6: Loadsteps

Most interesting is comparison of driving cycle WHTC. Approximately first 1200 sec
are not very demanding from load standpoint therefore NOx production is almost
similar for both standard turbocharger and eTurbo, since VGT engine is operated
bellow enrichment, however after 1200 sec load request is getting closer to full load
and difference starts to be significant. In the end of the cycle difference between two
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variants is almost 400mg NOx meaning reduction of NOx production by 20%. Slight
increase of NOx production between 400 and 700 s is due to relatively dynamic change
in load request when eTurbo is capable of almost instant reaction to these changes
whereas VGT suffers from turbo-lag not reaching that target and staying at lower load,
hence lower emissions.
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Figure 7: WHTC cycle

3. CONCLUSION

This study presents a detailed examination of the implementation and benefits of an
electrically assisted turbocharger (eTurbo) in a hydrogen-fueled heavy-duty internal
combustion engine. Using comprehensive 1D CFD simulations, we have demonstrated
the eTurbo's significant advantages over traditional variable geometry turbochargers
(VGTs).

The key findings from our research include:

1. Enhanced Engine Performance: The eTurbo effectively mitigates turbo-lag,
providing a more immediate air supply that improves engine responsiveness and
driveability, even under varying load conditions. This results in better torque delivery
at low engine speeds, crucial for heavy-duty applications.

2. Reduction in Emissions: The optimized air-fuel ratio maintained by the eTurbo
leads to a substantial reduction in NOx emissions. Our simulations of the World
Harmonized Transient Cycle (WHTC) indicate a 20% reduction in NOx emissions
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compared to the baseline VGT-equipped engine. This reduction is primarily due to the
eTurbo's ability to maintain leaner combustion conditions without the need for fuel
enrichment, which is a major source of NOx in engines.

3. Improved Fuel Efficiency: The decrease in back pressure facilitated by the eTurbo
results in improved gas exchange and higher indicated efficiency. This is particularly
evident at lower engine speeds, where the eTurbo reduces back pressure significantly
and enhances BMEP.

In conclusion, the integration of eTurbo technology in hydrogen internal combustion
engines represents a promising advancement towards cleaner and more efficient
heavy-duty powertrains. The results of this study provide insights for future engine
designs, highlighting the potential of e-assisted turbocharging to meet stringent
environmental regulations while maintaining high performance. This research
underscores the importance of continued innovation in boosting technologies to fully
exploit the benefits of hydrogen as a sustainable fuel for heavy-duty applications.
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AIR SPEED AND DIRECTION PROBE
DESIGN AND CALIBRATION

Kamil Sebela!, Michal Janousek?, Josef Stétina3

Abstract

For a proper design of the cooling packet, inputs are needed regarding the speed of
the air and attack angle on vehicle. To measure air speed and attack angle in a real-
scale vehicle, a pressure probe and an electronic module are designed. The probe is
manufactured and characterised in a wind tunnel. Measurement is performed with air
speeds from 5.8 to 40.1 m/s and attack angles from -46.08 to 46.08 °. Based on
measured values, neural networks are trained, and air speed and attack angle are
computed. For computing air speed and attack angle, measured ambient conditions
are also used and air density is computed.

1. INTRODUCTION

In automotive testing and development, it is necessary to gain information and
complement simulations with the real-world measurement. One of the most important
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2 Ing. Michal Janousek Ph.D., Brno University of Technology, Faculty of Mechanical Engineering,
Institute of Automotive Engineering, Technicka 2, Michal.Janousek@vutbr.cz

3 prof. Ing. Josef Stétina Ph.D., Brno University of Technology, Faculty of Mechanical Engineering,
Institute of Automotive Engineering, Technicka 2, Josef.Stetina@vutbr.cz

219



areas of car design is related to car aerodynamics and thus resistances. This has a
direct impact on fuel economy and car efficiency. While increasing the aerodynamic
performance of the vehicle, some areas may suffer from reduced air supply. Cars with
internal combustion engines increase overall drag by 5 — 10 % by using ambient air to
cool the combustion engine and accessories [1].

For proper design of the car cooling packet, it is necessary to know the boundary
conditions regarding engine performance, temperature limits of the components, and
vehicle working conditions. As there are more and more stringent limits on vehicle
pollution, and thus pressure to maximise efficiency, vehicles cooling packets are
designed with lower margin to maximum considered design point. One boundary
condition, that is sometimes neglected, is the angle of attack (AA) to the front vehicle
face. During real-world driving there are never conditions like in aerodynamics tunnel
with respect to flow stability and uniformity. The side wind or driving on a curved road
causes air to approach the front of the car at a non-zero angle. This can cause different
air distributions and AA on the heat exchanger (HX). When air is distributed at HX core
nonuniformly, performance is deteriorated up to 25 % [2], [3] and air flow resistances
increase due to the square relation with air speed. When HX is approached with non-
zero air AA, performance also deteriorates [4], [5].

Air speed and direction are often measured with pressure probes, as they are
inexpensive and robust compared to a hot wire or propeller anemometer. The simplest
probe to measure air speed is Pitot probe [6]. This probe is fine for measurement with
known air speed direction, however, when the car is moving, the air speed direction is
not known. In small AA, it is possible to use a Pitot probe up to 20 ° within 1 % deviation
from dynamic pressure [7]. By shielding the central tube according to Kiel design, it is
possible to increase this working window to 40 — 55 ° [8] for open probes and up to
67 ° for closed probes [9]. For air speed directions measurement, different types of
probes with multiple holes are used to sense air dynamic pressure at angled surfaces.
The simplest one is the claw probe consisting of two separate tubes orientated at an
angle towards the air stream. When the measured pressure difference is processed,
AA can be determined.

The aim of this article is to make a sensor for measurement air speed and direction
usable for vehicle measurement on the real scale using only two differential pressure
Sensors.

2. PROBE DESIGN AND CALIBRATION

Desing is separated into two standalone probes. One for sensing dynamic pressure
and the other to measure dynamic pressure with respect to AA. The dynamic pressure
measurement for air speed sensing should not depend on the yaw angle or should be
at least not influenced at lower angles. This condition is met by the Kiel probe with
open or closed design compared in Figure 1. There is clear that open style probe is
less complicated to manufacture and can be built from common tubing. Due to these
reasons, an open-design probe is manufactured.
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Figure 1: Open style Kiel probe (left) and closed style probe (right) [10], [11]

The second probe for yaw angle sensing consists of the two soldered tubes with a tip
angle of 90 °, known as the claw probe. Spacing between probes is 15 mm and it is
expected that no significant speed difference will occur in that distance. The complete
probe design is shown in Figure 2 with important dimensions and details.
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Figure 2: Probes design and dimensions with details

2.1 Probe calibration

The probe is calibrated in a closed-style wind tunnel with 500 x 700 mm measurement
section dimensions and a length of 1 500 mm. Calibration is performed in steps with
changing air speed and AA. The probe is positioned in the middle of the section and
rotated using a step motor coupled with a pulleys with tooth belt for a finer angle setup.
The probe is rotated with an increment of 3.84 ° from -46.08 to 46.08 °. The probe is
turned and then the delay of two seconds is set to eliminate vibration or unsteady state
measurement. For every AA are measured 200 points and then measurement
continues with next AA. The air speed is set from 5.8 to 40.1 m/s with a 5 m/s increase.
The wind tunnel with the inserted probe and the reference probe is presented in Figure
3. The reference probe is used for wind tunnel control and for initial probe check.
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Figure 3: Probe during calibration and tunnel pitot tube at right side

2.2 Measured data post-processing

Measured data are processed for static characteristics and then for check and
validation. For every angle and speed combination, 200 points are measured, which
are averaged, and this value is used for regression. Averaging is especially important
in higher AA, where oscillations are observed for the Kiel probe. The measured values
are presented in Figure 4. There are two points selected for air speed 34.8 m/s and AA
0 and 42.24 °. From readings an average value is used and only differences from the
average are presented. For null angle at Kiel probe there are only minor oscillations,
however, at high angle pressure is oscillating as much as + 7.8 %. The claw probe is
less prone to oscillation in pressure, and there is no significant increase with increasing
AA.

Measured pressure oscilations for Kiel probe Measured pressure oscilations for claw probe
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Figure 4: Measured pressure differences for two points

The standard deviation (STD) for the entire range of AA and air speed is plotted on
Figure 5, computed from the measured pressure differences at each point. At small
angles for the Kiel probe, the STD is lower than at higher angles. When speed and AA
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are increasing, STD also is increasing. Dynamic pressures increase with square of the
air speed and thus at higher speeds higher STD are expected. For claw probe, steady
increase of STD with raising air speed is measured. A similar trend as for the Kiel probe
is observed at higher AA, but not as steep increase is observed there. From computed
STD are excluded not measured points due to error in positioner.
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Figure 5: Standard deviation for probes

2.3 Probe characteristics

Characteristics are presented in Cp, which stands for coefficient of pressure equal to
one for the Kiel probe aligned to air stream. For the claw probe Cp one equals reading
dynamic pressure with pressure sensor. As AA changes, Cp is also changing. Ideally,
it will be independent for the Kiel probe on AA, but this is only observed in the narrow
AA window % 10 ° for a difference less than 0.1 Cp. The claw probe intentionally is by
design sensitive to AA and has a good response to AA for measured air speeds and
AA. The measured values are symmetric, with zero Cp for null AA. The measured
pressure difference at claw probe should be zero when the probe is aligned with air
stream and if the probe is symmetric side-to-side.

Kiel probe Cp sensitivity Claw probe Cp sensitivity
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Figure 6: Probes sensitivity to air speed and AA
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2.4 Air speed and angle computing

For computing air speed and AA, neural networks are trained on measured averaged
values. The MATLAB application Regression learner is used with three inputs
consisting of two pressure differences and air density. Based on these data, best-fit
Gaussian process regression is used for AA and for air speed. The neural networks fit
to the data are shown in Figure 7.
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Figure 7: Fit for averaged data with neural networks

Neural networks work well to predict air speed and AA. With AA closer to zero, the
difference between the measured and predicted angle is minor, even at the maximum
AA, difference is lower than 0.2 °. For air speed prediction, there is increasing
difference with air speed, but still even for maximum speed of 40.1 m/s is a difference
lower than 0.0006 m/s. On the basis of these results neural networks are used for
computing both air speed and AA.

2.5 Air speed and attack angle non-averaged data fitting

Based on measured data, AA and air speed are computed in the same way as intended
for real usage. Two previously created neural networks are fed by two pressure
differences and air density. The computed AA is more influenced by pressure reading
of the Kiel probe and differences from the set value have a larger spread than expected
on averaged data regression. Air speed, on the other hand, shows a similar trend as
with averaged values. With increasing air speed, the difference increases, but there is
only a small difference up to 0.0006 m/s, similar to average values. These comparisons
for measured values show that for AA it is beneficial to measure more samples and
averaging them to smooth out the final value. Air speed computing is not disturbed by
oscillations such as AA and can be used without extensive averaging.
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Figure 8: Fit for non-averaged data with neural network

3 CONCLUSION

To address air speed and AA measurement pressure probes were chosen and built for
measurement of air speed and AA at full-scale vehicles. The setup of two probes was
made and tested. From the measurement in the aerodynamics tunnel, the claw probe
works as expected and with a change in AA Cp is equally changing. The Kiel probe on
the other hand did not work as expected based on the literature. In a narrow window
this probe is not sensitive to AA. This might be caused by a bad position of the static
pressure tap. The static tap would be ideally on the surface of the wind tunnel, but in
real conditions using such a tap might be impractical and can influence the
measurement when not properly positioned. After measurement in the wind tunnel, the
measured data are fed to neural networks, which compute air speed and AA. This
regression works well and the air speed is predicted with a maximum difference of
0.0006 m/s. The AA is then predicted with a higher difference up to 7 ° for higher
speeds and AA. This difference can be lowered with averaging and filtering when high
data frequency measurements are not needed.
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HX Heat exchanger

STD Standard deviation
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KONCEPT MOTOCYKLU S POHONEM
VYUZIVAJICI FCEL

Pavel Brabec?!, Tomas Némec?, Robert VoZenilek?®

Abstract

The paper deals with the design of a motorcycle concept with a hydrogen fuel cell
propulsion system, the installation of this fuel cell and all other necessary components
into the frame of an existing JAWA motorcycle with minimal changes to the frame
structure. The aim of the work was to develop a conceptual design of the layout of all
selected components and the paper also includes a model calculation of the range of
this concept motorcycle.

1. UVOD

Prispévek se vénuje moznosti zastavéni vodikového palivového ¢lanku do ramu
motocyklu s cilem vypracovat koncep¢&ni navrh rozlozeni vSech zvolenych komponent.
Vyuziti palivovych ¢lankd pro motocykly je podstatné obtiznéjsi, jelikoz motocykly jsou
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vyrazné menSi nez automobily a autobusy. Pravé v tom spociva vyrazné omezeni,
protoze dostupné palivové Cclanky nedisponuji pfili§ vysokym vykonem.
Pravdépodobné prvni motocykl, ktery vyuziva k pohonu palivovy ¢lanek, je motocykl
navrzeny designeskou dvojici Seymour&Powell. Jedna se o motocykl ENV, ktery je
vybaven palivovym ¢lankem od firmy Inteligent Energy, tento palivovy Clanek je
soucasti sestavy, ktera obsahuje jeSté vyrovnavaci baterii, cela tato sestava
je vyjimatelna z ramu motocyklu. Palivovy ¢Clanek, ktery je v tomto motocyklu pouZzity,
ma maximalni vykon 1 kW a s pouzitou nadrzi by mél schopen dodavat energii po
dobu 4 hodin. Elektricky motor, pouZzity v tomto konceptu, je uloZen v ramu motocyklu
a jeho maximalni vykon je 6 kW. Motocykl vtomto usporadani dosahuje maximalni
rychlosti 80 km/h, a jeho dojezd mél byt 160 km. Prvnim jednostopym dopravnim
prostfedkem s vodikovym palivovym ¢lankem, ktery dostal evropské schvaleni pro
zahajeni sériové vyroby, byl skutr Suzuki Burgman Fuel-Cell. Tento stroj byl vyvinut ve
spolupraci Suzuki s britskou firmou Inteligent Energy. Palivovy vodikovy ¢lanek mél
maximalni vykon 2,5 kW, vodikova nadrz vyuzivala tlaku 70 MPa s kapacitou 500 g
vodiku a elektricky motor byl umistény v zadnim kole. Udavany teoreticky dojezd je
352 km. Tento dojezd byl pfedpokladan pfi pramérné rychlosti cca 35 km/h. Poprvé
byl tento skutr pfedstaven v Fijnu roku 2009 na Tokio Motor Show, schvaleni sériové
vyroby nastalo v roce 2011. Skutry provozovala napfiklad Londynska policie [2].
V soucCasné dobé vyviji firma Xiaomy motocykl Segway Apex H2, ovSem dodnes neni
znamo mnoho parametrd k tomuto motocyklu. Dosud znamé parametry motocyklu
jsou: maximalni rychlost 150 km/h, zrychleni z0na 100 km/h pod 4 sekundy,
elektromotor o maximalnim vykonu 60 kW [3, 4]. Nejaktualnéjsi projekt motocyklu na
vodik predstavil Fraunhofertv institut, partnerem projektu je i CVUT [11]

Figure 1: Ukazky vodikovych motocykli — a) ENV[5], b) Suzuki Burgman Fuel-Cell [2],
c) Segway Apex H2 [3]

2. KONCEPCE NAVRZENEHO MOTOCYKLU S FCEL

Nasledujici Cast se vénuje popisu jednotlivych komponent, které jsou na navrhovaném
motocyklu pouzity. Jedna se o soucasti nutné pro zaruceni funk&nosti pohonu
konceptu. Hlavni ¢asti motocyklu, ktera jej odliSuje od klasické elektrické koncepce je
vodikovy palivovy ¢lanek. Tato komponenta slouzi jako dalSi zdroj energie pro pohon
motocyklu. NejvétSim problémem pfi volbé palivovéeho clanku byly predevSim jeho
rozméry. Bylo nutné také pocitat s ponechanim prostoru pro ostatni potfebné
komponenty, pfedevsim pro trakéni baterii. Pravé z tohoto divodu byl zvolen palivovy
¢lanek H-1000 XP od firmy Horison Fuel Cell Technologies, ktery ma vzhledem
k velikosti pfiméfeny vykon 1000 W pfi maximalnim zatizeni. Tento palivovy Clanek je
schopen dodavat maximalné 33,5 A a napéti se pohybuje v rozsahu od 25 V do 40V,
pfiemz operacni napéti se pohybuje od 48 V bez zatizeni a 30 V pfi plném zatizeni.

228



Vyrobce doporuCuje, aby ¢lanek pracoval pravé pfi plném zatizeni, tzn. pfi 33,5 A
a 30 V. Pfi maximalnim vykonu ma tento palivovy ¢lanek spotfebu 12,5 I/min. Zakladni
rozméry palivového Elanku, které jsou velmi podstatné, pfedevsim kvuli zastavbovému
prostoru, jsou 104x203x264 mm. Celkova teoreticka energie, kterou ziskame
soucasti sestavy komponent patficim k palivovému ¢&lanku je jeho kontroler. Tento
kontroler se stara o jeho fizeni, propojuje se pfes néj palivovy ¢lanek s trakéni baterii,
kterou napaji. Rozméry kontroleru bez vstupu kabelaze jsou 182x154x62 mm [6].
DalSi soucasti jsou dva elektronicky fizené redukcni ventily, jeden na vstupu a druhy
na vystupu palivového ¢lanku.

P¥i volbé vodikové nadrze se vyskytl obdobny problém jako u palivového ¢lanku. Timto
problémem tedy byla pfedevsim velikost. VétSina vodikovych nadrzi je totiz zalozena
na vysokotlaké technologii 70 MPa nebo 35 MPa, ale z divodu rozmérl nejsou tyto
nadrze vhodné, protoZze jsou pfFilis velké. Moznost, ktera byla zvolena pro tuto
koncepci, je uloZeni vodiku pfi nizkém tlaku v tlakové nadrzi s hydridy kovl
v praskovém stavu, do kterych se vodik absorbuje. Tato technologie je pro nasi
koncepci vhodna pfedevSim proto, Ze tato nadrz ma dostateéné malé rozméry.
Omezeni v této technologii je ovdem rychlost uvolfiovani a absorpce vodiku. Byla
zvolena nadrz MyH2 3000, ktera je schopna pojmout 3000 | vodiku, ktery je skladovan
pfi tlaku 1,2 MPa. Nominalni kapacita nadrze je 270 g vodiku, coz tedy odpovida cca
3000 litrdm vodiku za normalnich podminek. Maximalni mozny pritok vodiku z této
nadrze je 18 I/min, coz bez problém( dostaCuje pro vyuziti s palivovym ¢lankem H-
1000XP, ktery odebira maximalné 12,5 I/min. Celkova hmotnost této nadrze je 22 kg.
Primér lahve je 152 mm, jeji délka bez ventilu je 460 mm a v€etné ventilu 530 mm.
Tato lahev je dodavana firmou H2planet a je certifikovana dle ISO 16111 — je tedy
vhodna pro pfepravovani vodiku. [7, 8]

Velice dulezitou soucasti celé soustavy potfebné pro pohon motocyklu jsou baterie.
ProtozZe obecné palivové ¢lanky ,nestihaji“ dostatecné rychle reagovat na poZadavky
vykonu, proto jsou doplfiovany vyrovnavaci baterii. OvSem v nasem pfipadé se jedna
spiSe o samostatnou trak¢ni baterii, ktera je dobijena palivovym ¢lankem, ten totiz neni
schopny dodat dostate¢ny vykon pro samostatnou plnohodnotnou jizdu. Protoze se
k baterii bude pfipojovat palivovy ¢lanek, je vhodné, aby trakéni baterie operovala
s obdobnym napétim jako je vystupni napéti z palivového ¢lanku, ovsem je také nutné
mit dostateCné vysoké napéti pro pohon elektromotoru. Na zakladé téchto dvou
protichidnych pozadavku bylo vybrano vySsi napéti baterie a za palivovy ¢lanek se
pfida DC/DC méni¢. Maximalni velikost boxu trakéni baterie je uréena predevSim
omezenym prostorem v ramu, a také neni vhodné, aby boxy pfili§ presahovali obrys
ramu.

Vysledkem uvedenych pozadavku jsou dva bateriové boxy, kazdy s deseti bateriovymi
¢lanky. Celkové zapojeni trakéni baterie je 20s1p coz znamena, ze mame celkem
dvacet ¢lankl zapojenych sériové, tudiz v kazdém boxu deset ¢lanku v sérii a oba boxy
jsou k sobé taktéz propojeny sériové. Rozméry bateriovych boxl jsou ur€eny poctem
umisténych ¢lankld a tloustkou jejich stén, boxy maji vnéjSi rozméry vcéetné vika
282x196x137,5 mm. Boxy by byly vyrobeny pomoci 3D tisku a to z materialu HiPS.
Dale budou boxy vyztuZzeny pomoci kompozitniho materialu s uhlikovymi vlakny.
Bateriové clanky, které byly pouzity, jsou ¢lanky prismatické s rozméry
148x105x26 mm. Tyto Clanky maji nominalnim napéti 3,7 V a kapacitu 58 Ah. P¥i
zvoleném zapojeni 20s1p bude tedy celkové nominalni napéti baterie 74 V a celkova
kapacita bude 58 Ah. Celkovy uchovany vykon, pfi pouZiti téchto bateriovych ¢lanku a
zminéného zapojeni, bude pfi nominalnim napéti 4292 Wh. Takovéto zapojeni bylo
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zvoleno z davodu dosazeni dostateCného napéti pro pohon pouzitého elektromotoru.
PFicemz pocet ¢lanku je uren predevsSim vyuzitelnym prostorem v ramu motocyklu.
Elektromotor je v naSem pfipadé umistén do zadniho kola z prostorovych divodu. Pro
koncept motocyklu byl zvolen elektromotor QS 273 50H, jedna se o stejnosmérny
elektromotor bez mechanické komutace tzv. BLDC motor. Maximalni vykon, ktery je
tento elektromotor schopen dodat, je 8 kW a jeho maximalni toivy moment je 330 Nm.
Rychlost dosazitelna s pouZzitim tohoto motoru se pohybuje na urovni 120 km/h.
Celkova hmotnost elektromotoru je 22,5 kg.

Figure 2: 3D model konceptu motocyklu, Pohled na rozloZeni jednotlivych komponent

hnaciho ustroji [1]
Dal$i dulezitou soucasti systému pohonu je ménic, ktery je nutné pouzit z dlvodu
fizeni elektromotoru dle pozadované charakteristiky. V naSem pfipadé se jedna
o méni¢ Sevcon Dragon 8. Ménic¢ je schopen operovat s nominalnim napétim baterii
od 48 V do 96 V, pficemz maximalni operacni napéti muze byt az 139 V a minimalni
operacni napéti pouze 20 V. Pro zvoleny koncept pohonu motocyklu se bude napéti
pohybovat v optimalni oblasti provozu ménice, jelikoZz baterie ma nominalni napéti
74 V. [9, 10]
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Soucasti konceptu je také nabijeCka trakCni baterie zabudovana v motocyklu pro
moznost externiho nabijeni z elektrické sité. Byla zvolena jednofazova nabijeCka
DCNE-Q2-3,3kW. NabijeCka je vzduchem chlazena a o toto chlazeni se stara
ventilator umistény ve stfedu Zebrovani na jejim povrchu. Celkové vnéjSi rozméry
nabijecky jsou 294x210x111 mm vCetné kotvicich ¢asti. Hmotnost nabijecky je 6,5 kg.
Koncept tohoto motocyklu vyobrazeny na predchozim obrazku se vSemi
komponentami by mél mit celkovou hmotnost pfiblizné 150 kg, dale byla provedena
i analyza zmény polohy tézisté v porovnani s puvodni variantou vyuzivajici spalovaci
motor. Z analyzy vyplynulo, Ze nedoS$lo k vyznamné zméné polohy tézisté vaci pavodni
varianté koncepce pohonu.

V puvodnim ramu nebylo pro zastavéni vSech potfebnych komponent dostatek mista
a z tohoto duvodu bylo nutné provést dil¢i upravy. Byly provedeny tfi zasadni Upravy,
prvni v pfedni ¢asti ramu motocyklu, druha v jeho stfedové Casti a tfeti na spojeni
hlavniho ramu s podsedlovou €asti. Dale jsou také pfidany dalSi ¢asti, a to pfedevsim
pro uchyceni novych komponent. Casti slouZici k uchyceni pdvodniho spalovaciho
motoru, pfipadné jinych dild na plvodnim ramu, byly odstranény z divodu jejich
nevyuziti. Co se tyCe prvni zmifiované zmény v pfedni ¢asti ramu, tak trubky bylo nutné
upravit zejména proto, aby se zvétsil prostor v puvodni motorové €asti. Do tohoto
prostoru se nasledné po upravé umisti trak¢éni baterie a jeji nabijeCka. Samotna uprava
trubek spociva v tom, Zze se oproti plvodnim trubkam pfida jeSté jeden ohyb a trubka
se timto zpusobem Caste¢né narovna do vertikalniho sméru a dale se provede ohyb
zpét do sméru plavodni trubky. Ve stfedové €asti ramu byly pfidany dvé kotvici trubky.
Tyto kotvici trubky slouzi jako zakladni uchytna ¢ast ramu pro trakéni baterii a palivovy
¢lanek, a to je také hlavni divod pro€ jsou do ramu pfidany. Soucasné by také tyto
kotvici trubky meély zvySit tuhost samotného ramu. DalSi zména ramu ve spojeni
hlavniho a podsedlového ramu je v tom, Ze se odebere puvodni vyztuha spojujici preni
a zadni ¢ast ramu, ktera je umisténa v podélné ose motocyklu. Tato vyztuha se ovSem
nahradi dvéma trubkami, umisténimi mezi stejnymi ¢astmi ramu jako puvodni vyztuha,
ovSem ne ve stfedu ale po stranach. Zména byla nutna, protoze vyztuha v tomto misté
branila moznosti umisténi vodikové nadrze.

Figure 3: Pdvodni a novy upraveny véetné vsech uchyti ram motocyklu [1]

DalSi dulezitou ¢asti bylo stanoveni dojezdu motocyklu, vypocet byl proveden pro
jizdni cykly WMTC, které jsou dnes platné pro homologaci motocyklu.

Jednalo se o vypocet, ktery pouzival nékolika zjednoduseni, pro prvni odhad jsou ale
vysledky dostacujici. Na zakladé zvoleného jizdniho cyklu (Class 1, 2 a 3) byl pouzit
dany prabéh rychlosti v zavislosti na €ase jizdy. Pro uréeni potfebného vykonu pro
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jizdu je nutné vypocitat odporové jizdni sily, které vyvolavaji poZzadavek vykonu.
V naSem pripadé uvazujeme odpor valeni, odpor vzduchu a samozfejmé setrvacnou
silu. Zapnuti a vypnuti palivového ¢lanku bylo mozno nastavit v zavislosti na urovni
nabiti trakéni baterie. Pfi vypoCtu byly pouzity dva extrémni pfipady, prvni byl
pfedpoklad vyuziti pouze provoznich brzd pro dosazeni potfebného zpomaleni
motocyklu. Druhym extrémem bylo vyuziti jen rekuperace na v8echna zpomaleni
v pribéhu jizdy - &¢imz dochazelo k nabijeni baterie a miZzeme mluvit o maximalnim
mozném dojezdu.

PFi pouziti jizdniho cyklu WMTC — Class 3, pfi kterém je dosaZzeno maximalni rychlosti
125 km/h, dochazelo k situaci, Ze palivovy ¢lanek nestihal dostatecné rychle dobijet
trakéni baterii a ta se vybije dfive, nez se spotfebuje vSechen vodik v nadrzi. Pro takto
vysoké rychlosti jizdy neni nas koncept vhodny, tzn. pfedevS§im by se mélo jednat
0 motocykl do mésta (obce), pfipadné pro jizdu mezi obcemi. U jizdnich cyklu WMTC
Class 1 a 2 vySly nasledujici hodnoty dojezda.

411 322
302 257

Table 1: Vysledky zjednoduSeného vypoctu dojezdu motocyklu

Figure 4: Stav nabiti baterie SOC po ujeti jednoho cyklu WMTC — Class 2 v zavislosti
na case cyklu/jizdy

3. ZAVER / VYHODNOCENI

Dnes je v Evropé snaha snizovat emise (pfedevsim CO3), to se samoziejmé tyka
i motocyklu, které také musi splfiovat zakonné pfedpisy. Pokud budeme porovnavat
motocykly z pohledu vytvaienych emisi pfi jizdé (tzv. analyza Tank-to-Wheel), jsou na
tom samoziejmé motocykly vyuzivajici spalovaci motory nejhire, protoze pfi spalovani
benzinu vznikaji pfimo emise, které jsou umérné hodnoté spotfeby paliva. Pokud
budeme uvazovat emise vytvarené pouze jizdou (tak jak uvazuje legislativa), jsou
motocykly vyuzivajici elektrickou energii pro pohon bezemisni. Toto se tyka
i motocyklu s palivovymi €lanky, jako je nas koncept.
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Bézny dojezd dnes prodavanych motocyklu, které vyuzivaji spalovaci ¢tyftaktni motor
s primérnou spotfebou benzinu cca 3 I/100km a nadrzi o objemu 12|, dosahuje
urovné okolo 400 km na jedno natankovani. Dojezd elektrickych motocyklu zavisi
pfedevSim na velikosti baterie. Jako pFiklady pro porovnani dojezdu byly vybrany dva
motocykly od vyrobce Zero Motorcycles. Prvnim z téchto motocykll je typ Zero S, ktery
ma udavany dojezd 193 km pfi kombinovaném provozu 50% mésto 50% dalnice
(dalniéni provoz pfi rychlosti 113 km/h vyrobce udava dojezd 145 km a pfi provozu ve
mésté 288 km). PfriCemz tyto dojezdy jsou dle testu SAE 2982 a pro velikost baterie
12,6 kWh. Druhy pfiklad elektrického motocyklu od stejného vyrobce je typ Zero FX,
ktery ma baterii o kapacité pouze 6,3 kWh. Dojezdy tohoto stroje jsou 146 km ve mésté
a 63 km na dalnici pfi 113 km/h, dle SAE 2982 tedy 87 km kombinované. Pro lepSi
porovnatelnost dojezdu vyrobce udava v uzivatelskych pfiruckach dojezd podle
evropské normy. Pro motocykl Zero FX je udavany dojezd 104 km a pro motocykl
Zero S udavaji dojezd 200 km. U pfedstaveného konceptu motocyklu JAWA se
zabudovanym palivovym ¢&lankem v kombinaci s elektrickym pohonem muze byt
dosazeno dojezdu na urovni pfiblizné 300 km za podminek provozu v méstském
a pfiméstském rezimu.

Pokud se budeme bavit o sloZitosti konstrukce, je na tom vodikovy motocykl urcité
nejhlre, protoze je u néj potfeba vyrazné vétsi pocet specialnich komponent. Co se
tyCe cenovému srovnani, tak motocykly vyuZivajici vodikové palivové ¢Clanky jsou
jednoznacné nejdraZzsi.
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