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MULTI-MODE PHEV WITH A DEDICATED HYBRID
TRANSMISSION IN REAL-LIFE DRIVING SCENARIOS

Mikulag Adamek?, Rastislav Toman?, Jan Soukup?®

Abstract

Our paper studies a plug-in hybrid electric vehicle equipped with Dedicated Hybrid
Transmission and optimized specifically for the charge sustaining WLTC performance.
Python based quasi-static simulation model of the DHT powertrain is combined with
the Pontryagin’s Minimum Principle energy management strategy and was further
enhanced to handle different optimization goals (energy consumption, CO2 emissions,
and trip costs), SOC constraints, and additional control inputs. Simulation model was
then tested and optimized using the different optimization goals on homologation
WLTC driving cycle, and two different real-life scenarios, to assess the potential of
SUV type vehicle with two different internal combustion engine concepts.

1. INTRODUCTION

Hybrid Electric Vehicles (HEV) and Plug-in Hybrid Electric Vehicles (PHEV) are widely
used powertrain electrification options in modern vehicles aimed at European markets,
due to their capability of achieving low CO2 emissions during the homologation
procedure.

The HEV powertrain layouts are various — either the parallel type layouts that are
commonly used by the European and American OEMs, or more “HEV-tailored”
Dedicated Hybrid Transmissions (DHT), for example Toyota Hybrid Synergy Drive. No
matter which powertrain layout is finally chosen, the two other important development
challenges remain: energy management strategy, and proper optimization target.
However, powertrain layout, energy management strategy, and optimization targets
are closely linked.

Regarding the optimization targets, the usual OEM approach is to exploit the current
legislation’s goal to minimize tailpipe CO2 emissions, considering the electric power
from the battery as zero emission [1] — this way encouraging larger batteries and use
of PHEVs instead of HEVs. The second approach is to look for the actual vehicle CO2
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footprint, that can vary greatly with geographical location, and possibly with daytime or
weather — because of the effective energy mix. The third approach would be the
customer’s point of view, where the main objective is the cost per driven kilometre
rather than homologation or real-life CO2 emissions. Finally, the fourth approach would
be to have a look on the total energy consumption, disregarding its source.

The OEM’s homologation approach was already presented by the authors on FISITA
2021 Conference [2], where the focus was to optimize the DHT powertrain for different
ICE and vehicle combinations, using the charge-sustaining (CS) WLTC driving cycle.
This presented paper progresses on our FISITA paper.

1.1 Goals of the Paper
The main idea is to simulate some real-life driving scenarios with the chosen DHT.
Then, the goals follow the abovementioned HEV development challenges, improving
our methods already presented in [2]:
e First goal is to enhance our optimal energy management strategy based on
Pontryagin’s Minimum Principle (PMP) to account for SOC state limits.
e Second goal is to extend the PMP’s control inputs by the series mode charge
power, and other Hamiltonian formulations.
e Third goal is to identify the behaviour of chosen DHT powertrain in PHEV
configuration in terms of CO2 emissions, energy consumption, and cost per
kilometre for the real-life driving scenarios.

2. MULTI-MODE DEDICATED HYBRID TRANSMISSION

Multi-mode DHT, that is used within our study was first presented by Schaeffler in 2019
[3]. This DHT combines an ICE with two electric motors — generator EM1 and traction
motor EM2, friction clutch CO, and three fixed gears (Figure 1). Gear 1 matches the
speeds of both electric motors to ICE; gears 2 and 3 then match all motors’ speed
ranges to the maximum vehicle speed (set to 180 km/h by [3]).
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Figure 1: Multi-mode DHT powertrain layout
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The three basic operation modes of this DHT are following (Table 1):
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e E-Mode — EM2 only propels the vehicle, bellow the EV,;,, vehicle speed limit,
when the ICE cannot be used. Therefore, the vehicle always starts at E-Mode.

e P-Mode — both ICE and EM2 can provide the traction power above the EV;;,,
vehicle speed limit. The energy management strategy controls the ICE load-
point-shifting.

e S-Mode — EM2 motor provides the traction power, and ICE charges the battery
through the EM1.

CO ICE EM1 EM2
E-Mode | Open Off Off Mot/Gen
P-Mode | Closed Mot Off Mot/Gen
S-Mode | Open Mot Gen Mot/Gen

Table 1: DHT operation modes

Schaeffler’s study [3] suggests 50 km/h EV,;,,, vehicle speed limit, and we use the same
value.

3. PMP ENERGY MANAGEMENT STRATEGY

The PMP energy management strategy solves the optimal HEV control problem in an
offline manner. It uses a quasi-static vehicle model as its basis, requiring an a priori
knowledge of the whole vehicle driving cycle, and then calculates the optimal
power/torque splits between the powertrain components. PMP obtains the optimal
control trajectory of the control inputs vector u(t), by minimizing the Hamiltonian
function H (equation 2) for a general formulation of a performance measure J, with a
penalty function g, system state variables vector x(t), and their constraints (equation
1). Vector p in equation 1 is then a vector of Lagrange multipliers (co-states), and a a

vector of system equality constraints.
tcycle

J@ = [ gao,u0.0d 1)

0

H(x(®),u(®),p(®),t) £ g(x(©),u(®),t) + p" O[ax(), u(®),t)] (2)

More details on the quasi-static vehicle model, and the Hamiltonian function
formulation are present in our paper [2].

3.1 S-Mode Charge Control Input

In our abovementioned study [2] we did use only one control input u(t) — the EM2
torque Tgy, (t) — controlling the ICE load-point-shifting in P-Mode. However, here we
add another control input, the S-Mode charge power Pg_ 040 (t).

Theoretically, the S-Mode can be operated in a random ICE/EM1 operating point
(respecting the speed and torque limits of both motors), but this would lead to a very
large computational matrix, from which the PMP would have to select the one optimal
operating point at given time. To reduce this matrix and therefore to speed-up the
calculation, we focus on a single operating line (S-Line), with the best combined system
efficiency (Figure 2, efficiency maps are only illustrational). The S-Line then determines

3
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the exact ICE/EM1 operating point based on the chosen control input S-Mode charge
power Ps_yode-

ICE Efficiency max 0.372 [-
- Gear Ratio = 0.472 Efficiency [-] EM Efficiency max 0.935 |-
1 T T T T T
\ Y ICE Max. Trq
250, X Y N o 9= EMMax.Trq 7
\\ \\ 2% \\\ 32 — - S-Line
225 R
200
E 175
Z
2150
g
© 125
()]
©
& 100
75 93
50 .
25k 0.24 0.2 Si= —>-”€#>-0<3-5>' ———————————— -
e e — o
O 1 1 1 1 1
1000 2000 3000 4000 5000 6000

ICE Speed [RPM]

Figure 2: Combined ICE/EM1 S-Mode operation map with S-Line

3.2 Hamiltonian Functions
We use two different Hamiltonian formulations — fuel and energy formulation — each
for the different simulation scenarios.

3.2.1 Fuel Hamiltonian
Optimality performance measure J from equation 1 for the “fuel” Hamiltonian takes the
form of fuel mass msconsumed over the whole driving cycle duration t.,.,. (equation

3), with the Hamiltonian in equation 4.
tcycle

J(Tem2, Pemr) = f e (Tgyz (t), Pema (8), t) dt (3)
to
H(&(®), Temz (1), Pem1 (1), p(2), £) ‘ 4)
= 1ty (T2 (), Pen1 (£), £) + p(6) [§ (§(), Tearz (t), P (8), £)]
The base Hamiltonian is used for the S-Mode behaviour study with the WLTC driving
cycle.

3.2.2 Energy Hamiltonian
Then, for the simulations regarding the energy efficiency, we use Hamiltonian written
in terms of energy (equation 5), or “energy” Hamiltonian. H,, in equation 5 is Lower
Heating value of petrol fuel, and p(t) then represents a non-dimensional penalty
coefficient for electric energy.
H(&(®), Temz2 (), Pem1 (2), p(8), £)
= Hymy (Teuma (t), Pema (), ) (5)
+ p(®)[ECE®), Temz (), Peaa (£), )]
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The procedure for energy Hamiltonian iteratively searches for the lowest total energy
by changing the final target SOC (initial SOC is always 80 %). Electric energy
consumption is determined from the final SOC difference, assuming also the charging
efficiency from the grid of 91 %, that correspond to low power “slow” charging [1]. This
procedure is also used for CO2 and cost optimizations.

3.3 SOC Limits Control Method

The optimal control problem definition in equation 2 does not prevent the violation of
battery SOC bounds (&0, OF &pign), for the resulting SOC trajectories. This is usually
not a problem when simulating for example the homologation WLTC with larger size
batter HEV (especially PHEV), but can happen for RDE or real-life cycles, HEVs with
small size batteries, or generally some problems at the boundary.

There are numerous approaches to solve the PMP problem with inequality constraints
[4], but here we use the indirect adjoining method also used and in length described in
[5]. The original problem of finding one optimal equivalence factor p over the entire
vehicle driving cycle [0, t.,q.] is split into an iterative process of finding optimal p;
values for the sub-intervals with t; bordering the intervals (Figure 3). The resulting
optimal trajectory of p is then discontinuous.

The procedure first solves the unconstrained problem — if the SOC constraints are not
violated, the solution is considered optimal. If the SOC constraint is violated at time t;,
the time domain splits into two ([0, 7;] and [z;, tcyce]). The optimal problem is solved
for each of these sub-intervals, and SOC limits ¢, or &4, replace the original
unconstrained problem’s SOC target/initial condition. Note: The illustrational SOC
constrained problem in Figure 3 is for a mild HEV vehicle on a driving cycle, that leads
to three SOC limit violations.

PG
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i
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-------- Unconstrained
————— Iteration 1

- - - Iteration 2

—— Iteration 3 (Final)
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£ low

0.6

-------- Unconstrained
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Figure 3: Equivalence factor iteration for SOC state inequality satisfaction [5]
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4. VEHICLE DATA AND PARAMETERS

Simulated vehicle is a standard larger family SUV with its main characteristic summed
up in Table 2. Two electric motors that are part of the DHT are both high efficiency
synchronous traction motors with maximum parameters listed in Table 3. Two ICE
concepts were simulated: ICE1 is a classical 1.5 L naturally aspirated engine —
presenting the cheap and simple hybridization option; ICEZ2 is then a typical modern
state of the art downsized turbocharged engine with 1.0 L displacement. Both engines
have approximately the same maximum brake power output of 80 kW. Small size
turbocharged ICEs are currently prevalent in the industry, therefore also our ICE2
concept is prioritized in this study, and ICEL1 is then used mostly for comparison.

Base vehicle mass 1935 [kg]
Frontal area 2.60 [m?]
Drag coefficient 0.35 [-]
Tire rolling resistance factor 0.010 [-]
Tire rolling radius 0.356 [mm]

Table 2: Main vehicle parameters

High voltage battery is based on a production 37 Ah lithium-ion prismatic battery cells,
down-scaled to 30 Ah capacity, and nominal voltage of 3.7 V. The PHEV battery
system is then configured into 104 cells in series, yielding the total energy capacity of
11.0 kWh at 400 V.

Torque | Power | Speed | Efficiency
[Nm] [KW] [RPM] [%]
EM1 100 100 15500 93.5
EM2 335 130 13000 92.9

Table 3: Maximum parameters of electric motors EM1 and EM2

Table 4 shows the optimal gear parameters for both ICE concepts from our previous
optimization study [2] in CS WLTC driving cycle. Gear 1 optimal parameters are very
similar for both ICE concepts, but gears 2 and 3 result in higher operating speeds of
all three motors for the ICE2 concept case.

Gearl | Gear2 | Gear 3

Zin 39 26 16

ICE1 Zout 16 77 46
[ 0.410 2.962 2.875

Zin 43 19 16

ICE2 Zout 18 98 29
[ 0.419 5.158 1.813

Table 4: DHT gears for both ICE concepts

6
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Finally, Figure 4 shows system S-Line efficiencies, dependent on S-Mode charge
power requirement (gear 1 efficiency of 98 % is considered). ICE2 concept achieves
overall better efficiency (around 1.5 %), and in a wider span, compared to ICE1
concept.

0.35

0.3

0.25

— |CE1
0.2

ICE2

0.15

System S-Line Efficiency [%]

0.1
0 10 20 30 40 50 60 70 80

S-Mode Charge Power [k\W]

Figure 4: S-Line system efficiencies for both ICE concepts
5. SIMULATION RESULTS

The simulation results are split into two main areas: S-Mode behaviour testing on the
homologation WLTC driving cycle, and energy, cost, and CO2 minimization results.
Therefore, before presenting the results, we also present the two real-life driving
cycles.

5.1 Real-Life Driving Cycles
The real-life cycles were measured for master thesis of one of the authors [5]. Figure
5 shows these scenarios’ vehicle speed and elevation profiles from the GPS
measurement:

e Route 3 — city trip — 6.2 km

e Route 6 — intercity/city trip — 47.1 km
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S-Mode WLTC Sensitivities
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The first results are the S-Mode behaviour sensitivities. Figure 6 shows the vehicle fuel
consumption dependency on energy charged into battery. The fuel consumption
naturally grows with charged energy, with slightly higher rate for the ICE1 compared to

ICE2.
9.0 25.0
g 80 4
200 ¥
g 70 =
— [+5]
5 6.0 a0
= 15.0 ¥ .
E 5.0 a —&— |CE1 Fuel Consumption
=
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Charged Battery Energy [kWh]

Figure 6: S-Mode results in WLTC driving cycle

The S-Mode usage (100 % would mean, that S-Mode is used whenever possible) rises
steadily for higher charge requirements. ICE2 concept uses the S-Mode charging
generally more, then ICEL.
S-Mode charging for both concepts is almost exclusively run at the optimal ICE/EM1
system efficiency. The P-Mode ICE operating points stay very similar for all charging
sensitivity cases — the PMP strategy only “adds” the necessary charging events via
energy-optimal S-Mode.
Finally, an interesting result is that both ICE1 a ICE2 are using the S-Mode also for the
WLTC CS results (although very little, for 3 and 14 seconds respectively). This further
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improves the results from [2] for about 0.5 gCO2/km — after balancing the SOC to the
exact CS level.

5.3 Energy Minimization

This optimization scenario uses the energy Hamiltonian, and the results represent the
total consumption energy dependent on used battery capacity (Figure 7 — negative
values signify battery charging, positive a battery discharge, and zero value is for CS
cycle).

The optimization highly prioritizes energy from battery, but with visible minima close to
0.3 kWh/km of energy consumption. ICE2 concept gives better results according to
expectation, and S-Mode is eliminated in the optimal simulations.

0.65

o
o

0.55

o
n

0.45
—e—ICE1

©
s

ICE2
0.35

Energy Consumption [kWh/km)]
o
w

0.25
-0.15  -0.1  -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Battery SOC Usage [-]

Figure 7: Energy optimization results

Figure 8 then shows the EM2, and ICE use in the energy optimized Route 6 scenario
(the same behaviour is apparent for the other real-life scenarios, and WLTC). The
operating points represent the actual efficiencies of both motors, normalized by their
best achievable efficiency, thus indicating how well are the respective power sources
used. It is apparent that PMP algorithm uses the ICE as secondary power source, only
when it must, at lower than maximum achievable efficiencies, although at high torque
demands. This behaviour is more apparent for low demand “city” cycles.
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Figure 8: Efficiency ratios along the energy optimized Route 6 driving cycle for ICE2 concept

5.4 Cost and CO2 Minimization Results

The minimization of cost depends on the costs of individual components: fuel and
charged electric energy. Similarly, for the CO2 emissions minimization, the result is
heavily dependent on emitted gCO2/L and gCO2/kWh.

For both optimization options, we have fixed the fuel cost or emission coefficient and
varied the respective values for the electric energy. Fuel price is 1.26 €/L, which is an
average current value in Czech Republic. The fuel emission coefficient is 22.8 gCO2/L,
corresponding to E10 gasoline, that was used for the ICE full maps. Electric energy
cost was varied in a range from 0.079 to 0.553 €/kWh, with a step of 0.079 €/kWh. The
electric energy emission coefficient was then varied from 200 to 800 gCO2/kWh, with
a step of 200 gCO2/kWh.

10
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Figure 9: Trip costs for Route 6 driving cycle optimizations with ICE2

Figure 9 yields interesting conclusions for ICE2 trip cost optimization at Route 6:

For electric energy costs around 0.237 €/kWh, there is a clear optimum and
further discharging of the batter does not improve the trip cost.

For electric energy costs bellow 0.237 €/kWh, the trip costs improve with
preferring the electric energy.

Finally, from electric energy costs upwards of 0.316 €/kWh, the trip costs are
best for the CS operation.

Similar behaviour is observed for other driving cycles, and ICE1 concept.

CO, Production [gCO5/km]

140
130
120
110 —e— ICE1 Route 3
100 —8— ICE2 Route 3
90
30 ICE1 Route 6
70 ICE2 Route 6
60 —@— [CE1 WLTC
50 —@— |CE2 WLTC
40
200 300 400 500 600 700 800
Emission Coefficient [gCO,/kWh]

Figure 10: CO. production for both ICE concepts

CO2 emission optimizations give similar results (Figure 10). The boundary values for
electric energy emission coefficient are around 600 to 700 gCO2/kWh. Bellow these
emission coefficient’s values it is advantageous to use the electric energy from the

11
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battery. Values above lead to the CS mode as optimal. The sensitivity on ICE concept,
and driving cycle is rather high.

ICE2 concept gives better overall results also for these two optimizations. The same
applies for the S-Mode use, that is eliminated in all the optimal simulations.

6. CONCLUSION

Our paper presented enhancements to the existing Pontryagin’s Minimum Principle
(PMP) energy management strategy combined with a quasi-static model of a PHEV
equipped with DHT powertrain. These enhancements are the additional control input
of S-Mode charge power, the SOC Ilimit control method, and finally different
Hamiltonian formulations, that allow for different optimization goals: total energy, cost,
or CO2 emissions minimizations.
These new functions were tested on WLTC homologation cycle and two real-life driving
cycles for all three abovementioned optimization goals:
e Energy optimizations show, that the PMP control strategy maximizes battery
use — although there is some limit for a particular driving cycle.
e Cost optimizations (with constant gasoline price of 1.26 €/L) show, that to gain
some profit from electric energy usage, the price must be below 0.316 €/kWh.
e CO2 emission optimizations show that the use of electric energy from the grid is
advantageous only when the emission coefficient is below 600 or 700
gCO2/kWh, depending on ICE concept and driving cycle (assuming 91 % charge
efficiency from the grid).
PMP control strategy prefers battery charging either via P-Mode ICE load point shifting,
or via S-Mode at peak available efficiencies, when the target is battery charge (final
SOC higher then initial); however, when the target is battery discharge, the ICE is used
only as a secondary power source, with a clear preference of electric drive — S-Mode
is never used at these cases. This behaviour also relates to the energy management’s
control parameter EV,;,, (set to 50 km/h), that determines the change from E-Mode to
P-Mode. PMP strategy with EV;;,,, parameter must use the ICE at prescribed moments,
and therefore must do compromises.
It is important to stress, that our Hamiltonian function, that is minimized by the PMP,
does not use any additional terms to control e.g., the frequent ICE on/off behaviour,
maximum ICE torque rise, aftertreatment thermal behaviour, or similar parameters.
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WATER HARVESTER UNIT FOR WATER INJECTION
SYSTEM

Jifi Bazala!, Guillaume Hébert?, David Svida3, Martin Beran*

Abstract

Reducing fuel consumption and thus CO2 emissions is one of the most urgent tasks
of current research in the field of internal combustion engines. Water Injection has
proven its benefits to increase power or optimize fuel consumption of passenger cars.
This technology enables knock mitigation to either increase the engine power output
or raise the compression ratio and efficiency while enabling A = 1 operation in the
complete engine map to meet future emission targets. Current systems have limited
container capacity. It is necessary to refill the water tank regularly. This also means
that we cannot get the benefits of an engine with a higher compression ratio. For this
reason, the self-contained system was investigated. This article is a methodology for
finding the right design of a self-contained water injection system, but also a vehicle
test that proves the function.

1. INTRODUCTION

The need to further reduce fossil fuel consumption in the context of current and future
global CO2 emission limits requires intensive search for new solutions for automotive
engines. For reciprocating internal combustion engines, the mass of CO2 emitted into
the atmosphere is a function of their fuel consumption. Therefore, research into internal
combustion engines is currently focused both on reducing the passive resistances of
all mechanisms and on improving the efficiency of their thermodynamic cycles. As for
the second option, the most promising solution is to lower the in-cylinder temperature
and ensure stoichiometric combustion throughout the engine operating map. The
maximum operating conditions of gasoline internal combustion engines are, in general,
restricted by the temperature limit of engine components and knocking conditions.
Knocking is sharp sound effects caused by premature combustion of part of the com-

1 Jifi Bazala, Hanon Systems Autopal Services s.r.o0., Hluk, Czech Republic;
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pressed air-fuel mixture in the cylinder. This phenomenon is destructive for engine
itself and it is mainly caused by high temperature of combustion mixture. Knocking is
controlled by engine management by fuel enrichment. With modern turbocharged
gasoline engines, the maximum acceptable exhaust gas temperature is limited by the
thermal material resistance of the turbine. To protect critical components, fuel
enrichment (A < 1) has been used under these conditions. The high vaporization
enthalpy of the gasoline enables a significant reduction of the exhaust gas temperature
without putting additional thermal load on the cooling system [1].

Nowadays, mixture enrichment is undesired along with the expected extension of
regulations in future legislation, which may also include restrictions on Fuel
Consumption/CO2 emissions. The new emission regulation will require stoichiometric
operation (A = 1) under all engine operating conditions. Consequently, a different
medium with a high vaporization enthalpy is required. Based on the patent of Pierre
Hugon in 1865 [2], Water Injection (WI) into the combustion chamber of a gasoline
engine can also be used to control the temperature of engine components.

Water Injection can be used either for:
e Engine performance improvement or
e Improved fuel consumption

For improved performance, the injection of water into the cylinder lowers the gas
temperature, mitigating knocking and allowing a higher load at A = 1. As shown in
Figure 1 below, this increases power/torque characteristics.

500 300
400 s 2
§ / A X/ N\‘- ;
< 300 ™ abce 180 =
9 / AR 5
g 2001—--- Power 120 3
= — Power - with water a
-==TOrque
100—— Torque - with water 60
===z =1 limit
-— ) = 1 Iimi't - with w'ater

0 v 0
0 2000 4000 6000
Engine speed / min-'

Figure 1. Performance/Torque improvement using water injection [3]

As far as fuel consumption (FC) improvement is concerned, using WI on a down-sized,
turbocharged gasoline engine allows improved combustion phasing and knock
mitigation at an increased Compression Ratio (CR) while avoiding fuel enrichment.
This will allow stoichiometric operation throughout the entire engine map. Current
engine developments seem to concentrate on the effect of “Performance
Improvement”, but it can be expected that the development of engines for the mid
2020’s will shift focus to improving fuel consumption [4,5,6,7,8,9]. What both strategies
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have in common is the use of vaporization enthalpy of a liquid. Injecting Water for
vaporization offers an improved cooling effect compared to fuel by a factor of more
than 5. It must be mentioned that the “Water Injection”—Technology is only one option
of FC improvement through mixture dilution. It competes with Exhaust Gas
Recirculation (EGR) in some modes for the same purpose (Figure 2). It has been
demonstrated that at medium load a 40-50% Water-to-Fuel Ratio (WFR) with Port
Water Injection (PWI) has the same effect as an EGR-rate of 10% [10].

EGR
Dilution

Water
Injection

Increase
Heat
Capacity of
Gas Mixture

Lower

c
l Temperature I
A

N
Reduce Chemical
Dissociation
Reduce Heat = Increase
Transfer Loss remaining
l sensible Heat

Figure 2: Summarizes the respective effects of EGR and Water Injection.

However, WI does have benefits when compared to EGR, especially better
controllability as this is not a closed-loop as with EGR, the timing of injection is not
linked to other parameters such as turbo charger backpressure, limited inertia (PWI
timing not linked to engine operation) and combustion delay (as present with EGR).
Additionally, it does not deteriorate combustion stability significantly. The combustion
delay linked to EGR dilution and the necessary adaption of the recirculated gas mass
flow to the maximum turbocharger characteristics are typically two limiting parameters
of the maximum acceptable EGR rate.
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Figure 3: Fuel consumption benefits of EGR and WI for various drive cycles
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2. MOTIVATION

As Figure 3 shows, WI has significant effect on fuel consumption. It is without doubt
that Fuel Consumption is even lower with a higher compression ratio. Unfortunately,
current WI systems in series production are not able to use this maximum possible
benefit to their advantage. If the water injection liquid were drained from the tank and
the combustion mixture were not cooled through water evaporation, fuel consumption
would significantly increase, as evaporation of fuel would take place instead of
evaporation of water. To ensure the system has a sufficient amount of water injection
liquid, a self-contained tank is necessary.

Competing On-board water sources

There are limited sources of liquid that can be contained without human refill. These
are:

e Harvesting air humidity from ambient (e.g., by A/C condensate)

e Surface Water (e.g., rain water collected from vehicle body)

e Exhaust Gas Condensate

The first two variants are highly dependent upon weather ambient conditions with
sufficiently high humidity levels or driver habits (A/C operation is undesirable).
Consequently, an adequate supply of water cannot be ensured. On the contrary, the
condensation of water vapour formed during gasoline combustion is a reliable source
of water. The temperature and humidity levels have only a minor contribution to the full
amount of water being present in the exhaust gas. Almost all water in exhaust comes
from a combustion reaction from carbohydrates and oxygen from air, not from humidity
in air. This can be seen in Equation (1) where ideal combustion is described.

CsHyg + 12,5(0, + 3,76N,) » 8CO, + 9H,0 + 47N, (1)

The formula above can calculate that 1 kg of fuel on the left side of the formula is 1.4
kg of water vapour on the right side which can be harvested as liquid for WI.

3. WAHASY Efficiency

The fact that water vapour (WC) is present in exhaust is already known. In order to
harvest water from exhaust, it is necessary to condensate water vapour to water
liquid. The exhaust pressure at tailpipe is around 1 bar and it is common knowledge
that water molar concentration is 14%. Therefore, the partial water vapour pressure
can be deter-mined according to Dalton’s law which is 0.14 bar. The water vapour
partial pressure specifies dew point, below which the water vapour condensates as
shown in Figure 4, based on the data in [11]. At a pressure of 0.14 bar, the saturation
temperature is 53 °C (see Figure 4).
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Figure 4: Water saturation pressure.

In order to achieve a “closed-loop”-operation (e.g., on-board generation of water using
exhaust gas) a system called WAHASY (WAter HArvesting SYstem) has been
developed. Its primary target is to provide enough water in liquid state to match the
required amount as needed for intended engine operation. This amount is given by
Equation (2), where WFR stands for “Water to Fuel Ratio” (e.g., the volume of liquid
water injected) compared to the volume of fuel and the WAHASY efficiency is the total
efficiency of the system (e.g., the amount of water which can effectively be used for
the water injection). In an ideally dimensioned system, this efficiency also matches the
amount of water being condensed divided by the total amount of water present in the
exhaust gas.

WFR Mcondensedy,gter (2)

we Pwanasy = I;
Waterinexhaustgas

Initial investigation in the past showed a wide array of water consumption figures when
applying Water Injection, depending on test procedures and/or driving habits (see
Figure 5).
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Figure 5: Water Consumption for Various Test Conditions [12]
Figure 5 shows that the required Water-to-fuel ratio (WFR) even if it is able to raise up

to 20% is mostly under 10% in the tested drive cycles. This leads to a required
WAHASY -efficiency of around 8% (up to 15% is considered for the most extreme “Real
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Drive” (RDE) profile). The efficiency of the WAHASY system is comprised of water
condensation efficiency and the separation efficiency of small droplets from the
exhaust stream.

4. RESULTS
4.1. GT-Suite 1D model

To determine the right WAHASY size, a GT-Suite model was developed and verified
by engine testing. GT Suite is the industry-leading simulation tool with capabilities and
libraries aimed at a wide variety of applications in automotive technology. Criteria of
the decision matrix were:

Limit system complexity

Increase package compactness

Maximize thermal performance

Minimize heat dissipated through the LT coolant loop
Minimize costs

A two-stage cooling design was selected as the best design (initial HT HEX followed
by a second LT HEX) to condensate water vapour. A third device (“Harvester”) is
intended to separate the condensate droplets from the exhaust gas flow. The GT-Suite
1D Tool was chosen to model behaviour measured on a real vehicle (see Figure 6).
See the maximum available water content in exhaust gases below.
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Figure 6: Data from the vehicle test

The data above will serve as inputs to the GT model (Figure 7), especially the inlet
temperature and mass flow of exhaust. As mentioned above, the system has two
coolant loops. High temperature (HT) and low temperature (LT). The high-temperature
loop has two parallel coolers with a temperature of 90 °C. The low-temperature cooler
is connected to a low-temperature radiator cooled by ambient air. The cooler thermal
properties were taken from real calorimeter measurements (Figure 8).
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Figure 7: GT model of HAWASY system
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Figure 7: Thermal data of heat exchangers used for 1D simulation.

To check proper function of the GT Suite model, an engine test was established
(Figure 9), using the same engine as FEV their vehicle test (Figure 6). For
repeatability reasons, stationary points from WLTC driving cycle measurements were
selected. For MO7 point the engine settings was 2700 rpm and torque 100 Nm which
represents 31.4 g/s as exhaust mass flow. Exhaust gas temperature was monitored
on the downstream and upstream of each cooler. Measured results data was used
for comparison with the GT Suite model (Figure 10).
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Figure 9: Engine test stand

Figure 10 shows the three temperatures EGT1, EGT2 and EGT3 from the test. All of
these sensors have a twin value from GT Suite. EGT1 is at the inlet temperature to the
HT coolers, EGT2 temperature is inlet temperature to the LT cooler. EGT3 is the main
temperature from the output of the LT cooler. It is obvious that this temperature is safely
under the Dew point (53 °C) of water vapour in the exhaust calculated above.

MO7 T exhaust gas

0 50 100 150 200 250 300 350 400 450 500 550 600
Time [s]

Dew point

EGT1 EGT2 e EGT3 === = EGT1_GT-power === EGT2_GT-power = = = EGT3_GT-power

Figure 10: Comparison of exhaust temperatures between experiment and
simulation

The 1D model was verified by experiment and can be used for WAHASY modelling
and finding its suitable parameters. Figure 5 shows that WAHASY with an efficiency of
only 15% in worst conditions is necessary. Hypothetically, if applied to the WLTC cycle,
only 300 mL of water is necessary to harvest. This would be enough to operate the
WAHASY system and also to replenish the tank condensate. This is also the reason
why the WAHASY is focused only on low load modes where lower back pressure
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losses in exhaust and better efficiency of condensate harvester are expected. Only
693 mL of water is available for the first 1000 s of WLTC cycles. By applying our GT-
Suite model, it was found that just two coolers (one HT and one LT) are enough
(Design—J). Figure 11 shows that up to the first 1000 s, both variants have similar
efficiency. If the exhaust gas has more energy than our 1 + 1 design is able to cool, it
will be automatically bypassed by the exhaust valve outside the WAHASY unit.
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Figure 11: Comparison of exhaust temperatures between experiment and
simulation

4.2 Harvester separator unit

As explained above, the efficiency of water vapour cooling under the dew point is only
the first phase of total efficiency. The second phase concerns collecting the
condensate droplets and separating them in the tank. For the unit to be developed, it
was necessary to measure the size and distribution of droplets in the exhaust. An
experiment was therefore carried out where photos were taken, through which droplet
size and distribution could be measured indirectly (Figure 12).

Figure 12: Condensate droplets size measuring

The mode of measured diameters was determined as 0.47 mm and the minimal
diameter as 0.3 mm. In the CFD simulation, the diameter was set to uniform for all
droplets with its value of 0.25 mm to overcome possible inaccuracy of measurements
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and simulate worse scenario. The CFD model analyses droplets movement by DPM
(Discrete phase model) settings in Fluent (Figure 13). In DPM settings the interaction
with continuous phase was enabled and the injection of water droplets was subjected
to inlet surface. The diameter of droplets was assumed to be uniform with a value of
0.25 mm and mass flow rate of the droplets was set to 3.8 g/s, mass flow of total (water
droplets and exhausts gas) was set to 47.9 g/s. This point comes from 88 s of the
WLTC cycle considered aver-age value.

Figure 13: CFD Simulation of flow in harvester unit

The calculation of harvester efficiency was determined as follows. If the water drop-
lets touch the inside wall of the harvester, they are then considered “caught”. After
calculation, the results of efficiency are at 95%.

Vehicle experiment

After system simulation, a vehicle prototype was built to measure the actual efficiency
of the WAHASY system. To simulate similar conditions, 88 s point of the WLTC cycle
was simulated by driving at constant speed at 3rd gear and 3500 rpm to have
identical inputs as during simulation. The results recorded in the graph (Figure 14)
show that the run achieved an efficiency 90%.

Tailpipes
LT-cooler

Condensate Silencer
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Throttle
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Figure 14: Vehicle test and vehicle test results
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5. CONCLUSIONS

The scope of the WAHASY project was to demonstrate the possibility of an
autonomous, self-contained system, able to condensate and harvest sufficient
amounts of water to allow a “maintenance-free” and “user-independent” water injection
strategy.

WAHASY, a water condensation & harvesting system, was developed and
subsequently proven through engine and vehicle testing. It has been demonstrated
that sufficient water can be condensed and harvested. Analytical methods and
simulation models have been worked up and a vehicle has been modified with the on-
board WAHASY (FEV’s Audi TT-S WI Demonstrator Vehicle).

In the nearest future, additional tests allow extensive research of condensate. The
comparison of the required condensation efficiency with the actual efficiency of this
“first generation” WAHASY sample revealed the possibility to significantly reduce the
size of the system without restricting its potential. Simplifying and downsizing the
overall design will sup-port applications with different engine and exhaust system
packages and lay-outs Figure 15.

Figure 15: Investigated downsized design

Tail pipe emissions have not been investigated during the initial study and will re-quire
further attention. As demonstrated in another study, WI has a positive impact of NOx
emissions but may create some increase of unburned HC [13]. This is especially a
problem during the first 30 to 50 s after cold start, before the three-way catalyst
achieves its light-off temperature. Another study [14] has indicated that a partial wash-
out of un-burned HC can be achieved through water condensation. As water is not
injected during cold start but WAHASY may be used, this could enable an emission
advantage when using the unit.

Also, anti-freezing techniques must be investigated to make the system reliable in all
weather conditions. Nevertheless, currently existing solutions for other fluids (e.g., as
urea injecting) may be re-used if necessary.

Finally, self-contained water harvesting enables the option of wide-spreading on water
injection as a future fuel consumption improvement technology without creating
difficulties for final customers to accept. The possible positive global impacts of water
injection applications on the environment and public health can also be documented
by the following facts. Figure 3 shows that a gasoline engine with water injection can
save more than 3% of fuel consumption. According to EUROPEAN VEHICLE
MARKET STATISTICS, Pocketbook 2020/21 [15], 16.6 million new passenger cars
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were registered in the European Union in 2019, of which 60% with gasoline engines.
If average emissions of 127 g CO2/km are considered, the application of water injection
could save 531,495 ton of CO2 emission per year for new cars.
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AN ANALYSIS OF THE FORCE ACTING ON THE APEX
SEAL OF A ROTARY ENGINE
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Abstract

When using rotary motors such as a Wankel engine, gas leakage due to imperfect
sealing between the rotor’s apex and the combustion chamber often occurs. The most
problematic point in designing the sealing is the dynamic and the pressure load on the
apex seal. The aim of this article is to describe the forces acting on the apex seal,
which are necessary to know for the optimal design of the sealing mechanism. The
investigation shows that the effect of the apex seal spring and force generated by this
spring is significant for correct sealing of the rotary engine. In the future, we should try
to find a way of designing the sealing mechanism based on the results of advanced
simulations, which have not yet been created.

1. INTRODUCTION

Nowadays, rotary motors are seeing growing utilization due to their simple design and
compact dimensions. They are mainly used in areas where the weight of the drive unit
plays a major role. These are mainly water sports, unmanned aircraft and motorsports,
mainly racing karts. The disadvantage of these engines is still the imperfect sealing of
the combustion chambers, which increases fuel consumption and exhaust emissions.
Sealing the combustion chambers remains one of the most difficult tasks for the
development of rotary piston engines. With advances in computing and simulations, it
is now possible to predict and simulate some of these disadvantages, or to eliminate
them partially or even completely based on the results. The greatest progress has been
made in the apex seal, where the gas blowing mechanism has been reduced by using
three-part apex seals. Further significant progress has been made in the simulation of
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all gas purge mechanisms and it is now possible to identify the most critical site and to
concentrate further design modifications on it.

For an optimal design and geometry of the apex seal it is necessary to know the acting
forces on this seal. During the rotation of the rotor, the sealing condition must be
fulfilled. This condition is verified by a force analysis of forces action on the apex seal.
A major influence on the sealing ability of the apex seals are forces in the radial
direction. On the contrary, the effect of forces in the transverse direction is insignificant.
Determining the cause of gas leakage in a rotary motor is very demanding due to the
problem with measuring the pressure in chambers, which keep rotating. It is always
better to design optimal sealing assembly to prevent the gas leakage around the top
of the rotor and between adjacent chambers than to repair the motor in very short
intervals. This article also highlights the use of the basic kinematic and dynamic
analysis to solve the problems described above.

2. CONSTRUCTION OF APEX SEAL

Apex seals are in direct contact with hot gases in combustion chambers. They are
under very high-temperature-load. The contact between the apex seal and the running
face of the housing is theoretically linear (point contact in front view).

But real contact is in a certain number of points or areas due to deformations of the
apex seal and the running face, manufacturing inaccuracies and clearances between
the seal and the piston grooves (not just simple point/line contact). It is therefore not
possible to achieve run-in state of the system as in classic piston engines. Due to these
surface imperfections, there are the uneven temperature distribution and pressure
force changes. These negative effects can be reduced by keeping oil layers between
surfaces, possibly using a split seal that can reduce these imperfections to a small
extent. The apex seals are today known in three types and shapes. The one-piece
apex seal is the simplest and cheapest sealing. It is possible to create basic analytic
equations only for this configuration.

The next two types, two-piece and three-piece seals, are much better in compensating
clearances between the seal and the gaps in the rotor and the leakage is smaller.
Nevertheless, it is hard to predict the actual position and configuration of the system,
and it is almost impossible to create analytic equations for these systems. With
advanced simulation programs is possible to simulate leakage and concentrate
research on specific leakage mechanisms.

3. FORCE ANALYSIS OF THE APEX SEAL

Forces acting on the top of the seal can be divided into two groups. The first group is
the inertia forces generated by two movements: rotation of the shaft and rotation of the
rotor. The second group is forces generated by pressure in a combustion chamber
acting on the sides of the apex seal. As some forces change their magnitude and
direction during operation, the coordinate system associated with the rotor is selected
for illustration. This system is firmly connected to the rotor and rotates with it.
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3.1 Inertia Forces

There are three different forces acting on the apex seal corresponding to the
movements mentioned above. One of the forces is inertia force of the apex seal spring
which acts on the bottom of the seal and provides contact and sealing during low-

speed conditions.
Inertia force Fgq generated by the rotation of the shaft has a direction of the connector

of the eccentric shaft and the top of the rotor and begins in the center of gravity of the
apex seal. Its size is calculated by the equation:

Fs1 =mpiaq = m|_e(.l)2 , (1)
where m__is the weight of the apex seal, e eccentricity of the shaft and w rotation speed
of the shatft.

This force is divided into tangential and radial components:

Fsi1g = Fsicos(ap) , (2)
Fs1; =Fsisin(ap) . 3)

The second inertia force Fs, generated by the rotation of the rotor has only radial
direction:
1
F82=mLaZ=mLaTLwP2=§mLaTsz : (4)

It is obvious that this equation is very similar to force Fg;. The differences are in the
distance, where ar_ is the distance between the center of the rotor and the center of
gravity of the apex seal, and in the rotation speed, because the rotor rotates three

. 1
times slower ng = wp2.
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Figure 1: Inertia forces
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The last acting inertia force Fz, generated by the mass of the apex seal spring is

described very similarly:
1
Fz2 = 5"12"=1Tz(&-‘2 : (5)

where ayz is the distance between the center of the rotor and the center of gravity of
the apex seal spring, and mz is the weight of the spring.

3.1.1 Pressure Acting Forces
Apex seals are loaded with a system of forces which are generated on the sides of the

seals. This pressure load is not symmetric, because the pressure in adjacent chambers
is different. Figure 2 shows an apex seal loaded with forces, when pressure p, in the
first chamber, which acts on the right side of the apex seal, is bigger than the pressure

in the second chamber, which acts on the left side.
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Figure 2: Pressure acting forces on the apex seal

The most problematic phenomenon is pressure under the apex seal. This value is used
in all analytic equations for calculating the acting forces on the apex seal. After many
laboratory experiments it was discovered that the pressure under the apex seal has
almost the same peak value and progress as the pressure in adjacent chamber with
higher values of the pressure, only there is a short time-lag compared to the pressure
in the adjacent chamber with an actual pressure.
Forces acting on the sides of the apex seal are generated by the pressure in adjacent
chambers. The chambers are numbered counterclockwise and the first chamber with
index 1 is on the right side of the given rotor top (Figure 2). A force generated by
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pressure p, in the first chamber acting on the right side of the apex seal is described
by this equation:
1
Fiup =l (PyhL-3c(Pypy)) ©)
where I is the length of the apex seal, h; height of the seal, ¢ height of the gap for

apex seal in the rotor, p, pressure in the first combustion chamber and p,, pressure
under the apex seal.

A similar equation is used for the description of force acting on the left side of the apex
seal:

1
Fiu=0L (chL'g C(P3L'P2)) : (7)
The top of the apex seal is loaded with a pair of forces which are equal to the pressure

in the adjacent chamber and the surface affected by this pressure. The apex seal is
divided into two halves, corresponding to adjacent chambers:

FiL=p, (% bLIL) , (8)

1
FaL=p, (5 bLIL) , 9)
where b is the width of the apex seal.

Forces acting on the bottom of the apex seal are the most problematic variables in the
system. Pressure under the apex seal p,, generates force F3_. The value of this force
is always bigger than a sum of the forces acting on the top of the apex seal:

FaL=p,, (bl . (10)
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Figure 3: Pressure acting forces
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The seal must be completed with a compression spring to minimalize the leakage
between the apex seal and the surface of the combustion chamber. There is no simple
analytic equation for this force; this value is determined based on the vector sum of
forces in a radial direction. Sections where the radial force reaches negative values
are obtained from the resulting course of the radial force acting on the apex seal.
However, this is contrary to the basic condition of rotary engine sealing ability, when it
is necessary to observe the following condition:

Fn20 (11)
In order to meet this condition, the force set must be supplemented by spring force F;.

Its size is necessary to be as small as possible, because if the contact force is too high,
the frictional forces in the mechanism increase.

4. RESULTS AND DISCUSSION

The sealing assembly was designed for the conditions in which the motor operates
most frequently. For this paper engine with operation engine speed of 6000 min-1 and

geometry was chosen (Table 1). This section presents a plot the radial force against
the crank position.

Rotor Symbol Value Apex seal Symbol Value
geometry [mm] geometry [mm]
Rotor radius R 55.8 Width b_ 2.0
Rotor width b 47.0 Length I 47.0
Eccentricity e 9.0 Height h_ 7.0
Radius of the top of the seal r 14

Table 1: Geometry of the rotor and the apex seal
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This plot (see Figure 4) shows the resulting radial force acting on the top of the apex
seal. The trend of the force corresponds to the trend of pressure acting in adjacent
chambers. During almost the entire rotation of the rotor, the resulting radial force is
meeting the sealing condition described in the previous chapter (equation (11)).
However, there are two critical points which are more noticeable on closer inspection
(Figure 5).
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Figure 5: Critical points

These negative values of the resulting force must be eliminated by the force generated
by the apex seal spring (including its inertia force). For this specific example, the force
generated by the apex seal spring is:

F22+FZ =1.15N s
where Fz, is the inertia force of the spring and F; is the force, generated by the spring
in maximum compression.

4. CONCLUSIONS

As described above, connecting the rotary motor and its sealing mechanism brings
many pitfalls based on the complicated motion of the rotor. For this reason, it is
necessary, as already mentioned, to design the optimal apex seal spring. The aim of
this design is to prevent the leakage of the gasses between the adjacent chambers
and around the rotor, thereby degrading the lubricants and increase the exhaust gas
emissions.

The theoretical model for an investigation of forces acting on the apex seal with analytic
equations was created. A one-piece apex seal with an additional apex seal spring is
used as a sealing assembly, for which the simple analytic equations were created.
The results show that pressure in adjacent chambers has in the high-speed conditions
major impact on sealing ability. However, to meet the sealing condition the apex seal
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spring is needed in every point of the working spectrum of the engine. This is caused
mainly by the pressure fluctuations phase in adjacent chambers during the whole
engine cycle.

Even though we took all known measures into consideration in order to eliminate the
gas leakage, the sealing is still imperfect. This is due to the limitations of the basic
analysis which can only cover steady-state states. It is necessary to focus on the
dynamic simulations which can cover the transient states which are not described in
this paper.
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Abstract

The passenger car equipped with a dual-fuel hydrogen diesel engine shows the way
how to fulfil the future requirement of regulations for CO- tail pipe emissions of the
internal combustion engine. One of the disadvantages of hydrogen vehicles is the lack
of hydrogen filling stations. The dual-fuel hydrogen diesel engine can operate with
diesel fuel only, however the CO: tail pipe emissions are not reduced. Further
possibility, how to extend the range is a substitution of hydrogen by natural gas,
because the natural gas has lower carbon content than diesel oil and natural gas
infrastructure is more developed than hydrogen one. This work deals with the
substitution of hydrogen with natural gas in the case of a single cylinder research
engine, which is partially optimized for diesel-hydrogen operation. The emission and
combustion parameters are assessed and compared. The needed data are
extrapolated into full-size four-cylinder engine, which is consequently used in the
simulation of vehicle drive in GT-Suite. The main results of the simulation are COx tail
pipe emissions of passenger cars in NEDC and WLTC cycles for pure diesel, diesel-
hydrogen, and diesel-natural gas operation.

1 INTRODUCTION

Contemporary and future European regulations for passenger cars force to a strong
reduce of tailpipe emissions of COg2. It is impossible to accomplish the future
regulations with internal combustion engine and conventional fuel while the electric
mobility is unilaterally preferred. Moreover, the overall ecological effect of electric
mobility is not enough discussed and compared with contemporary drive systems and
others alternatives such as fuel cells and hydrogen combustion, synthetic fuel, and
advanced biofuels produced from waste. Therefore, the challenge for researchers and
engineers have to warn about this situation and look for solutions, which have the least
environmental consequences despite the regulations.
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One of the approaches is the further development of compression ignition (CI) engine
concept including the dual fuel concept with alternative gaseous fuels. Dual fuel (DF)
CIl hydrogen engine concept shows promising results from the view of the requirements
for carbon dioxide reduction (COz2) [1], which are being tightened up significantly.
However, the overall “well-to-wheel” effect depends on the origin of hydrogen [2]. The
significant obstacle of hydrogen mobility is the lack of infrastructure. Dual fuel
compression ignition (DF CI) engines can operate as a standard diesel engine,
however, without any benefit for CO2 tail pipe emissions. The infrastructure of
compressed natural gas (CNG) is much more developed than the hydrogen one.
Therefore, the use of natural gas should partially improve COz: tail pipe emissions in
case of unavailability of hydrogen.

The hydrogen and natural gas (NG) have different requirements on the engine
configuration. The hydrogen needs a leaner mixture and lower compression ratio [2]
than Cl or DF CI natural gas engine to avoid the occurrence of abnormal combustion
as a knock or preignition or backfire [3]. In contrast, natural gas is characterized by the
high knock resistivity of methane, which is compatible with the compression ratio of Cl
engines.

The total hydrocarbon (THC) emissions are the weak spot of DF Cl natural gas engine.
It should be partially improved by enrichment of the mixture of air and natural gas, but
with respect to HC and NOx trade-off. On the contrary, hydrogen keeps the products
of uncomplete combustion close to the level of the original diesel engine [2]. In general,
both fuels, NG and hydrogen lead to a reduction of overall PM and PN emissions [4],
[5] and [6], [7], [8], [9].

This work extends the previous work of the authors [2], where the concept vehicle of
DF CI hydrogen engine was presented. The purpose of this work is to investigate the
possibility of the substitution of hydrogen with natural gas in the case of the mentioned
concept. This approach should improve the CO:2 tail pipe emissions of the concept,
while hydrogen is unavailable. The new issue given by the substitution of hydrogen by
natural gas is assessed.

2 EXPERIMENTAL SETUP AND CONDITIONS

2.1 Methods

The approach of this study is twofold, experimental and theoretical. At first, the
experimental single cylinder engine investigations describe the mapping of natural gas
share from the pure diesel operation up to the maximum possible share of natural gas,
constrained by practical limits. These were the minimum diesel fuel injection quantity
for combustion initiation and combustion efficiency. The occurrence of knock and
maximum cylinder pressure are not the main limitation, because the engine is primarily
adapted for hydrogen. This mapping was done for engine loads covering the whole
load spectrum of the hydrogen dual fuel CI engine presented in [2]. The load spectrum
corresponds to the contemporary turbocharged automotive compression ignition
engine. The exhaust back pressure was controlled respecting the constant fictitious
overall turbocharger (TC) efficiency (OTE) of 50%.

This mapping was performed in three engine speed conditions 1200, 2000, 3200, and
4000 rpm and resulted in performance maps with different fuelling strategies.
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Secondly, the simulation part introduces an example of the potential practical
implementation of natural gas on the DF CI hydrogen engine used as a power unit for
a passenger van. Three different fuelling strategies were selected and compared.

. Diesel fuelling only
. The maximum allowable share of Hz energy
. The maximum allowable share of NG energy

Full performance maps for these strategies were compiled and drive cycle simulations
were performed to assess a drive cycle CO2 emission. The GT-Suite simulation
software was used.

2.2 Test engine and measurement equipment

All measurements presented in this paper were performed in a steady state operation
on an AVL 5402 diesel single cylinder research engine in the engine laboratory. The
combustion chamber geometry and position of the injector was adopted from the diesel
engine. Initial compression ratio (CR) of 16:1 was tested, however, due to preignition
at medium and high loads during DF hydrogen operation the CR was reduced to 14:1.
The engine specifications are presented in Table 1. The engine is equipped with a
Bosch CR 4.1 common rail diesel fuel injection with a centrally mounted injector. The
injector had to be equipped with a copper cooling sleeve [10] on the injector tip to
reduce tip thermal stress and to avoid injector clogging [2] (Figure 1).

The laboratory is equipped with the 200 bar CNG line. The gas pressure was reduced
to approximately 9 bar by the Metatron heated automotive pressure regulator. The VW
CNG port fuel injector was installed in one of the three intake manifold ports as shown
in Figure 1 and was used for a sequential injection and homogeneous air-fuel mixture
formation in the intake port within the whole intake stroke. During all mentioned
experiments, all ports were kept open. The diesel fuel injection pressure for this study
was set at 700 bar for the engine speed of 1200 and 2000 rpm and increased up to
1400 bar at 3200 and 4000 rpm.

Bore x stroke, compression ratio | 85 x 90 mm, 14:1

Number of valves 4

Diesel Injection type BOSCH Common Rail, CP 4.1, 1800 bar
Diesel Injection Nozzle DLLA 162 P2160, 8 x 0.12 mm x 162°
Engine control unit Ricardo rCube2

Cylinder pressure measurement | Cylinder pressure transducer AVL GU22C

Piston bowl design

Table 1: Engine specifications

The test cell (Figure 2) is equipped with an AVL 515 Boost Unit and an external
compressor that allowed independent control of intake air pressure and temperature.
The exhaust manifold was equipped with a 60 L tank and a back pressure throttle valve
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downstream of it. A Bosch LSU 4.9 lambda sensor was installed downstream of the
throttle valve to avoid the sensor response variation with increased pressure level and
oscillations. The signal from the lambda sensor was processed via an ETAS ES635
Lambda Module.

Figure 1: A copper sleeve for a passive cooling of the diesel injector tip (left), a gaseous fuel injector
installed in the engine inlet manifold (right).

Diesel fuel tank Gas mixing station
| with flow controllers

Fuel balance - AVL 733s

HS DAQ *

* z Bosch CR 4.1
Cylinder pressure
sensor AVL GU22G

Up to 9 bar

Intake

air
AVL 577
coolant/oil

conditioning unit &

AVL 515
Back pressure throttle valve
rNanoMetS - particle counter

‘ LH2 mass spectrometer

60 L surge Particle sizer TS| 3090AK
tank  BoshLSU 4.9 Opacity - AVL 439
NDIR CO, CO,, PMD O,, FIDTHC+CH, —— Filter Smoke Number AVL 415

CLD NO,

Figure 2: Overview of the single cylinder test cell.

The oil and coolant flows are driven externally via an AVL 577 conditioning unit that
keeps the constant pressure and temperature. Coolant temperature was set at 80°C
and oil temperature at 85°C. Diesel fuel consumption was measured by an AVL 733s
A model 2700R11 of Micro Motion Coriolis flow meter was used for measurement of
NG mass flow. An uncooled piezoelectric pressure sensor AVL GU22C was installed
in the cylinder head and for fast measurements of intake and exhaust gas pressure,
the piezoresistive KULITE ETL-189-190M absolute pressure transducers were
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installed in the intake/exhaust manifold next to the connection flanges. The AVL
INDIMODUL and accessories were used for high-speed data acquisition. A 365C crank
angle encoder was installed at the free end of the engine crank shaft. The high-speed
guantities were sampled on a crank angle base with the resolution of 0.1° crank angle
(CA). Typically, 200 consecutive cycles were recorded, and an average cycle was
evaluated and used for detailed thermodynamic analysis. All specific parameters in
this paper are related to the indicated power.

A rapid prototyping engine control unit (ECU) Ricardo rCube2 [11] was used for an
independent control of injection of both fuels. An in-house developed control algorithm
in Matlab/Simulink was used for a complete control of a diesel fuel rail pressure and a
precise control of multiple injections per cycle for both diesel and gaseous fuels. The
ECU parameterization was performed using an INCA software. The test cell is
equipped with an in-house developed control and low-speed data acquisition system
based on National Instruments cDAQ and cRIO hardware, and a LabVIEW software.
An in-house developed software [12] was used for a detailed heat release analysis of
the crank angle indexed in the cylinder pressure record.

All emissions were measured in raw exhaust gas. Bottom part of Figure 2 displays the
arrangement of the exhaust manifold and emission sampling. Gaseous emissions were
measured by AVL AMA i60 with a heated prefilter. AMA i60 includes measurement of
nitrogen oxides NOx using a chemiluminescence detector (CLD), total hydrocarbons
(THC) via a flame ionization detector (FID), and carbon monoxide (CO) and carbon
dioxide (COz2) via non-dispersive infrared (NDIR) measurement technique. Content of
oxygen was measured with a paramagnetic detector (PMD). Particle number (PN) was
measured by the NanoMet3 particle counter or by AVL 489 particle counter.

3 RESULTS AND DISCUSION

This article is focused on the DF CI natural gas concept and its comparison with DF Cl
hydrogen concept. Therefore, the hydrogen concept is not expressly discussed in this
paper. More details about the hydrogen concept are in [2].

3.1 Experimental results

Initial mapping of NG share was performed at the engine speed of 2000 rpm. The
behaviour at others speeds is similar. The assessed quantities are displayed as a
function of H2 or NG energetic share of the total energy delivered to the engine
by fuels, see Equation (1).

m k
CNG/H2 [_g] (1)
kg

OCNG/Hz MceNGH2 T Mdiesel

The air excess is given by the compromise between combustion efficiency (and
unburned hydrocarbons) and NOx. It corresponds to A = 1.7 for the indicated mean
effective pressure (IMEP) higher than 10 bar. Below this threshold, the lambda fluently
growths up to A = 3 in the case of IMEP = 4 bar. As can be seen from Figure 3, natural
gas does not achieve the limits of the engine represented by the maximum cylinder
pressure Pcylmax = 150 bar and maximum rate of pressure rise Rmax = 10 bar/°CA.
Furthermore, the NG allows higher maximum energy share for IMEP = 16 bar without
preignition or backfire. Therefore, the potential of NG remains untapped due to the
adaptation of the engine to hydrogen. Combustion phasing given by the point of 50 %
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mass fraction burned (CA50) shows that NG allows keeping CA50 at an optimal value
for 8—10°CA ATDC except for modes with the highest NG energy share of IMEP until
8 bar (Figure 3), which is given by the poor combustion efficiency (Figure 4).
Combustion of hydrogen is slightly retarded from the optimal value due the mentioned
limitations and knock occurrence. Comparison of diesel fuel injection timing shows that
NG needs earlier injection timing. The brake in the graph of main injection timing is
given by reducing the number of injections of diesel fuel from two to one (Figure 3). If
only one injection is used, then the timing corresponds to timing of the pilot injection of
the two injections strategy. It looks that the second injection supplies turbulence into
the combustion process, because the single injection strategy leads to retarded
combustion represented by an increase of CA50 (Figure 3) despite the decrease of
THC displayed in Figure 4.
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Figure 3: Maximum cylinder pressure (Pcylmax), combustion phasing (CA50), main injection start
timing (SOIDiesel Main)
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Combustion efficiency reaches the highest value at maximum energy shares for both
fuel (Figure 4). Exceptions are the modes with IMEP = 4 and 6 bar fuelled by NG,
where the increase of combustion efficiency at the highest energy shares is not
reached, because the mixture of air and NG remains to lean at these level loads. The
right bottom part of Figure 4 shows that the decrease of the combustion efficiency is
caused by combustion of NG. It is confirmed by the fact that methane is the dominant
component of THC. The less pronounced effect corresponding to the higher
combustion efficiency of hydrogen combustion is shown by traces of unburned
hydrogen (not displayed). It looks that hydrogen burns better in the crevices of the
diesel combustion chamber. The emission of THC from hydrogen operation remains
close to pure diesel operation. Emissions of THC are significant different for the
hydrogen and NG concept.

100 s 100

< o8 08

£ 06 96

@

.E 94 94

B 92 92

2 90 80

o

S 88 88
86 86 :

0 02 04 06 08 1 00 02 04 06 08 10
H, Energy Share [1] CNG Energy Share [1]

20
18 —e—4dbar
16 % Bbar

= 14 8bar

=z 12 10bar

x 10 - x- 12bar

=2 8 —x— 14bar

O 6 —e - 16bar

T 4

T2

2B e =, e X R,

0 02 04 06 08 1 00 02 04 06 08 10
H, Energy Share [1] CNG Energy Share [1]

Figure 4: Combustion efficiency and indicated specific emissions of unburned hydrocarbons

Transient to combustion of a homogenous mixture leads to the increase of emissions
of CO as a typical product of this concept of combustion with hydrocarbon fuels, while
natural gas is used (Figure 5). The decrease of CO emissions in the case of hydrogen
combustion is by lower amount of carbon in the combustion process due the
substitution of hydrocarbon fuel by hydrogen. Usage of NG in the dual fuel concept
leads to an increase of NOx emissions between 20-50 %, while acceptable combustion
efficiency is reached. The exception is the load level of 10 bars of IMEP. It is caused
by the impossibility to keep the optimal CA50 with a single injection, which leads to
slower combustion with lower peaks of combustion pressure.
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Figure 5: Indicated specific emissions of CO and NOy

Dual fuel operation leads to the reduction of the number of emitted particles (PN) by
one to two orders (Figure 6). It should be assumed that the difference between Hz and
NG is affected by the usage of different measurement devices for PN measurement,
NanoMet3 for hydrogen concept and AVL 489 for NG concept.

Emissions of CO2 are displayed in Figure 6. The real engine is equipped with an
oxidation catalyst, therefore the emission of COz: is recalculated with the assumption
of perfect oxidation of THC and CO on the catalyst. This assumption is necessary to
fulfil, because the unburned NG has 25 times higher global warming potential than
COo.. Dual fuel NG concept has the potential to decrease the CO2 between 12—-20 %.
The significant reduction of DF CI hydrogen concept approximately corresponds to the
achieved Hz energy share. However, the real impact depends on the operating
conditions, therefore the next paragraphs deal with the compilation of stationary engine
maps of CO2 and consequently with drive vehicle simulation.
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Figure 6: Indicated specific number of particles (PN) measured by NanoMet3 (hydrogen) and by AVL
489 (natural gas)

3.2 Dual fuel engine maps and vehicle drive simulation

Measurements, as described in the previous section, were performed as well for
engine speed of 1200, 2000, 3200, and 4000 rpm. In the next step, three fuelling
strategies were selected from all measured data points. The selection criteria are
reduction of CO2 and minimum combustion efficiency 90 %, otherwise pure diesel
operation is selected. At low loads, the hydrogen share was limited by the slow and
incomplete combustion. To provide the input data to the simulation of the driving cycle,
extrapolations were performed to increase the speed range. In this way, four-cylinder
engine maps were designed. Data describing the overall CO2 emissions are introduced
in Figure 9. Measured data were recalculated from indicated to effective parameters,
using the realistic estimate of friction losses according to [13]. Map of engine effective
power is presented in Figure 7. The maps of H2/CNG energetic share are displayed in
Figure 9.

The model in GT-Suite uses so-called quasi-steady approach to calculate the
longitudinal vehicle dynamics according to the prescribed velocity profile and gear
ratio. It includes all driving resistances. Fuel consumption and CO2 emissions are
interpolated from the steady state engine maps (Figure 9) for each time step selecting
the proper operational point.
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Figure 7: Extrapolated 4 cylinder engine power map and the concept of gaseous fuel storage in the
van
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Figure 8: Characteristics of H,/CNG energy share of diesel, hydrogen, and natural gas concepts
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Figure 9: Characteristics of CO» emissions of diesel, hydrogen, and natural gas concepts

In this section, the initial assessment of the impact of H2/CNG DF engine use in a real
powertrain of the van will be outlined. For this purpose, the vehicle model was compiled
in GT-Suite, assuming the vehicle parameters in Table 1. The effect of increased
vehicle mass due to gaseous fuel cylinders was taken into account. Weight factor
(defined as the weight of hydrogen divided by the total tank system weight) of 5% has
been adopted from [14]. Estimated water volume of the tanks is 160 L. For 700 bar fuel
pressure, the storage capacity is 6.3 kg of Hz or 24 kg of CNG.
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Diesel engine | DF H2/CNG — diesel engine
Vehicle mass [kg] 1930 2110/2128
Frontal area [m2] 3
Gear number [1] 6
Air drag coefficient [1] 0.38
Rolling resistance [1] 0.07

Table 2: Simulated vehicle specifications

Emissions of CO, in drive cycles
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Figure 10: CO; emissions in NEDC and WLTC drive cycles

Drive cycle/DF concept NEDC WLTC NEDC | WLTC | NEDC | WLTC
diesel diesel DFH: | DFH: DF DF
CNG CNG
Energetic share in cycle [%0] 0 0 59 69 46 71
Range [km] 887 868 531 455 400" 771
Reduction of CO2 v [%] - - -63 -70 -5 -13
Limit CO2 2020/2030 [g/km] 113.2/- -/59.4*%* | 119.1/- | -/59.4** | 119.7/- | -/59.4**

Table 3: Results of vehicle simulations. *Limited by diesel tank, ** Correction factors not available
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The results of the simulation of two driving cycles (NEDC and WLTC) and three fuelling
strategies (diesel only, H2 and CNG maximum allowable energy share) are presented
in Table 3 and Figure 10. The simulated reference data of pure diesel concept shows
realistic results, which are 138 g/km for NEDC and 148 for WLTC cycle. The results of
DF CI hydrogen concept show the potential to accomplish requirements valid after
2030, as presented in [2]. The results of DF CI natural gas concept shows only 5 %
reduction of CO2 in NEDC cycle, because the less loaded engine has to more often
operate as a pure diesel engine. Therefore, the more dynamic WLTC cycle leads to
lower CO2 emission than NEDC one and higher reduction of CO2 represented by 13 %
for DF CI natural gas concept. It is evident that DF CI natural gas concept does not
meet the contemporary and future requirements. However, it extends the range of the
vehicle equipped with Hz DF engine with lower CO2 emissions than pure diesel
operation. Therefore, the CNG DF concept can help reduce emissions during hydrogen
infrastructure development.

4 SUMMARY AND CONCLUSIONS

The substitution of hydrogen by natural gas in DF CI hydrogen engine was discovered
experimentally and the emissions of CO2 were assessed via vehicle drive simulation
in drive cycles. The compression ratio of 14:1 was optimized for hydrogen operation.

e The potential of NG is not developed, because the compression ratio and
maximum IMEP are given by the limits of hydrogen operation. NG should be
used with higher compression ratio and IMEP.

e Dual fuel operation with Hz allows to use the dual fuel concept at lower loads
than NG. On the other hand, NG makes it possible to maintain higher energy
share even at maximum load, while H2 leads to problems with backfire,
preignition and knocking in these operating modes.

e NG leads to a significant decrease of combustion efficiency and consequently
a significant order of magnitude increase of hydrocarbon and CO emissions.
Therefore, NG operation brings new demands on aftertreatment systems.

e The NOx emission is approximately 20 % higher for IMEP = 10 bar, while NG
instead of Hz is used. NG provides lower NOx for IMEP < 10 bar, but with poor
combustion efficiency.

e The dual fuel operation decreases the PN emission in the order of magnitude
approximately. It is impossible to compare the NG and Hz, because different
devices are used for each measurement.

e The vehicle simulation shows a decrease of CO2 emission of 5 % at NEDC and
13 % at WLTC cycle for DF natural gas operation, while Hz leads to a decrease
of 63 % at NEDC and 70 % at WLTC cycle, compared to diesel operation.

The substitution of H2 by NG provides an insufficient decrease of tail pipe emissions of
CO2 in comparison with future requirements of regulations, while hydrogen allows to
meet these requirements. Therefore, the DF CI natural gas concept can help reduce
emissions during hydrogen infrastructure development, because leads to lower CO2
tail pipe emissions of COz than pure diesel operation. However, the separate use of
DF ClI natural gas engine concept does not lead to sufficient benefits.
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EXPERIMENTALNI PREVODOVKA

Ing. Marek Bous?

Abstrakt

Clanek se zabyvd moznosti testovani fadicich spojek automobilovych pfevodovek.
Déle popisuje nové vzniknuvsi stanovi§td, v laboratorich Ustavu automobild,
spalovacich motort a kolejovych vozidel, Fakulty strojni CVUT v Praze na Julisce, pro
testovani radicich spojek automobilovych pfevodovek a jeho mozZny pfinos v jejich
VYVoji.

1. UvoD

V laboratofich CVUT na Julisce je vybudovano stanovisté, na kterém je mozné testovat
prevodové skiiné z osobnich automobill [1]. Pfevodova skfin je namontovana v celku;
pouze se zablokovanym diferencialem. Na pfevodovou skfif je napojen setrvacnik,
ktery je pohanén elektromotorem. Tim je zajistén pohon skfiné a je mozné nasledné
fadit jednotlivé rychlostni stupné. Na tomto stanovisti Ize v kratkém Case provést velké
mnozstvi cykld, takze je mozné ovéfit zivotnost souc€astek v fadicim mechanismu. Z
méfeni ale nelze detailngji vyhodnotit parametry jednotlivych soucasti, pfedevsim
synchronizacnich spojek. Zabudovani méficich senzorl pfimo do skiiné se ukazalo
jako témér nemozné. Cilem tedy bylo navrhnout nové stanovisté, €i upravu stavajiciho
tak, aby bylo mozné zkouSet synchronizaCni spojky samostatné, tedy vyjmuté ze
sériove skiiné.

2. ZAKLADNI PRINCIP STANOVISTE

Fungovani budouciho zkuSebniho stanovisté je mozné zjednodusené shrnout do
nékolika vét: ,Pfedstavme si 2 hmoty, rotujici rozdilnymi otackami. Propojme je
kuzelovou spojkou. Ukolem kuzelové spojky (synchronizaéni spojka) je jejich otagky
vyrovnat. Obé jeji kuzelové Casti jsou k sobé tedy stlaovany axialni silou. Diky tfeni
mezi kuzely za¢ne spojka prfenaset toCivy (tfeci) moment. Tento jev pfetrvava, dokud
nejsou otacky hmot totozné.

Z rovnice pro tfeci moment na kuzZelové spojce se Ize dozvédét, na jakych veli€inach
vlastné zavisi. Krom axialni sily nebo rozmérl spojky je zde soucinitel tfeni, ktery neni

1 Ing. Marek Bous, Ceské vysoké udeni technické v Praze, Fakulta strojni, Ustav automobilt,
spalovacich motoru a kolejovych vozidel, Technicka 4 Praha 6 160 00, Marek.Bous@fs.cvut.cz
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snadné presné urcit. Zavisi pfedevSim na pouzitych materialech spojky; ale ma na néj
vliv i opotfebeni, teplota, mazani, atd. Jenomze tato tribologicka veli€ina je velice
dulezita pro vyvoj pfevodovych skfini. Velmi ovliviuje praveé ty jeji vlastnosti, které fidi¢
pociti nejvice — napfiklad fadici silu nebo €as pro zarazeni. Nezbyva tedy nic jiného
nez ji zjistit experimentalné.

PozZadavky na synchroniza¢ni spojky jsou vysokeé, jak z tribologického hlediska, tak z
hlediska unosnosti a zivotnosti. V automobilové pfevodovce musi synchronizani
spojka zvladnout desitky tisic cyklu, proto je velice obtizné provadét zkousky rfazeni a
synchronizace v provozu. Proto jsou pro laboratorni zkousky pfevodovek a jejich ¢asti
vyvijeny specialni jednoucelové zkusebni stavy, které se snazi co nejvérnéji otestovat
vlastnosti konkrétni soucastky.

2.1. ZkusSebni stav p-Comp [2]

Tento zkuSebni stav byl pivodné vyvinut na technické univerzité v Hannoveru, nyni je
vyrabén a prodavan firmou SK Hydroautomation spole¢né s Fidicim software Synchro
firmy HD Automation. Jde o nejjednodusSi a nejrozSifenéjSi zkuSebni stav, jsou na
ném namontovany a zkouseny pouze samostatné synchronizacni spojky.

., Hydraulicky Rozstfik
Snimac otacek Linearni V ¥ oz_s "
valec oleje

potenciometr /

Radici vidli¢ka

Hfidel s
- drazkovanim

|__Sestava
synchonu

g

@) Pevna
% 7 % % % ﬁ_za’kladnas
ramem

Setrvacniky  Vytok oleje
Pohonny motor 3kW Zafizeni pro méfeni sily a
momentu

Obrazek 1 Schéma stroje u -Comp

Stroj je pohanén regulovatelnym elektrickym motorem, kterym je roztaCena hlavni
hfidel. Pro dosazeni Zzadaného momentu setrvacnosti je mozné na hfidel namontovat
pfidavné setrvacniky. Ty nahrazuji redukovany moment setrvacnosti Ire« komponent v
pfevodovce, které budou synchronizovany. HFfidel prochazi ramem a roztaci naboj
synchronizacni spojky na otacky An, které odpovidaji rozdilu otacek v prevodovce pred
synchronizaci (odeétené napk. z pilového diagramu). Radici objimka je posouvana
pres fadici vidliCku hydraulickym valcem. Ozubené kolo se synchronizacnim krouzkem
je nasazeno na pfirubu, pevné spojenou s ramem, ktera zaroven slouzi jako méfici
zafizeni. Protoze reakce od sil, plsobici na synchronizaéni krouzek béhem fazeni se
projevi deformaci pfiruby, jsou tyto sily na ném zaznamenavany pomoci tenzometra.
Jmenovité Ize zjistit tfeci moment Msa axialni silu Fa. Cyklus méfeni je velice rychly.
Pristroj mUze zjiStovat napfiklad tribologické vlastnosti kuzelové spojky (srovnani
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riznych tfecich materiald, rdzné mazaci podminky), Zivotnost a opotfebeni spojky
nebo potrebné fadici sily.

Cyklus mérfeni zacCina roztoCenim hlavni hfidele elektromotorem na pozadované
otacky. V okamziku, kdyZz je napajeni motoru vypnuto, zapocCne pistnice hydraulického
valce linearni pohyb, kterym pfitlai fadici objimku na kuzelovou synchronizacni
spojku. V tento okamzik je dosazeno brzdéni hlavniho hfidele az na nuloveé otacky.

2.2. ZkuSebni stav SSP 180 [2]

Testovaci stav byl puvodné vyvinut pod technickou univerzitou v Mnichové, nyni
vyrabén firmou ZF. Rozdil oproti y-Comp je ten, Ze do stavu je uchycen cely blok
synchronizacnich spojek se sousedicimi ozubenymi koly, navic je pfidan druhy,
hmotné&jsi setrvacnik, ktery nahrazuje setrvacnost jedouciho automobilu

Zatimco ozubené kolo I je pevné zachyceno v ramu, ozubené kolo II se otaci
konstantnimi otaCkami no, odpovidajici otackam vystupu z pfevodovky. Jejich stabilitu
zajistuje setrvaCny moment vétSiho ze setrvacniku, ktery je rozto€en regulovatelnym
elektromotorem. Naboj synchronizaéni spojky je roztaCen stejné jako u pfedchoziho
stroje, tedy setrvacnikem nahrazujicim redukovany setrvaény moment rotujicich ¢asti
prevodovky, které budou synchronizovany, a to na otacky o An rozdilné, odpovidajici
rozdilu otacek pfi fazeni v pfevodovce. Pohybem fadici objimky k ozubenému kolu 11
je naboj synchronu akcelerovan/decelerovan pres kuzelovou tfeci spojku az na otacky
no, zatimco pohybem ke kolu I dojde k zastaveni naboje. Pohyb objimky je opét
realizovan hydraulickym valcem. U tohoto stroje je mozné pfipojit k ovladani fadici
objimky pUvodni fadici mechanismus a poté méfit na ném fadici silu. Toho je
vyuzivano zejmeéna u fazeni ozubeného kola II, protoZze béhem tohoto procesu neni
mozné jiné veli€iny zaznamenat. Tento zpUsob je vhodny zejména k testul, Zivotnosti.
Razeni na ozubené kolo I probihd obdobné jako fungovani stroje py-Comp, je tedy
mozné zaznamenat axialni silu Faa tfeci moment Ms.

Obrazek 2 Schéma stroje SSP 180.
Fs —snimac fadici sily, Fa — snimac axidlni sily, TR — snimac tfeciho momentu, n0 — velky
setrvacnik, An — maly setrvacnik, | a Il — volné otocnd kola se synchronizacnim krouzkem.

Zdroj: [21], str. 3.
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3. EXPERIMENTALNIi PREVODOVKA CVUT
3.1. Umisténi experimentalni prevodovky

Experimentalni prevodovka, kterd vznikla v laboratofich Ustavu automobil,
spalovacich motor(i a kolejovych vozidel, Fakulty strojni CVUT v Praze na Julisce
vyuziva setrvaCnikovy stav fazeni zminény v uvodu a nahrazuje v ném zkouSenou
prevodovku s tim, Ze umoznuje jiny typ zkouSek nez je mozné provadét s pfevodovymi
skifinémi z osobnich automobild. Schéma celé sestavy (setrvaCnikovy stav —
experimentalni pfevodovka — vnéjSi synchronizace) je na obrazku nize.

Velky elektromotor

Remenovy

pievod
_I I Kloubovy hfidel I - T
| I I |
L

Experimentalni

prevodovka Elektromagneticka spojka

! Setrvacnik

L.

Maly Setrvacnik

Maly elektromotor

Obrazek 3 Schéma zkuSebniho stanovisté s experimentalni pfevodovkou
3.2. Konstrukce experimentalni prevodovky [2]

Experimentalni pfevodovka ma tfi hfidelové uspofadani v jedné kompaktni skfini, je
tvofena vodorovné délenymi polovinami obrabénymi z ocelovych polotovart. Staly
prevod je realizovan ozubenym soukolim. Jednotlivé hfidele jsou uloZeny ve dvojicich
valivych kuliCkovych loZisek, namontovanych ve sténach skfiné. LoZiska maji
dostate¢ny rozestup, aby zachytavala ohybovy moment od letmo ulozenych koncl
hfideld. Tim vznikl uvnitf skfiné prostor na umisténi ozubeného soukoli stalého
prfevodu.

Previslé konce hfideli vedou mimo skfif a slouzi k montazi zkusebniho ozubeného
soukoli se synchroniza¢ni spojkou. Cely vnéjSi prostor je zakrytovan krytem z
prihledného plastu (PMMA — plexi sklo).

Vnitfni a vnéjsi prostor jsou oddéleny, tudiz kazdy z prostort ma svij olejovy obéh.
Uvnitf skiiné je stala hladina olejové naplné, takZe lozZiska a tésnici prvky jsou mazany
rozstfikem oleje. Olej aplikovany tryskou k synchronizaéni spojce steCe do spodni
Casti, odkud je olej opét odCerpavan.

Previslé konce hfidell jsou totozné, tudiz Ize namontovat soukoli se synchronizani
spojkou na vstupni i vystupni hfideli. Z tohoto divodu je i montazni pozice pro snimac
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axialni sily na skfini u obou koncu. Pneumaticky valec s fadici vidliCkou je montovan
na prodlouzené sténé mimo vnitfni prostor. Montazni otvory pro valec jsou taktéz nad
kazdym z previslych koncu, tudiz je splnén pozadavek na umisténi synchronizacni
spojky na libovolné hfideli. Pneumaticky valec bylo vhodné umistit osové co nejblize
hfidelim, aby se snizil ohybovy moment na fadici vidlicku a pistnici. Proto nebylo
mozné ponechat jeden montazni otvor na valec v roviné mezi obéma hfideli (volba
hfidele by byla realizovana pooto¢enim fadici vidlicky na pistnici).

Obrazek 4 Rozklad finalniho navrhu zkuSebni pfevodové skfiné. [2]
1—-zdvésné oko, 2 — pneumaticky vdlec s fadici vidlickou, 3 — viko skfiné, 4 — stdly prevod,
5 — hridele, 6 — vana skriné, 7 — snimac axidlni sily, 8 — previslé konce hridell se
synchronizacni spojkou a soukolim, 9 — pozicovaci kolik, 10 — olejovd mérka, 11 — kryt z
plexi skla, 12 — Srouby skriné, 13 — mazaci tryska.

3.3. Vnéjsi synchronizace [3]

Na vstupni hfidel experimentalni pfevodovky je pak kromé& malého setrvaéniku pFes
elektromagnetickou spojku pfipojen i synchronni elektromotor kterym je mozné
prizpUsobit otacky vstupni hfidele pro dosazeni pfesného scénare testu. Tento
elektromotor je s hfideli spojen jen ve fazi ,pfipravy” zkousky a pfi samotném fazeni,
je diky elektromagnetické spojce odpojen, aby neovliviioval chovani vstupni hfidele.
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4. POROVNANI ZKUSEBNICH STAVU

Navrh experimentalni pfevodovky byl zaméfen na pfekonani nedostatku zkuSebnich
stavy, které jiz pro podobny typ zkousek existuji (viz 2.1 a 2.2).
Porovnani jednotlivych zkuSebnich stavu je v nasledujici tabulce.

Zkusebni p-Comp SSP 180 CVUT
stav
vyhody - Letmo uloZena - Rychly cyklus. - Letmo uloZena
synchronizacni spojka — - Razeni mezi 2 synchronizacni spojka —
snadnd vyména. synchronizac¢nimi snadna vyména.
- Rychly cyklus. spojkami. - moZnost nastaveni
- Univerzalnost stroje. - Simulace setrvacnosti témér libovolné
jedouciho vozidla velkym = kombinace otacek hridell
setrvaénikem. - Simulace setrvacnosti
jedouciho vozidla velkym
setrvacnikem.
nevyhody - Aplikace oleje - SloZitd vyména - Problematika méreni
neodpovida skute¢nosti. zkousené synchronizaéni  momentu —vile v
- Synchronizaéni krouzek = spojky. ozubeni.
ma nulové otdcky. Mdto | - Pfistroj ma 2 mddy - Neni samostatné
vliv napf. na odstredivé méreni, neni mozné méfit = zafizeni, potfebuje
sily na olej. vSechny veli¢iny pUvodni setrvacnikovy
soucasné. stav
Meéritelné Axialni sila, treci moment, Treci moment, axialni sila, Treci moment, axialni sila,
velic¢iny otacky, teploty, poloha radici sila, otacky radici sila, otacky
radici objimky, pritok setrvacénikd, poloha fadici = setrvaéniki, poloha fadici
oleje. objimky. objimky, teplota oleje.
Maximalni 4500 1/min 3000 1/min 6000 1/min
rozdil
otacek
Tabulka 1 Porovnani zkuSebnich stavi
5. ZAVER

Navrzena experimentalni pfevodovka ma vSechny pfedpoklady pro to, aby na ni mohly
byt provadény zkousky stejné nebo vice kvalitni jako na zkuSebnich stavech
zahrani¢nich univerzit. Hlavnim rozdilem je, ze pfevodovka nefunguje jako samostatné
zarizeni ale vyuziva setrvacnikového stavu pouzivaného pro zkouseni pfevodovek
osobnich automobill. To ovSem vzhledem k planovanému pouziti pro vyvojové,
prototypové €i unosnostni zkou$ky v laboratofich na Julisce nijak nesnizuje jeji uZitnou
hodnotu. Cely proces je kontrolovatelny a dobfe kvantifikovatelny. Montaz a demontaz
testovaného dilu je rychla a jednoducha. Navic diky komplexnosti provoznich stav(
které je mozno pomoci experimentalni pfevodovky nasimulovat se zdaleka nemusi
omezovat na zkousky synchronizacnich spojek, ale bude mozné na ni provadét i
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zkousky prototypovych Fadicich spojek, kterych uz na Ustavu automobil(, spalovacich
motorQ a kolejovych vozidel, Fakulty strojni CVUT v Praze vznikla cela fada.

V soucCasnosti stale probihaji prace na olejovém okruhu pro mazani zkuSeniho
prostoru a na ovladani fadici objimky.
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52, MEZINARODNi VEDECKA KONFERENCE CESKYCH A SLOVENSKYCH UNIVERZIT A
INSTITUCi ZAMERENA NA VYZKUMNE A VYUKOVE METODY SPOJENE SE SPALOVACIMI
MOTORY, ALTERNATIVNiMI POHONY A DOPRAVOU

. 22-23.7ARi2021, PRAHA ,
CESKA ZEMEDELSKA UNIVERZITA V PRAZE, TECHNICKA FAKULTA,
KATEDRA VOZIDEL A POZEMNI DOPRAVY

PRESNOST MERENi MNOZSTVi VYFUKOVYCH PLYNU PRI
NESTACIONARNIM CYKLU NRTC

Pavel Brabec?, Ale$ Dittrich?, Josef Popelka®, Celestyn Scholz*

Abstrakt

Prispévek se zabyva stanovenim mnoZzstvi vyfukovych plynd spalovaciho motoru,
porovnanim ruznych zpusobl mérfeni, popf. vypoCtu a nakonec uréeni presnosti
méreni u dvou zékladnich zptsobu. Udaj o velikosti pritoku vyfukovych plynt je nutny
pro vyhodnoceni nestacionarnich testt spalovacich motort( podle pfedpist EHK, tzn.
urceni plynnych emisi v jednotkach g/kWh.

1. UVOD

V laboratofich TUL nejprve probihaly pfipravné prace pro vytvofeni meéficiho
stanovisté. Na elektrickou motorovou brzdu ASD 235 M250 byl nainstalovan spalovaci
dieselovy prepliiovany motor o objemu 2 dm3. Po instalaci spalovaciho motoru na
brzdové stanovisté bylo pfipojeno vSechno nutné pfisluSenstvi motoru (chlazeni
motoru a mezichladi¢ stlaeného vzduchu, odvod spalin, pfivod paliva, atd.). Byly
podrobné prostudovany podklady pro provedeni zkousky NRTC v predpise EHK 96
(popf. WHTC viz predpis EHK 49) a jeji nasledné vyhodnoceni, co se tyCe pfedevsim
plynnych emisi (dale i méfeni a vyhodnoceni pevnych &astic). V navaznosti na tyto
prace vznikalo mnoho ruznych programu (aplikaci), které napfiklad pfipravuji Fidici
signaly pro zkousku, upravuji naméfena surova data, nebo vyhodnocuji celé méfeni.
V predpisech jsou uvedeny rGzné zpusoby pro stanoveni prutoku vyfukovych plynu.
Prvni je metoda pfimého méreni, dalSi moznost je metoda méreni vzduchu a paliva -
pouziji se pratokoméry vzduchu a prutokoméry paliva, které maji predepsanou
presnost. Potom prutok vyfukového plynu se vypocita podle vztahu (1).

1Ing. Pavel Brabec, Ph.D., Technicka univerzita v Liberci, Studentska 1402/2, 461 17 Liberec 1,
pavel.brabec@tul.cz
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461 17 Liberec 1, celestun.scholz@tul.cz
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Obrazek 1: Fotografie mériciho stanovisté

Gexuv = Garrw + Grygr (1)

kde Gexnv — pratok vyfukovych plynu, kg/s;
Gairw — pratok vzduchu, kg/s;
GrueL — pratok paliva, kg/s.

DalSi moznost je vypocet hmotnosti zplodin vyfuku ze spotfeby paliva a koncentraci
vyfukového plynu podle metody bilance uhliku. Posledni metoda pro uréeni pritoku
vyfukovych plynu je stanoveni poméru vzduchu k palivu A vypoétem (pomoci vztahu
(2) - poznamka: vypocet se vztahuje na motorovou naftu, u niz je pomér H/C rovny
1,8) nebo méfenim, v naSem pfipadé napf. pomoci méfidla ETAS, a méfeni pratoku
vzduchu (nebo paliva). Okamzity hmotnostni prutok vyfukového plynu se vypodita
pomoci vztahu (3).

2-concc0-10_4’
3,5-conccoz
conccpg10~4
3,5:conccpr

concco-10_4

(100— —concHC-10_4>+ 0,45 ‘(conccpz+concco10™%)

1=

)

6,9078-(conccoz+concco10~4+concyc10~%)
kde AJFs — stechiometricky pomér vzduch/palivo, kg/kg;
A —relativni pomér vzduch/palivo;
conccoz — koncentrace suchého CO2, %;
concco — koncentrace suchého CO, ppm;
concne —koncentrace HC, ppm.

1
Gexnv = Gpypr " (L + A-A/Fs), Gpxny = Garw (1 + E)' (3)

Fst
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Obrazek 2: Graf zavislosti soucinitele prebytku vzduchu - méfeno a vypocteno podle (2)
(detail ¢asti méreni testu NRTC)

2. POPIS MERENI

Pro podrobnégjsi porovnavajici analyzu byly vybrany dva zplsoby uréeni pratoku
vyfukovych plynl, a to pfimé méfeni a metoda méfeni prutoku vzduchu a paliva
v testovacim cyklu NRTC podle EHK 96. Byla oslovena firma Horiba, ktera pro pfimé
mérfeni nabizi dva pouzitelné pfistroje: EXFM-ONE (employs an ultrasonic method for
real-time measurement directly from a vehicle or engine) a PTFM (Pitot tube). Vyhodou
PTFM je velky rozsah pritoku (0 — 65 m3/min) z divodu moznosti pouZiti osmi riznym
velikosti trubice, dalSi vyhodou je moznost pouziti az do teploty 900°C (pro EXFM-
ONE je omezeni 0 — 10 m3/min a 370°C). Nevyhodou PTFM je velka chyba méreni pro
velmi nizké pritoky.

Accuracy A Temperature A
[%] [degC] 900
20
10
5 370
2
1
0.10.2051 2 5 10 20 50 65 Flowrate 0.10.2051 2 5 10 20 50 65 Flowrate
[m3/min] [m3/min]
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EXFM PTFEM V2

Accuracy 0.07 — 0.1 m¥min | * 3 % readings + 10 % readings

0.1 - 0.4 m®¥min | *2 % readings 1 5 % readings

0.4 — 10 m¥/min + 1 % readings + 1.5 % readings

10 — 65 m3/min Out of range 1 1.5 % readings
Flow range 0-10 m¥min | O— 65 m3min over 8 sizes

of tube
Gas temperature 370°C (5 min) 900°C
Size 430x580x690 | Interface: 360x220x320 mm
mm Tube: 125x210x400 mm

Weight 60 kg Interface: 8 kg; Tube: 4 kg

Tabulka 1: Porovnani pristroji od firmy Horiba

Pro nas spalovaci motor bylo vybrano méfidlo PTFM a byla pouzita velikost pitotovy trubice C
(do 10 000 I/min). Na nasledujicim obrazku je zobrazeno zjednodusené schéma méfeni.
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|
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Palivo anzlyzitory HORIBA Plynnié emisa— (klasifikace pevnych
HORIBA MEXA-ONE kontrolz (porovnani Eéstic - poity 5
Vzduch DR w v 2 ewinly : P likost PM)| P
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3
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Obrazek 3: Schéma mériciho stanovisté
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Obrazek 4. Ukazka mérfeni cyklu NRTC - otacky motoru, toivy moment a pratok

vyfukovych plynt

V nasledujici tabulce jsou zobrazeny pouzité méfici pfistroje a popis jejich parametru.
V grafech pod tabulkou jsou zobrazeny relativni chyby pfistroju, ¢ervenymi ¢arami je
naznaCena oblast méfeni v cyklu NRTC pro nas spalovaci motor (minimalni
a maximalni hodnota zméfreného pritoku spalin, vzduchu nebo paliva) a Cetnosti
vyskytu namérenych hodnot jednotlivych pritoku.

(pfi pratoku
20% plného
rozsahu)

Vyrobce / Model Fotografie Rozsah Presnost | Opakovateln
ost
Spaliny: 0 - 10 m3/min do+ 1% v rozmezi =
Horiba / PTFM- — — piného 1,0%
1000 Version 2; = el 9 rozsahu odectenych
Prislusenstvi: Pitot \‘i nebo do hodnot (pfi
tube C-type (0-10 ' 1,5% pratoku 20%
m3/min) odeétenych | pIného rozsahu)
hodnot
(podle toho,
co je vétsi)
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Vzduch: 1 000 kg/h +1%z +0,2% z
Sierra Instruments kalibrovanéh kalibrovaného
Fast-Flo; Mass o0 méficiho méficiho
Flow Meter / rozsahu rozsahu
620S-L04-M1-EN2-
V4-DD-0-W1
(Serial No.:
161087)
Palivo: 0 - 108 kg/h 1+0.10 % z 0.05% z
Micro Motion Elite rozsahu rozsahu

CMF 010; Coriolios
Flow Meter / CMFO
10M302NACZEZZZ
(S/N: 476797; P/N:

3005610)

Tabulka 2: Parametry pouZitych méridel

Prutokomér spalin: min. 46,2 — max. 487,2 kg/h (0,6386711 - 6,7333672) m3/min
Pratokomér vzduchu: min. 42,0 — max. 421,8 kg/h
Pratokomeér paliva: min. 0,000 — max. 17,860 kg/h
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Chyba méfeni pro pritok spalin pro jednotlivé metody méfeni byla ur€ena podle
nasledujicich vztahd. Pro pfimé méreni se vychazelo z udaje vyrobce méfidla (4), pro
nepfimou metou (ij. vzduch + palivo) se pouzil vypoCet pomoci vzorce vyuzivajici
parcialni derivace a presnosti méfeni jednotlivych méfidel (5).

piimé méfeni (PTFM) Gexnv T OGEXHY, (4)
nepfimé méfeni (vzduch + palivo)

Gexuv = Garrw + Grygrs

3G 2 3G 2
OGEXHV = \/(663:; ' UGAIRW) + (GGZJZ: ' UGFUEL) = \/(UGAIRW)Z + (06ruEL)? (5)
kde Gexnv — prutok vyfukovych plynd, kg/s;

Garw — pritok vzduchu, kg/s;

GrueL — pritok paliva, kg/s;

ocexrv — relativni chyba méfeni pritoku vyfukovych plynt, -;
ocarw — relativni chyba méfeni pritoku vzduchu, -;

ocrueL — relativni chyba méfeni pritoku paliva, -.

3. VYSLEDKY A ZAVER

Na nasledujicim grafu jsou zobrazeny Cetnosti méreni podle velikosti relativni chyby.
U pfimého méfeni (PTFM) pfevazna ¢ast méreni (84,3 %) probéhlo s relativni chybou
mensi jak 5 %, 93,3 % bylo provedeno s relativni chybou mensi jak 10 %. U nepfimého
mérfeni vySly nasledujici hodnoty: 75,1 % s relativni chybou mensi jak 5 %, 89,8 %
s relativni chybou mensi jak 10 %. Pfesné hodnoty jsou zobrazeny i v nasledujici
tabulce. Z téchto vysledkl vychazi pfiznivéji pfimé méreni pratoku vyfukovych plynu.
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70 80
60 PrleJto!< SpvaJin - 70 Pratok spalin -
X 50 prime mereni X 60 nepfimé méreni
] (PTFM) > (vzduch+palivo)
< 2. 50
= 40 =
L S 40
8 8 30
5 20 % 20
QO Q
10 . 10
0 N 0
<1 1-2 2-5 5-10 10-20 >20 <1 1-2 2-5 5-10 10-20 >20
Relativni chyba méreni (%) Relativni chyba méreni (%)

o]

o
SN
]

70 Priitok vzduchu 40 Pritok paliva
< 60 835
f; 50 :; i:
% 40 % 20 I I
§ 30 é 5
3 20 8 10
10 5
0 I H m= 0 . = 0
<1 1-2 2-5 5-10 10-20 >20 <1 1-2 2-5 5-10 10-20 >20
Relativni chyba méreni (%) Relativni chyba méreni (%)
Pfimé méfeni | Nepfimé méfeni | Vzduch | Palivo
(PTEM) (vzduch + palivo)
Cetnost méfeni s relativni 0 0 0 23.4
chybou mensi jak 1%:
Cetnost méfeni s relativni 19.9 0 0 62.5
chybou mensi jak 2%:
Cetnost méfeni s relativni 84.3 75.1 74 86.4
chybou mensi jak 5%:
Cetnost méfeni s relativni 93.3 89.8 89.5 92.4
chybou mensi jak 10%:

Tabulka 3: Cetnosti méreni podle velikosti relativni chyby pro véechny pouzité méridla

V nasem pfipadé priznivéji vysla metoda pfimého méfeni pomoci pristroje PTFM. Tato
metoda neni naro¢na na vyhodnoceni, instalace méficiho zafizeni je jednoducha,
pfistroj umozniuje pouziti rdznych paliv, neni omezen teplotou vyfukovych plynu
a cenoveé je dokonce pfizniva. Na nasledujicim grafu je zobrazena relativni chyba
mérfeni v zavislosti na Case (prubéh testu) pro obé varianty (pfimé a nepfimé méreni).
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Obrazek 5. Graf relativni chyby méreni v zavislosti na Case testu

Co se tyCe zhodnoceni dalSich moznych metod méfeni podle pfedpisu EHK, tak pfi
uréovani prutoku spalin pomoci rliznych metod vychazely odliSné hodnoty (v priméru
6 az 10 %). NejvysSi hodnoty vychazely u metod, kde se vyuzZivalo méfeni pratoku
paliva. U této metody ur€eni prutoku spalin je nevyhoda, ze chyba méfeni u prutoku
paliva (popf. i okamzitého poméru pfebytku vzduchu) se velmi projevi do chyby uréeni
pritoku spalin (z ddvodu absolutnich velikosti téchto dvou pritokd). Proto je vhodnéjsi
méfit pritok nasavaného vzduchu, kde se velikost chyby méfeni tohoto parametru,
neprojevi tak razantné. Porovnani rlznych metod ureni pratoku spalin je na
nasledujicim obrazku.
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Obrazek 6: Porovnani riiznych metod urcéeni pratoku spalin (detail ¢asti méfeni
testu NRTC)
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REDESIGN AND DYNAMICS OF THE VALVE TRAIN
OF AN AIRCRAFT ENGINE

Lubomir Drapal?, Jan Vopafil?, Katefina Fridrichova?®, Jozef Dlugo$*

Abstract

In aviation, reciprocating internal combustion engines are currently used for propulsion
of light aircraft. Their design is often based on older and proven engines. This paper
describes part of the modernizing of a spark-ignition inverted in-line four-cylinder air-
cooled engine for ultra-light aircraft. The aim of the presented section is to redesign
the force transmission from the cam to the push rod of the OverHead Valve system
in order to reduce production costs and improve engine performance. For this purpose,
state-of-the-art methods of kinematics design and simulation of valve train dynamics
are used. The article presents three variants with a flat-faced cam follower differing
in the cam lift, in the lever ratio of the rocker arm and the length of the push rod. Based
on dynamic simulations, the best variant is then selected with better parameters of the
intake and exhaust process with the same lift and timing compared to the initial design,
and simultaneously lower demands on production technology.

INTRODUCTION

Reciprocating internal-combustion engines are currently used in aircraft to propel lower
weight categories of aircraft for sports, tourist, acrobatic, reconnaissance and other
purposes. The advantage of these power units is their economy.

The described activities and results are performed on the MIKRON engine, which is
an air-cooled inverted in-line four-cylinder engine with an OHV (OverHead Valve) valve
train and two valves per cylinder. Its history dates back to the mid-1930s, when
the Czechoslovakian company Walter developed its first evolution under the name
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MIKRON I. Parma-Technik company has been engaged in the service, production
and further development of this engine since the year 1999 [1]. It is the only mass-
produced power train of its kind in the world.

Currently, there are a total of three versions of this engine on the market differing
in displacement and compression ratio. Table 1 shows some basic parameters
and properties of the MIKRON III C variant, which is considered as the base for further
redesign of the valve train.

Table 1 Selected technical parameters of the MIKRON 1l C engine [1]
Cylinder | Aluminium alloy with NIKASIL®
Bore | 95 mm
Stroke | 96 mm
Displacement | 2 722 ccm
Compressionratio | 8 : 1
Fuel | Min. RON 95
Engine oil | SAE 15W-40 API SL
Take-off output (5 min) | 60 kW @ 2800 rpm
Max. constant output | 55 kW @ 2700 rpm
Cruise output | 44 KW @ 2500 rpm
Dry engine mass | 64—70 kg
Direct of rotation | Left-hand

The MIKRON lIl engines are used as a propulsion unit for aircraft such as:

L13-SW Vivat motor glider,

a replica of the legendary Bucker Bu 131 Jungmann,
trainer aircraft Trenér Baby,

Kiebitz B11 biplane,

FI 156 Storch

or Praga E-144 Air Baby.

In all cases, the propeller is connected directly to the crankshaft, therefore no reducer
is used.

The valve train parts of this engine are described in Figure 1. The base version
of the engine is equipped with a custom-made special cam follower with a cylindrical
face for contact with cam lobe, whose advantage is very low mass, however
the disadvantages are the complicated design, technological demands and relatively
high reject rate of production.

The aim is to replace this cam follower with another design. From the previous
computations and simulations, considering the complexity of the production process, it
emerged as the most suitable variant with the flat-faced cam follower. It is further
elaborated into three design variants, which are assessed in terms of valve train
dynamics, rocker arm stress, overall valve train installation space and any other
necessary design changes.
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Cam lobe

Cam follower

Push rod

/ Valve

Concentric
valve spring

Rocker arm :
Figure 1 The valve train unit parts Figure 2 The MBS computational model
of the base MIKRON III engine of dynamics of valve train unit

1 VARIANTS COMPARISON AND KINEMATICS OF THE VALVE TRAIN

The design of the valve train with the flat-faced cam follower is shown in Figure 3.
The three derived variants have a maximum valve lift and valve timing as the base;
however, they differ with a maximum cam lift of 9.2, 7.8 and 6.6 mm.

Max. Max.
cam valve
lift lift
Flat-faced cam
follower !

Figure 4 Change of the lever ratio
on the rocker arm depending

on the maximum cam lift at uniform
maximum valve lift

Figure 3 The valve train unit parts with the
new flat-faced cam follower and new design
of the cam lobe
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This corresponds to a different lever ratio on the rocker arm with the same maximum
valve liftof 1:1,1:1.18, 1: 1.39 (in the same order), see Figure 4.

The valve train kinematics are designed using Bézier splines to increase the valve area
integral while keeping the acceleration values of the timing mechanism parts within
reasonable limits, more in [2]. The transition opening and closing ramps are also
optimized for reduced effort on the valve train components, see [3]. The diagram
of the kinematic quantities of the variant with a maximum cam lift of 9.2 mm and flat-
faced cam follower is shown in Figure 5. The base version of the engine
with the compound cam follower is equipped with a tangential cam lobe.
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Figure 5 Kinematic quantities of the valve train valve with a flat-faced cam follower and cam
with max. lift 9.2 mm

2 VALVE TRAIN DYNAMICS AND SIMULATION RESULTS

Computational model of valve unit dynamics is assembled and solved in MBS
environment ADAMS, which is a general code allowing solving of various types of tasks
including nonlinearities and so on [4]. The computational model, see Figure 2,
considers the delimitation of the valve clearance by heating all parts to operating
temperature, the effect of gas pressure in the combustion chamber and the ducts in the
cylinder head. The simulation is performed for an exhaust valve that has the same
design as the intake valve, however when opened it is more stressed by the gas
pressure. The engine speed of 2800 rpm is considered for the simulation.

Figure 6 shows the valve lift curve from the dynamic simulation and Figure 7 shows
the results of the valve acceleration course from the same simulation. The valve lift
curve shows a practically identical valve lift of all three new design variants
and significantly greater valve area integral of their lift curves compared to the base
design. The valve area integral of the lift curve is increased by about 8 %.

The force of contact between the rocker arm and the valve is virtually unchanged for all
newly designed variants, since the kinematics of the valve itself remain almost
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the same. However, differences can be found on the opposite side of the rocker axis
of the rocker arm.

10 2500 Max. cam lift
9 9.2mm
a 7.8
I Max. cam lift 2000 /6.6 mm
8 —=9.2mm Base
L ~7.8mm &7 1500 74
7 — — o
= L —6.6 mm >
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E 6 . < 1000
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Crank angle [deg] Crank angle [deg]

Figure 6 Valve lift curves from dynamic valve Figure 7 Valve acceleration curves from
train simulation dynamic valve train simulation

The force in contact of the rocker arm with the push rod is the greater the smaller
the maximum cam lift, since the smaller maximum cam lift shortens the arm length
between the rocker arm pivot axis and the force application from the push rod.
However, the contact of the cam with the cam follower brings interesting results. While
the force in this contact, see Figure 8, shows the same tendency as the force in contact
between the rocker arm and the push rod, the maximum contact pressure between
the cam and the cam follower decreases as the maximum cam lift decreases, see
Figure 9. This is a favourable effect in this case.

2500 _ 1400
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9.2 mm < Max. cam lift
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Figure 8 Contact force between the cam Figure 9 Maximum value of the contact
lobe and cam follower from dynamic valve pressure between the cam lobe and cam
manifold simulation follower from dynamic valve train simulation
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Based on the results of the rocker strength calculation, it is found that the values
of the lever ratio change on the rocker indicate an increase in the maximum value
of von Misses stress by approximately 42 % for the 6.6 mm variant compared
to the 9.2 mm variant. This is not critical, however, because in order to reduce this
tension, the rocker arm forging piece can be easily redesigned in the region
of the greatest concentration of this stress. The load on the rocker arm for all variants
is based on the results of the MBS simulation.

CONCLUSION

Modern simulation tools and virtual prototypes allow you to test a large number
of design variants, assess their benefits, and reduce the cost of manufacturing
and building real prototypes. This is also used in this project, where the most promising
option with a maximum cam lift of 6.6 mm was evaluated. This is because of the three
new variants achieves acceptable results in the load of individual parts of the valve
train and at the same time is best based on the installation into the initial crankcase.
Even existing stock of blanks originally made for the initial tangential cams can be used
to produce a camshatft with a new cam profile. The disadvantage is only about 0.02 kg
more mass for one valve unit. The new version with the flat-faced cam follower
and a cam lobe of 6.6 mm maximum lift is also successfully verified in terms of cylinder
induction and exhaust processes on a thermodynamic computational engine model
and its documentation is handed over to the prototype production department
of Parma-Technik company.
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CYLINDER DEACTIVATION OF INTERNAL-COMBUSTION
ENGINES: HISTORICAL DEVELOPMENT, STATE-OF-THE-
ART AND OUTLOOK
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Abstract

Due to strict emission limits, the automotive industry needs to look for ways to reduce
CO. emissions. One of the ways is to increase the efficiency of internal combustion
engines by technologies like cylinder deactivation. Cylinder deactivation is a fuel
consumption reduction technology. This paper summarises the history of cylinder
deactivation and describes various approaches to the implementation of this
technology, including its potential and constraints. The synergy of cylinder deactivation
with other technologies is also presented and future possibilities are predicted.

1. INTRODUCTION

Cylinder deactivation (CDA) is a fuel consumption reduction technology for internal-
combustion engines. The benefit is achieved in part-load operation. By deactivating
some of the cylinders, the load on the active cylinders increases and the engine works
with higher efficiency and lower BSFC [1]. This effect can be seen in Figure 1, where
the engine map shows that, in the same operating conditions under low engine load,
the BSFC decreases with the decreasing number of active cylinders [2]. CDA also
reduces pollutant emission [3]. This technology is beneficial particularly for throttled
spark ignition engines. Using this technology results in improved combustion and lower
cylinder-wall heat loss [4]. The pumping losses are notably decreased [5]. Figure 2
shows a pressure-volume diagram using a logarithmic scale. The lower part of the
diagram is smaller due to the reduction in pumping losses. There is only expansion
and compression of the trapped charge inside the deactivated cylinders [6].
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Figure 1. BSFC improvement displayed on the engine map
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Figure 2: Pressure-volume diagram of a 1.6 | in-line four-cylinder engine

Most of the engines deactivate a specified number of cylinders for a desired time. This
technology is called selective or fixed CDA. A contrast to this model is presented by
the dynamic or rolling CDA in which each of the cylinders can be deactivated at any
time [7]. Therefore, it is possible to change the number of active cylinders from cycle
to cycle. The main part of this technology is the algorithm. One of the most developed
rolling technologies is Dynamic Skip Fire (DSF).
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2. HISTORY

The first application of CDA is considered to be the one-cylinder ‘hit-and-miss’ engine
from the nineteenth century, which was used in tractors to control their speed [8]. After
that, there were some successful attempts to incorporate CDA, like the Sturtevant
38/45 hp from 1905 [2] or the Enger Twin-Unit 12 from 1917 [9]. To deactivate one
engine bank, the driver had to push a lever. This mechanism closed a butterfly valve
in the intake manifold and moved a camshatft, so that all the exhaust valves on one
engine bank remained open.

In 1981, Cadillac introduced its ‘modulated displacement’ engine V8-6-4 with a
switchable rocker arm. Highway fuel consumption was improved by around 30% [7].
In the same year, Alfa Romeo tried using CDA on the Alfetta CEM. Mitsubishi released
their 1.4 | four-cylinder Orion-MD one year later. The fuel consumption benefit was
11% in the city traffic [7]. The first electronically controlled deactivation system dates
back to 1987 when Ford incorporated the hydraulic rocker arm from Eaton. In 1999
and 2001, Mercedes offered the 5.0 | V8 and 6.0 | V12 engines with CDA. This CDA
system with switchable rocker arms produced a 7% improvement in fuel consumption
in city driving and 20% at a steady cruise [7]. Honda was the first to use CDA
technology in a hybrid vehicle in 2002, specifically the Accord Hybrid V6 [10]. Currently,
many car manufacturers incorporate CDA. The trend is to implement CDA in
downsized engines.

3. EFFECTS OF CDA

3.1 Transition processes

CDA can be classified according to the charge trapped inside the inactive cylinder.
Trapping exhaust gas leads to higher irregularities on the crankshaft. The pressure
stabilises after approximately ten cycles [11]. The deactivation must be maintained for
more cycles to achieve the fuel consumption benefit because of the increased initial
losses caused by friction. The advantage is that the cylinder cools down more slowly
which is beneficial for reactivation. The second option is to deactivate the cylinder with
fresh air inside. The trapped charge loses its tumble or swirl motion. However, the
pressure in the cylinder is lower, which leads to lower irregularities on the crankshatft.
Both exhaust gas and fresh air act as a gas spring. The third option is to leave the
cylinder empty (the inlet valves no longer open after the exhaust gas is expelled). This
shows the greatest benefit in simulations, but it could lead to oil being sucked into the
combustion chamber [12].

3.2 Challenges

Despite the fuel consumption benefit, CDA still has many challenges. There are
thermodynamic losses resulting from motoring deactivated cylinders [13]. One of the
biggest challenges is frictional losses with their nonlinear dependence on engine load
[14]. There is even a possibility of mixed lubrication occurring because of the higher
temperatures and pressure on the bearings [15]. CDA can affect the compressor surge
line of the turbocharger [16]. Another consequence of CDA is an increase in the
temperature of the components [13] and increased engine oil consumption caused by
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lower in-cylinder pressure during the intake stroke and the lower temperature of the
piston rings [17].

CDA changes the NVH characteristics of an engine. All methods lead to greater linear
and torsional vibrations, which means higher amplitudes and lower resonance
frequencies [18]. The current trend is to implement CDA in downsized engines with
few cylinders, where the problem with NVH is even more serious. Some of the
problems can be solved by dynamic CDA. It is possible to avoid the firing frequencies
that would generate high levels of vibration. Therefore, the NVH characteristics of the
engine can be improved in CDA mode. The dynamic method also prevents the uneven
wear caused by selective CDA. There is no problem with oil suction into the combustion
chamber because the cylinder is not deactivated for such a long time.

4. TECHNICAL IMPLEMENTATION

There are many ways to implement CDA. The easiest way to incorporate CDA is to
deactivate the fuel injection. However, the fuel consumption benefit is rather low. The
most common way to incorporate CDA is to use switchable elements like roller finger
follower [19] shown in Figure 3. It consists of two main parts, i.e. an inner and an outer
arm, which are connected by the roller pin and a latch. This latch can be hydraulically
disengaged and no valve lift is provided.

Active Deactivated
cylinder cylinder

Bearing Latch

‘¢

i (@)

Inner arm Outer arm

Figure 3: Switchable roller finger follower

Even engines with hydraulic valve tappets can implement this technology [20]. The
slide pin could be moved by the oil pressure to disengage the valve stem from the lifter.
The valve stem falls into a through hole created in the slide pin. Another way to
implement CDA can be a switchable pivot element [11]. This consists of an inner and
an outer part. In CDA mode, the inner part can be telescopically collapsed into the
outer part to absorb the cam lift. The arrows in Figure 4 mark the place where the oil
pressure must be applied. The same mechanism as for the switchable pivot element
can be applied in the switchable roller tappet of an OHV engine [21].
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Figure 4: Switchable valve tappet (left) and switchable pivot element (right)

Most of the systems are electro-hydraulically controlled. However, there are also
electro-mechanically controlled systems, like electro-mechanical roller follower or
switchable rocker arm shown in Figure 5 [22]. The rocker arm is pivoted on an eccentric
ring with a finger. This finger is locked or unlocked by the ELD (Electromagnetic locking
device). An electrical signal releases the eccentric ring and the ring converts the cam
lift into a rotation around its eccentricity centre. The rocker arm is pivoted on the point
of contact with the valve stem and, therefore, the cylinder is deactivated.

Electromagnetic ~ Rocker arm Lever
locking device

Eccentric ring . Control shaft
with locking

finger and Camshaft

control spring

Figure 5: Switchable rocker arm (left) and UniValve system (right)

The Volkswagen group uses an electro-mechanical system of movable cam sections
to deactivate the cylinders [4]. These cam sections can move axially and there is
a zero-lift cam next to every cam with a full profile. The two-pin electro-mechanical
actuator is located above the Y-shaped spiral grooves and slots the pin into the groove,
which forces the section to move and the zero-lift cam to operate the valve. The second
pin is used in a similar way when the cylinder is to be activated again. The system can
be seen in Figure 6. The arrows in the lower part of the figure mark the position of the
followers.
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Active cylinder Deactivated cylinder
n n FuI -profile cam
Camshaft Cam section

Zero-lift cam

Figure 6: Movable cam sections

The implementation of CDA in engines with VVA is very easy. It is necessary to
implement CDA into the ECU, and there are usually only slight design changes in the
valvetrain. An example is the UniValve system [23] shown in Figure 5: Switchable rocker
arm (left) and UniValve system (right)

. Each valve is operated by two shafts, i.e. the camshaft and the eccentric control shaft.
Both shafts are in contact with a lever part that is in contact with the finger follower.
The control shaft affects the reaction of the lever to the first conventional camshatft.

However, there are many other approaches to CDA implementation like using
additional rotary valves or sliders placed on the inlet and exhaust channels [24]. This
systems suffered from air leakage, insufficient fuel—air mixing and evaporation under
higher pressure conditions. Some of the fixed CDA systems use separated intake and
exhaust manifolds.

5. COMBINATION WITH OTHER TECHNOLOGIES

Even better fuel economy can be achieved by combining CDA with other technologies.
One of these is ADSF, which combines CDA and homogeneous lean burn [25].
Homogeneous lean burn cannot be used under low loads because of the instability of
combustion. CDA can broaden the operation zone of lean burn. Another benefit can
be achieved by implementing CDA in hybrid vehicles. The eDSF technology combines
rolling CDA with hybridisation [26]. The synergy is achieved by expanding the DSF
operation zone through using hybrid torque assist and torque smoothing. Torque
smoothing means generating countering waveforms to smooth the engine output. It
allows more flexibility in DSF operation and better NVH. CDA also shows good synergy
with the Miller cycle [27]. This technology is called mDSF. The CO2 emissions of
technologies mentioned above are compared in Figure 7.
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Figure 7: Carbon dioxide emissions improvement of engines with ADSF, eDSF and mDSF

Implementing also piston deactivation technology could significantly reduce frictional
losses that are higher due to CDA [28]. This technology is based on piston decoupling.
A combination of these two technologies on a V8 spark ignition engine with
displacement of 4.6 | led to a decrease in fuel consumption of 30%. CDA can also
improve the combustion stability of High Fuel Stratification Gasoline Compression
Ignition at low loads [29].

Even though CDA is more beneficial for Sl engines, it has some advantages for CI
diesel engines too. Implementing this technology lowers fuel consumption at very low
load [30]. The most significant benefit of CDA in CI engines is higher exhaust gas
temperature for improved aftertreatment. Higher temperatures help the catalytic
converter to increase its efficiency [31] and they also enable diesel particulate filter
regeneration [32].

A completely different approach is cylinder activation. Cylinder activation can reduce
the number of switching events as the deactivated mode is the main operating mode.
For example, a four-cylinder engine should be converted into a three-cylinder engine
in a four-cylinder crankcase [33]. The fourth cylinder is operated in parallel with one of
the other cylinders. This cylinder is used only for stronger acceleration. The biggest
problem is an unbalanced crankshaft. The BSFC improvement in the four-cylinder
engine with a displacement of 1.4 | is 8.2% at 3 bar BMEP and an engine speed of
2000 rpm. According to the RDE drive cycle, the engine was operating 95% of the time
in the three-cylinder mode.

6. COMPARISON

It is difficult to quantify the fuel economy benefit obtained by CDA in general. The
results depend on the engine specification, used test drive cycle, type of CDA etc.
Chyba! Nenalezen zdroj odkazli. summarises the fuel economy benefits of CDA for
various implementations.

77



Technicka
CEU comes koka 2021
22.-23.9.2021
Enai e Test cycle/ Fuel economy
ngine specification Ref. | Year | CDA type conditions benefit
V8 6.21
Up to 21%
OHV WT , U.S. FTP Y
CR: 104 - 1 [7] 2013 | Rolling (DSF) HEET :S%raev;nth NVH
switchable roller tappet pres.
V6 3.9 | OHV One bank EPA City 5.5%
2007 GM Impala [34] | 2007 | deactivated .
witchable roller tappet cylindersl, 3, 5%
Switchable roll (cylinders1, 3,5) | EPAHighway | 7.5
US-City 7 8
14 1.81 TSI VW Jetta [35] | 2019 | Rolling (DSF) Highway o7
WLTP 6.4%
1416 Fixed, two
CR'.10 0:1 [36] | 2005 | cylinders NEDC 10%
T deactivated
14 1.6 Fixed. two 2000 rpm, 2 bar | 18.5%
Direct injection Y BMEP
[23] | 2013 | cylinders
Turbocharged deactivated 2000 rpm, 3 bar 15%
Univalve BMEP °
141,41 TSI gg‘aegivg t‘gg'”der 25 different 1 23%
VW EA211 [37] | 2018 speeds and : .
. ; (no valve (cumulative)
CR:105:1 L loads
deactivation)
: 0.4 1/100 km
Fixed, two . .
141.41 TSI ! (city traffic of up
Movable cam sections [4l 2012 g}élggﬁze d NEDC to 1 1/200 km)
Fixed, two 247 %
IC4le-’11I rc])“-)tlorcyde [20] | 2010 | CYinders NEDC ECO 46.4 %
SWi-tchébI-e valve tappet deactivated (CDA when
P (outer cylinders) idling)
13 1.0 | EcoBoost Ford Fixed, 1 cylinder 0
Focus turbocharged deactivated On-road ; 4%
Switchable roller finger [38] | 2016 commuter's test
9 Rolling (near Cologne) 6%
follower
. . NEDC 3.6%
131.01 [13] | 2016 gg(aegtiv; t‘gﬂ'”der FTP-75 3.5%
WLTC/ CADC 1% or less

Table 1: Summary of fuel economy benefits for SI engines

The fuel consumption reduction caused by CDA implies emission reduction, especially
CO:2 emissions that rely mostly on the amount of burnt fuel. NOx emissions are strongly
dependent on combustion temperature, load and oxygen concentration. When the load
is higher, the temperature rises and NOx emissions increase. However, higher thermal
efficiency helps reducing these emissions and the increase of NOx emissions in the
deactivation mode can be compensated by an enlarged EGR rate [22]. Higher
concentration of NOx can also be reduced by proper aftertreatment. The conversion
efficiency of catalysts increases at higher temperatures which is an effect of CDA.
Four-cylinder 1.6 | engine showed 28% reduction of NOx emissions over NEDC [36].
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CDA can significantly reduce CO emissions through improving thermal efficiency at
low loads and complete combustion. Tests conducted on GM L94 V8 with
displacement of 6.2 | with DSF showed that at BMEP lower than 1 bar, the reduction
of CO emissions was approximately 60%. Higher thermal efficiency also led to 70%
reduction of CO2 emissions and significant decrease of unburned hydrocarbons at low
loads [39]. Hydrocarbon emissions decrease with rising wall temperature, which is
caused by higher combustion temperature. The analysis of four-cylinder Sl engine with
the deactivation of two cylinders has shown that CDA reduces CO emissions by as
much as 8.5%, the NOx emissions by nearly 10% and HC emissions by 8.7% [40].

7. CONCLUSION

Increasing environmental awareness and emission limitations forces car
manufacturers to implement new emission-reduction technologies like CDA. Even
though the idea is rather old, it was not widely used until the 2000s, because of
reliability issues. This technology helps to decrease fuel consumption and emissions.
However, CDA has some negative consequences too. The most significant ones are
poorer NVH and higher frictional losses. Other consequences are higher engine oil
combustion and an increase in temperature of the engine components. Some of these
problems can be mitigated by using the dynamic method. CDA exhibits good synergy
with other technologies, mostly due to broadening their operation zone. It is expected
that modern engines will be produced with a combination of these technologies to
reduce emissions and satisfy the required limits. However, this makes them more
complex and more expensive.
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THE ROLE OF AUTOMOTIVE THERMAL MANAGEMENT ON
THE PATH TO CARBON NEUTRALITY

Guillaume HEBERT!

Abstract

Transportation, and specifically personal transportation, accounts for a large extend of
the European Union CO2 emission balance. Two extreme different approaches are
competing to reduce it: larger electrification of the transport means and improvement
of Internal Combustion Engines (ICE). Both technologies have to be investigated
holistically, including the effect on energy infrastructure and both present or future
advantages and disadvantages. The author will further discuss the role of thermal
management, both powertrain and cabin, as a key enabler for future progress on
energy consumption of passenger vehicles. Some specific examples will be quoted to
illustrate the discussion.

1. INTRODUCTION

Fight against Climate Change is probably one of the most significant challenge seen
by the industry at present time. It is taken as granted that a positive correlation between
anthopogenic Green House Gases (GHG) emissions and average atmospheric
temperature exists [1]. As transportation in general, and road transportation
specifically, represents an important share of global GHG emissions (Fig.1), the goal
fixed by the Paris Agreement to limit average atmospheric temperature rise below 2°C
as compared to pre-industrial times, leads therefore to some necessary adaption in the
transportation sector. In the rest of this article we will focus on road transportation and,
more specifically, on Light Duty Vehicles (LDV), sometimes also called Passengers
Vehicles (PV).

1 Guillaume HEBERT, Hanon Systems, Zavodni 1007, 687 25 HLUK, Czech Republic,
ghebert4@hanonsystems.com
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Figure 1: Distribution of GHG Emissions in 20172

If Paris Agreement goal has to be linearily transfered to each aspect of human
activities, then it means that we need to reduce LDV vehicles GHG emissions by, at
least, 5% every year until 2050. The problematics is not new and there were already
multiple attempts to reduce these emissions, by means of technology and / or
legislation. Therefore, one may find interesting to look at backward data and
understand what the industry as a whole was able to achieve by now (Fig.2 & 3),
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Figure 2: Energy Cost of Transportation per Distance [2].

2 Data source: https://ec.europa.eu/eurostat/cachel/infographs/energy/bloc-4a.html.  Graphics:
G.HEBERT
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Figure 3: Average CO2 Emissions of New Passenger Cars in the EU [3].

From Fig. 2, it can be seen that cars have clearly become more efficient, reaching
today the same energy consumption level as horse transportation! However, as shown
in Fig.3, the progress has slow-down and even reversed since a couple of years due
to mainly more sales in gasoline engines (which are still less efficient than diesel
powertrains they replaced), increase weight of new sold vehicles, deterioration of
aerodynamics linked to the success of SUV and bigger car architectures.

To better understand which levers can be activated to further reduce GHG emissions,
one may find interesting to express those as proposed by the Japanese economist
Yoichi Kaja [4] (1):

Carbon Emissions * Energy Consumption Gross Domestic Product
Energy Consumption  Gross Domestic Product Total Population

* Total Population (1)

Carbon Emissions =

From an engineering perspective, we can focus on the first two ratios. Translated to
the use case of car, the first ratio represents fuels and energy carrier carbon intensity.
The second ratio is then related to vehicles energy efficiency. In the rest of this article,
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we will focus on ways to improve the second ratio, specifically speaking of powertrain
efficiency and energy needed to ensure passengers comfort.

2. ENERGY USAGE OPTIMIZATION THROUGH ADVANCED
THERMAL MANAGEMENT

Most of GHG emissions of cars can be correlated to its energy consumption. In a
conventional powertrain, a significant part of the energy consummed is being released
to the atmosphere as heat, due to the relatively low efficiency of the energy
transformation proces from chemical carrier (fuels) to mechanical work. On the other
hand, alternative powertrain like Battery Electric Vehicles (BEV) often suffer of lack of
thermal energy and require incremental energy (electricity) consumption to fulfill basic
functions as cabin heating for example. Fig.4 shows an overal summary of the need
for heating and cooling of various car sub-systems.

Ambient Operating Range

Conventional ICE Designed for fast warm-up Derate

E-motor | Reduced Eff'y Derate

p— | POWERTRAIN |

Inverter Derate
Battery Reduced |Perf. Reduced Life
—
Pass. :
Passenger (Cabin) Discomfort Pass. Discomfort | COMEORT |
-40 -20 0 20 40 60 80 100 120

Temperature (°C)
Figure 4: Temperature Operational Range of Vehicles Sub-Systems [5].

It appears that the most critical items can be grouped in two categories, powertrain and
comfort, and both need to be addressed.

2.1 POWERTRAIN
2.1.1 Internal Combustion Engines (ICEs)

Despite recent ,hype“ to alternative powertrains, ICEs are still the predominant
powertrain and will still be present in most markets for upcoming decades. It is
therefore fundamental to continue improving them toward better Brake Thermal
Efficiency (BTE). On Fig.5, the maximum thermal efficiecny of available modern
gasoline engines is displayed as function of the engine specific power. 40% maximum
BTE is now getting achievable and further advanced studies tend to show that 50% can
be achieved with full map A=1 combustion (stoichiometric engine) [7] & [8].
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Figure 5: Temperature Operational Range of Vehicles Sub-Systems [6].

What these efforts have in common is, among others, the use of advanced thermal

systems, as:

- Increase Compression Ratio (CR). Dilution of the gas mix in the combustion
chamber is necessary to avoid knock; that can be achieved by various means
out of which higher rate of Exhaust Gas Recirculation [9] and Water Havesting
/ Injection involved advanced thermal systems [10]. The effect on overal fuel
consumption for various driving cycle can be seen on Fig. 6.

- Usage of exhaust waste heat, as an immediate heating source or with time

dephasing through storage

[11].

- Drag Reduction linked to reduction of Front End Cooling Module area. This can
be achieved by adopting a higher nominal cooling liquid temperature [12], and
peak heat accumulation. It can be noticed that this will have a secondary effect
of limiting internal engine friction, as per the ,no-flow strategy” described by Dr.

Johann Himmelsbach.
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Figure 6: Fuel consumption benefits of EGR and WI for various drive cycles [13].

On top of optimizing the ICE itself, hybridation can enable to make a better use of the
engine, as described in Fig. 7, by cancelling the need of engine run at area of the map
which are far from the optimal, e.g. low load.

LET Reduction N él
/ \‘":I;tjrbocharger
">, Optimization

I Reduce

Enrichment
A=1

BMEP (bar)

Figure 7: Operating Strategies for Hybridation®

When considering hybrids, thermal systems as heat recovery and storage can also
help faster achieving the cooling liquid temperature threshold and therefore enabling
longer and more often pure electric drives.

2.1.1 Battery Electric Vehicles (BEVSs)

As far as BEV are concerned, the main powertrain thermal challenge remains battery
thermal management, as described in Fig. 8. When lowered temperature can prevent

3 Adapted by Guillaume HEBERT from Graham CONWAY, SwRI, April 2021
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a full capacity charging, higher temperature creates safety issues, e.g. thermal
runaways.

Human Factors

Mechanical Abuses
Ageing
Perforation Crush Deformation
-

Electric Abuses

Internal Short Dendrite Over-Charge / External Short
Circuit Discharge Circuits
External Thermal Abuses
Extreme Thermal External Fire
Temperature Shock Event

High Temperature, Uncontrolled Generation of Heat & Gas

sssss

GENERATION?

HEAT DISSIPATION
> HEAT @ [ Thermal Runaway ]

Figure 8: Rationals for Li-lons Batteries Thermal Management*

Several concepts for battery thermal management are known and have been
implemented on various BEVs, for the so-called ,Li-ion“ batteries currently in
production:

Air cooling. This is the easiest and most cost effective solution but presents
limited heat dissipation, especially at no / low-speed, if no blower is used (i.e.
passive air cooling). It can be found on either low performance BEV (e.g. Nissan
Leaf) or hybrid vehicles (e.g. Toyota Prius).

Refrigerant cooling. In this case the caloriferic medium is refrigerant which flows
through a bundle of extruded tubes in contact with the batteries. This is a system
which was widespread by car maker as BMW. On top of adding some heat in
the Air Conditioning (AC) loop it also presents significant hurdle in terms of
heating at low temperature, which requires direct resistance electric heating and
therefore negatively impacts the BEV range.

Liquid cooling / cold plate is the most widespread system available in various
shapes from cold plates (e.g. VW ID3) ort he so-called ,cooling snake“ from
Tesla. Despite the fact that moving to higher voltage charging system can help
to reduce current (and therefore dissipated heat), the main hurdle comes from
limited capacity to absorb peak heat, up to 12 kW, during fast charging.
Therefore, immersion / di-electric cooling is seen as a promising technology to
garantee a narrow range of temperature even for the most demanding use
cases. There are various technical principles (e.g. 1 or 2 phases pumped, spray,
pool boiling or vapor chambre, gap filler, static bath) which involve oil or
fluorinated liquids. Applications out of automotive are known for transformaters

4 Adapted by Guillaume HEBERT from Cecile PERA, OROVEL, 2021
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or fighter aircraft radars for example but can also be seen in Formula 1 or
Hypercar BEVs, e.g. RIMAC, McLaren. Out of the benefits, a faster charging
time can be achieved, higher power/energy ratio, increased safety (no fire
propagation possible as heat can be easily dissipated cancelling the need for
charging power limitation), compatibility all cells shape factors and longer
battery life time due to narower temperature range being kept [14].

2.2 COMFORT

Comfort function, i.e. cabin tempering in attempt to meet passenger termperature
expectations, is now one of the most limiting factors in term of energy usage
optimization, for both cold and hot conditions (see Fig. 9).

Performance [kW]

Propulsion (min. for city drive)

Cooling *

| Dehumidification

(reheat)

Figure 9: Required Heating and Cooling Performance [15]

In case of an ICE equipped vehicle, including hybrids, the cold condition heating can
be in most cases ignored, except at start, because of the excess of heat energy
provided by the combustion process. Cold starts are generally handled through
Positive Temperature Coefficient heaters (PTC), sometimes suppleting by various
systems as supplemnetal fuel burner or Exhaust Heat Recovery Systems (EHRS) [11].
However, this is not possible with BEV, where heating / cooling and necessary calorific

fluid movement consume electricity, i.e. have a direct negative impact on the range of
the vehicles as displaid on Fig. 10.
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Figure 10: Variation of Various BEV Range as a Function of Ambiant Temperature®

Different thermal management technologies can there being used to reduce the
impact. The most common approach will be usage of Heat Pump (HP) which efficiency
can be optimized by moving from regular R1234yf refigerant to R744 (CO2) or R290
(Propane). However, usage of those alternative refrigerant is not neutral for the thermal
management system:

CO2 requires to work at higher pressure, which means that every single
component needs to be re-designed and comes with extra cost.

Propane, on the other hand, is having a higher flammability, which is
problematic in a close environment cf civil engineering where the unit can be
positioned on the roof, i.e. propane diluted under the lower flammability limit in
case of leak. This can be walked around by limiting the charge in the system,
i.e. the amount of refrigerant. One way of achieving it is to reduce the overal
size of the circuit by bringing all component into a compact unit. The refrigerant
to ambiant Heat Exhanger (HEX), i.e. condenser, is then replaced by a water
cooled one, the electric compressor, as well as the evaporator are closely
assembled leading to a significant reduction of the Fluid Transport (FT) lines
enabling the charge reduction at iso system performance. It has to be noticed
that this approach is also very convenient for OEMs as it offers a full AC/HP as
a ,black box“, with only electric and cooling liquid interface, limiting the problems
of refrigerant fittings and leakage.

Looking at standard cabin heating system architecture, one can assess that this is not
really optimized to minimize the energy consumption. Especially in mid-cold condition,
ambiant air needs to be dehumidified before being blown which results in first cooling
air down to force water content to condensate and then heating it to target temperature.
In parallel the air in the cabin, which is already tempered, is being extracted in order to

5 Guillaume HEBERT, 2021, data https://www.geotab.com/blog/ev-range/
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limit the concentration of pollutants and water vapour in the cabin. A walk around
solution could be in to increase the recirculation rate, which can be achieved by adding
different filtering and dehumidification systems into the Heating Ventilation & Air
Conditioning system (HVAC). Nowadays, in time of pandemics, one can also think of
adding various UV and ionizer units to decontaminate the cabin air. It can be seen in
Fig.11 that an extreme recirculation approach combined with an HP circuit can
significantly improve the drive range of BEV, i.e. the energy consumption.

(== T = =T = T = = = = = =

20 5 1 5 0 5 0 ] 20 25 a0 35 40

Ambient Temperature [°C]

Figure 11: Heat Pump & Recirculated Air Effect on BEV Range [15]

Analysis of customer usage shows that in most of the cases, the mean number of
passengers in the car is limited [16]. The rational of heating the full cabin volume (e.g.
up to 4 m3 for a MPV) is therefore questionable. Alternatives can be local heating /
cooling system targeting the most impacting body parts of the passengers to provide
a ,feeling” of comfort, as shown in Fig. 12. Among those systems are e.g. steering
wheel heating, seat heating and cooling, radiative surfaces, heat absorbing materials.

T Mean body comfort with 18°C air
+ 50°C surfaces, matches 22°C

/ air heating.
A.-—-"_’__'_F—‘
.—-__—-_.________.——'——-

WLTC Drive Cycle
= similar length to
average European
Commute

COMFORT ZONE

10% Saving of range /

electricity consumption with one
occupant, 5% with 2 occupants.

0 10 20 30 40 50 60
Time [minutes]

22°CBaseline -w18°CBaseline -#18°C air / 50°C heaters

Figure 12: Improved Comfort and Reduced Energy through Heated Surfaces®

6 Source : Autoneum. https://www.autoneum.com/innovation/research-and-development/
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Very recent material research has even demonstrated the theoretical possibility to
transform the cabin heat wave length to mid infrared spectrum, for which the
atmosphere is prooven not being absorptive. At the end of the day, that could provide
a ,cabin to space“ HEX, taking advantage of the higher temperature difference
possible, providing an economical solution for supplemental cabin cooling during hot
days [17].

2.3 ELECTRIFICATION OF ACCESSORIES

A category which should not ignored to optimize the overal energy consumption is
composed of accessories, e.g. coolant pumps & valves, Electronic Refrigerant Valves
(ERV). With the increasing trend for electrification, these accessories are also being
electrified. It is difficult to seggregate them between powertrain and comfort related, as
the different loop are nowadays often connected as it can be seen on Fig. 13.

2-2 Binary Coolant - 3-Way Refrigerant || 3-Way Refrigerant
g Valve hi2\0ooken} Vel Valve Block Valve
- -
5 3
; \
! \

Figure 13: BEV Thermal Management System Lay-Out

All these mechatronics devices need to be optimized to limit their energy consumption
Compared to previous system generation (e.g. mechanical pump, more simple coolant
valve), it comes with more precise temperature control and provide energy on demand.
The energy savings may not seem at first glance significant [18], but this is part of a
.snow-ball effect’: every minor contribution enables better energy optimization of the
whole systém and can drive to further savings, leading to overal remarkable results.
Fig. 14 displays an example of saving achievable when switching from a standard
electric coolant pump to a dual mode one, i.e. size for lower power output but capable
of peak higher power for limited period of time.
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As far as coolant valves are concerned the two main trends are the usage of efficent
Brush-Less Direct Current (BLDC) motors and multi-wet sides architecture, i.e.
changing from simple on / off valves to variable flow, multi-directional and multi-coolant
circuits. It can be noticed that the different architectures can be obtained by just
adapting the ,wet side“ on standardized ,dry-side®, therefore limiting the development
and validation required for each application as well as simplyfying the control
interfaces. The refrigerant valves can follow the same approaches. This results in
simplification of the circuit (thanks to combination of functions, one unit can then
replaced different products, e.g. 1 refrigerant valve = Shut-Off Valve —-SOV- +
Expansion Valve —EXV-), reduction of the electric consumption. Compare to a
standard valve actuated with solenoid, the energy consumption is reduced by 99,5%
as the holding current is 0. This second effect (reduced energy consumption) is
amplified by the first one (reduction of the amount of components), as described in the
example from Fig. 15.

System Alr o Ale Heat-Pump Architecture Air HP-mode

"/ - ’-I7 S ;

. = :
e ]'{(’Tl
‘IQ:‘ A A
b S

shut-off 7 x E-Sol. Valves 4 X ERV
Valves
Expansion -
Valves 4 x Orifice 2 x ERV
Average
electric (7+4) * solenoid conso = (4+2) * BLDC conso =
Consumpti 100% 0,3%

on

ERV vs. Orifice / solenoid is providing maximum degree of freedom:
= Position Control and regulation accuracy

+ System design and setup under all conditions
* Reduce Valve amount from 11 to 6

Figure 15: Example of System Optimization (HP) through Upgraded Components [19]
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3. CONCLUSION

At the end of the day, both powertrain and comfort thermal management is at the heart
of the further automotive energy optimization, therefore a ,must” step toward a real Life
Cycle Analysis (LCA) ,Net Zero“ carbon footprint in this sector. Current transformation,
including fairly quick outphasing of ICE in Europe, is being underlied with 5 key
customer drivers, all of them are highly impacted by thermal management:

How to provide current level of comfort function at the minimal energy cost
BEV acceptance will be linked to their ,user friendliship” : limit energy
consumption through aerodynamics improvements via advanced cooling
system may helps fight the ,range anxiety” by limiting the charging frequency
Autonomous driving, when it will come, will bring additional sensors and
components (e.g. radar, LIDAR, cameras...) to be thermally managed. This
additional power to be dissipated can be estimated in the range of 10-12 kW
Cars haring is most likely to change durability expectation, as the vehicles will
be considered as investments and the avoidance of parking costs may lead to
run the cars almost 24/7. Then it can be expected that the usefull lifetime of a
LDV, today considered being 250 000 km, may raise to the level for Heavy Duty
Vehicle, i.e. 1 200 000 km. This will also apply to thermal management
components

Finally, transition to new vehicles can only be sucessful is they remain
affordable, which is still a challenge for BEV regarding tot the total cost of Li-lon
batteries. Efficient thermal management, when optimizing the energy
consumption, can significantly helps reducing the amount of batteries needed
to support a given mission profile.
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COMPARISON OF 12 V NETWORK POWER SUPPLY
STRATEGIES IN A CONVENTIONAL VEHICLE AND THE
EFFECT ON FUEL CONSUMPTION

Jolana Hefmanova?, Rastislav Toman?

Abstract

The main purpose of 12 V onboard electric network is to power several key vehicle
systems and number of other onboard consumers. For this purpose, the Internal
Combustion Engine Vehicles (ICEVS) are equipped with an alternator and a 12 V
battery. As the number of vehicle systems and control units in vehicle is increasing and
the start-stop system is widely implemented, much higher demands are placed on the
alternator and 12 V battery. With stricter limits on CO. emissions, it iS necessary to
focus on the 12 V network power supply strategy. The aim of this work is to compare
several approaches to powering the onboard network. The first variant is a strategy of
maintaining a constant voltage of the 12 V battery. The second variant distinguishes
several voltage targets for different driving modes based on the actual SOC, Internal
Combustion Engine (ICE) speed and actual required power necessary to drive the
vehicle. For this purpose, a 1D simulation model of a conventional car was built in the
SW GT-Suite, charging strategies were implemented and the effects on fuel
consumption were compared.

1. INTRODUCTION

The pressure on the automotive industry has led the car manufacturers to search for
any possible ways to lower their fleet fuel consumption, i. e. CO2 emissions. Because
of the penalties for each gram of CO2 emissions exceeding the stated limit, even
solutions that promise CO2 emissions reduction in the order of 1 gram or a fraction of
gram are very valued. In recent years, it was one of the reasons that led to wider
implementation of the intelligent alternator regulation in conventional vehicles. With
little additional hardware costs the fuel savings can range between 1-4 % of CO:2
emissions (according to the [1]).

1 Jolana Hefmanova, Czech Technical University in Prague, Technicka 4, 166 07 Praha 6,
Jolana.Hermanova@fs.cvut.cz

2 Rastislav Toman, Czech Technical University in Prague, Technicka 4, 166 07 Praha 6,
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Today these levels of fuel savings are no longer sufficient, and the fleet has to contain
a large part of BEVs and Plug-in HEVs to be able to lower their fleet CO2 emissions
under the stated limit. Nevertheless, the portion of ICEV vehicles produced still prevails
and the study of the intelligent alternator regulation is relevant.

The aim of this work is to build a 1D simulation model of a conventional vehicle with
detailed on-board electric network and to compare an intelligent alternator regulation
strategy with a simple one.

e The first modelled strategy aims to simply maintain constant voltage of the 12 V
network.

e The second modelled strategy is based on set of voltage targets, that vary
depending on the actual ICE (actual required power and speed) and battery
(actual SOC) conditions.

The second aim of this work is to use this model and developed methodology to
guantify the effects of additional 100 W of electric on-board consumption on the fuel
consumption.

All simulations are using the WLTP speed profile and gear shifting points.

The structure of the article is as follows: The first chapter — the introduction, is focused
on the state of the art, it briefly describes the 12 V system components and then the
common control strategies. The second chapter describes the methodology, the
simulation model and implemented strategies. The third chapter presents the results
of performed simulations and the fourth discusses the obtained results.

1.1 12V system

The function of the 12 V system is to ensure that the vehicle network always can meet
the power demand of all consumers — that is firstly to always ensure that enough power
is stored in the battery to start the ICE. Secondly it has to supply power to other
consumers that are necessary to drive the ICE and vehicle during operation, and thirdly
it supplies power to other safety, convenience and comfort on-board consumers.

For this purpose, the network consists of these main components: Alternator, Starter,
Battery, and on-board consumers.

1.1.1 Alternator

Alternator is an AC electric generator with rectifier diodes to supply DC to the vehicle
electric network. The main task of the alternator is to supply the network with enough
power to meet the demand of electric consumers, and to charge the battery. It should
be able to maintain constant voltage throughout the ICE operating speed and load
range. Other requirements are these: high efficiency, low operating noise, robust
design, long service life, low weight, compact dimensions. [1]

The alternators should be used in higher motor speeds, therefore the gear ratio to ICE
should be used accordingly. Usually it is around 1:2.2 or 1:3 in passenger cars. The
nominal power varies from 1 to 3 kW and their efficiency is around 70-80 %. [1]

1.1.2 12V battery

The main purpose of 12 V battery in conventional vehicle is to supply power to start
the ICE and then to supply power to the other consumers when the ICE is not
operating, or the actual alternator power output is lower than the actual demand.
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To supply power for the ICE start and to power other vehicle consumers — those are
two very different requirements. The ICE start means load of around 300 to 500 A for
a very short period of time. During other periods only small loads are necessary — the
battery works like “general-purpose electric supply”. The battery design is always
a trade-off between high output (high power density) and high capacity. [1]

Battery’s performance differs in dependence on the ambient temperature and its
location in the vehicle. In cold ambient temperatures, the battery that is located in the
ICE compartment can be warmed up more quickly, than in the luggage compartment.
Also, the battery located in the ICE compartment has to be shielded from the higher
temperatures from ICE. Negative aspects of positioning the battery in the luggage
compartment are higher losses in the wires and higher voltage drop. [1]

There are two types of lead acid batteries, that can be used in vehicles with start-stop
system and the intelligent alternator regulation. Those are AGM (absorbent glass mat)
and EFB type (enhanced flooded battery). Both can operate in lower SOC level than
the standard wet-flooded batteries, can absorb higher charging currents and have
higher cyclic durability. The AGM are usually used in higher specification vehicles that
have functions like start-stop, regenerative braking, and passive boost. [1]

1.1.3 Starter

Starter is a DC electric motor with rated power up to 2.5 kW, current load varying from
200 to 1000 A. The gear ratio between the ICE and the starter is usually between 1:10
or 1:20. As its purpose is to start the ICE, the main demands are focused on
convenience, safety, quality, and low noise levels. Higher demands are placed on the
starter when it is equipped in a vehicle with start-stop system. It needs quicker and
lower-noise level starts. Also features that prolong its life are necessary.[1]

1.1.4 On-board Consumers

According to duration of load, the consumers can be divided into these groups: the
continuous loads (electric fuel pump, ECUs...), long-term loads like lights, car radio,
electric radiator fan, and the short-term loads like electrical seats adjustment, power-
window units, turn-signal lamps. The consumers are also divided according to the
terminal to which they are connected. The first group is powered only when the ignition
is on. The second group can operate even when the ignition is off. Those are for
example: car radio, or auxiliary heating. There is also a group of “no-load-current
systems”. One example is the anti-theft alarm system. Typically, the current for these
systems in passenger cars should be under 3-10 mA.[1]

1.2 Common strategies:
The basic control strategy is to keep constant system voltage to ensure that battery is
fully charged. The output of alternator is regulated by excitation field by pulse-width-
modulated PWM current in the rotor winding. The regulation must work in the whole
operating range of speed and load.[1]
The general ways to reduce fuel consumption are these:

e avoid ICE idling by using the start-stop system,

e increase efficiency of power generation — generate power during fuel-cut off

periods,
e isolate the accessories from the ICE and power them from the electrical system,

99



CZU foonmckd  KOKA 2021

22.-23.9.2021

e integrate the electrical energy management system, so it can be switching off
or reducing power demand when it is convenient. [1]

The vehicle fuel consumption can be lowered also by adapting the strategy to actual
driving conditions. These systems can be called like Intelligent Alternator Activation,
Load-response driving, or Intelligent alternator regulation and recuperation, passive
boost... [1]
Main functions of the electrical energy management are these: no-load mode,
switching of consumers, increasing alternator output. The no-load mode monitors the
battery state to ensure the startability when ICE is off. When necessary it can reduce
power consumption of the consumers. The switching of consumers is used to reduce
power demand peaks, or when the battery SOC is low, then to recharge it quickly. The
consumers that can be turned off or their power supply can be reduced are the
convenience and comfort consumers. But these situations should occur rarely. The
increasing of alternator output is used especially during vehicle deceleration (during
overrun fuel cut-off) to recuperate the vehicle kinetic energy. In this moment the
electrical power is generated without the increase of fuel consumption. On the other
hand, if the alternator works with low efficiency, its output can be lowered. Another
case of alternator increased output occurs if the battery SOC is too low. Then the ICE
stays idling during the stop phases and the idling engine speed is increased, to charge
the battery. Unlike in ordinary voltage control, the battery is not operated at its
maximum SOC. The recuperation function requires that the battery is in a “partial state
of charge” to be able to absorb the power from recuperation. These functions generally
increase thy cyclical variation of the battery. The AGM batteries (absorbent glass mat)
are better suited to such operating conditions. Usually, the fuel savings can be between
1-4 %. [1]
The fuel savings depend on the vehicle type and the implemented strategy. In [2] the
authors achieved by optimizing the control strategy the fuel savings of 1,7 % compared
to traditional voltage control (but without the balanced battery SOC). In [3] there is
a similar comparison (using the Pontryagin’s Minimum Principle), the improvements in
fuel consumptions were around 1 % - small in absolute value but possible to achieve
without additional hardware costs. Similar results were achieved in [4] using the ECMS
method.

2. METHODOLOGY

In this chapter firstly the GT-Suite simulation model of a conventional vehicle is
described. Second part of this chapter is focused on implementation of charging
strategies into the model. The third describes the methodology behind the sensitivity
analysis of on-board electric energy consumption.

2.1 Vehicle

The vehicle chosen for this article is a A0 Class conventional vehicle (fully equipped)
with manual transmission, front-wheel drive. The chosen driving cycle is WLTC and
the gear shifting points are calculated according to the WLTP regulation.
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2.2 GT-Suite model
The simulation model was built in GT-Suite 0D/1D simulation software. It is a basic
ICEV model with detailed 12 V electric system (figure 1).
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Figure 1: Basic ICEV model
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Figure 2: Detailed 12 V system model

The modelled 12 V electric system (figure 2) consists of these main parts: 12 V battery
model, starter electric motor, alternator electric motor, and on-board consumers
modelled with electrical resistor.

2.2.1 12V battery

The battery is modelled with a resistive electrical-equivalent battery model based on
open-circuit voltage and internal resistance characteristics — both differs for charge and
discharge. The battery data used in this model comes from measurement. The internal
resistance is dependent on the duration of load — 1, 2, 4, and 10 seconds. The
temperature dependency is neglected. It was verified in a measurement that the
temperature changes of the battery in the ICE compartment during the WLTC cycle
are low.

The battery is connected to the electrical circuit via electrical connection, also the
required load is expressed via voltage and current. The battery type used in this model
has capacity of 49 Ah, and it is a lead acid battery of the EFB type.
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2.2.2 Alternator

The alternator is modelled as a map-based electromechanical Motor/Generator. The
inputs are the efficiency map and line of minimum torque dependent on RPMs. It is
connected to the ICE via mechanical link with a given gear ratio and then to the
electrical system circuit with electrical connections (Voltage, Current). The demanded
electric power is transmitted to the alternator via the signal from the strategy.

2.2.3 Starter

The starter is also modelled by the mapped electromechanical motor/generator. Its
purpose is to start the ICE after every stop phase and therefore to allow simulation of
the start-stop functionality. It is modelled with constant efficiency and constant
maximum torque. After the ICE is turned on the starter is disconnected.

2.2.4 On-board Consumers

In electrical circuit in GT-Suite the on-board consumption can be modelled as an
electrical resistor that dissipates electric power. The electric consumption can be
entered like a constant value through the driving cycle or like a time dependent profile.

2.3 Control Strategies
In this article there are two strategies that are compared. — the Constant Voltage
Control and the Variable Voltage Control. Both are implemented using a PID controller
that is targeting to a voltage target and its output is the required electric power demand,
that is sent to the Alternator.

2.3.1 Constant voltage control

The first strategy is a simple strategy that aims to maintain the same system voltage
during all conditions. The target voltage is lowered when the battery SOC is higher to
prevent overcharging. It is necessary for comparability of variants to assure that that
the initial battery SOC equals to the end SOC. That is ensured by the level of the
voltage targets (figure 3).

Constant Woltage Control
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Figure 3: Constant Voltage Control: SOC dependency
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2.3.2 Variable Voltage Control

The second strategy is based on variating the voltage targets according to the actual
driving conditions. Those are the actual battery SOC, actual ICE power demand and
actual ICE speed (figure 4).
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Figure 4: Variable Voltage Control: SOC, ICE speed and ICE power dependencies

The target voltage is chosen from these 1D lookups as the minimum value. With these
exceptions: 1) if the ICE is turned off, then the PID controller is also turned off, 2) during
ICE start (until ICE reaches idle speed, the PID is turned off, 3) if the required ICE
power is negative, then the strategy ignores the ICE speed dependency and choses
the limit dependent only on SOC and required ICE power.

It is a rule-based strategy that contains dependency limits that can be used in an
optimization task. As it is difficult to “guess” the limits or chose them from previous
experience so well to achieve the balanced battery SOC (the same SOC level at the
beginning and the end of simulation), it is convenient to use the integrated design
optimizer that GT-Suite offers. In this case an optimization task was run to find the
above-mentioned limits, that can meet the balanced SOC condition, and also minimize
the fuel consumption. The fuel consumption is the main objective of this strategy and
the second objective of this optimization — the balanced SOC — ensures that the results
are comparable with each other.

2.4 Sensitivity analysis

The above-described model with the methodology to achieve balanced battery SOC
can be used to quantify the fuel consumption increase with 100 W on-board electric
power consumption increase. The levels of on-board electric power consumption that
were evaluated are these: 100 W, 200 W, 300 W, 400 W, 500 W and 600 W. In every
variant the consumed power stays constant during the whole cycle, even during the
stop phases. The model with variable voltage control was used for this purpose and
each variant has its own set of voltage targets to achieve the balanced battery SOC.
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3. RESULTS

This chapter presents the obtained results. Firstly, there is a description of the
simulation settings — the vehicle, on-board network and strategy settings. Then there
are the results from the WLTC cycle simulation in GT-Suite with the two implemented
strategies — the Constant Voltage Control and Variable Voltage Control. These results
are presented in graph of time profiles (strategy inputs and outputs), the set of
operating points in ICE fuel consumption map and in alternator efficiency map, and the
final fuel consumption — the achieved CO2 emissions savings. The last part shows the
results of the sensitivity analysis of ICE fuel consumption on the on-board network
energy consumption.

3.1 Additional simulation settings

Every simulation starts with the battery SOC of 89 %.

The simulations of the constant voltage control and variable voltage control have an
additional input for the base on-board electric power consumption. This consumed
power was chosen based on the measurement of the same vehicle in WLTC. The
values are filtered and then used as a time profile dependency in both strategy focused
simulation variants (figure 5).

On-board electric consumption

-2501

Power [W]

0 500 1000 1500 1800
Time [s]
Figure 5: On-board electric consumption

3.1.1 Constant voltage control strategy simulation

The simulation runs firstly with a manually chosen voltage target. To obtain the result
with balanced battery SOC the voltage target has to be modified. For this purpose, the
integrated optimizer in GT-Suite was used and the modified voltage targets were
obtained. The final voltage target for this variant is shown in the figure 3. In this case
the target voltage is 14.2 V under battery SOC of 88%, for higher SOC it decreases to
11 V.

3.1.2 Variable voltage control strategy simulation

The same approach was taken in case of the variable voltage control strategy
simulation. In addition to the battery SOC dependency, there is a dependency on ICE
speed and ICE required power. The voltage targets that are the output of the optimizer
are shown in the figure 4. The maximum voltage target is 14.7 V and can be applied
only if the SOC is lower than 91 % and the required ICE power is negative (in phases
of deceleration). During normal driving condition the voltage target is very low (11.6 V)

104



CZU foonmckd  KOKA 2021

22.-23.9.2021

for the ICE speed higher than 2500 RPM. No charging will occur during these
moments.

3.1.3 Sensitivity analysis

For the sensitivity study, the time dependent power curve (of on-board electric
consumption) is replaced with constant values from 100 W to 600 W. The optimization
step is also necessary to ensure the balanced battery SOC.

3.2 Comparison of control strategies

The figure 6 and figure 7 show the simulation results in WLTC cycle. The figure 6
shows the inputs to the strategy — ICE speed and ICE power. The second one — figure
7 shows the outputs of the strategy — the system voltage, that is the controller input,
that is targeted and — the alternator power — that is the output of the controller. In the
second graph the main difference between the strategies can be seen. The constant
voltage control targets to one voltage target that varies only with battery SOC to
prevent overcharging and ensure balanced battery SOC. On the other hand, the
variable voltage control varies the system voltage according to the actual driving
conditions and thus changes the required load of the alternator to the ICE.

Strategy Comparison
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Figure 6: Strategy comparison: inputs
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Strategy Comparison
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Figure 7: Strategy comparison: outputs
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The figure 8 shows then how the operating points of both ICE and alternator look like.
The main visible difference between the two strategies can be seen in the alternator
efficiency map. Nearly no operating points are located in the alternator higher speed
areas (above 10 000 RPM) — in case of the variable control strategy. Also, the
operating points from area of low speed are shifted to areas with higher loads and

better efficiency.
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Figure 8: ICE fuel consumption map, Alternator efficiency map

The table 1 shows the comparison of WLTC fuel consumption of both variants. The
fuel savings achieved by variable voltage strategy are around 1 gCO2/km (0,8 %).

106



CZU feomicks KOKA 2021

22.-23.9.2021

WLTC Fuel
Consumption [g€0,/km] A [g€CO,/km]
[17100km]
- - '

Constant Voltage

Variable Voltage Strategy - - -1,07

Table 1: Constant Voltage vs. Variable Voltage strategy comparison: fuel consumption
results

3.3 Sensitivity analysis — On-board consumption variants
The figure 9 shows results of variants with different levels of onboard consumption.
Only variants of 100 W, 300 W and 500 W are shown, to maintain clarity.

Sensitivity analysis - on-board consumption variants

| |—100wW | P
: | ba
g 500W . =
5l 80 | _vehicle speed 10.90 |‘.(-_’
® 60 . : 089 5
g I} - joes ' 2
o 20 W~ ¥ | 087 &

15.00
114.00
~413.00
412.00

Voltage [V]

rr[rr
WMJ

-0.500 |

Power [kKW]

0 500 1000 1500 1800
Time [s]

Figure 9: Sensitivity analysis results

The table 2 then contains complete results with differences between subsequent
variants. The average difference per additional on-board electric consumption of 100
W is 1.6 gCO2/km.

On-board electric WLTC Fuel
et an i [9€0O,/km] A[g€CO,/km]
[17100 km]
-

100 W
200 W - - 1,8 )
300 W - - 1,4 )
400 W — - 1,8 )
500 W .. - 19 )
600 W .- - 1,1 )

Table 2: Sensitivity analysis results
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4. CONCLUSION

The aim of this work was to build a conventional vehicle model with detailed 12 V
network, implement one basic power supply strategy and one intelligent control
strategy and compare their results. The second aim was to quantify the impact of
higher on-board electric consumption on the fuel consumption.

For this purpose, 1D simulation model of ICEV vehicle (A0 Class) in GT-Suite software
was built. The detailed 12 V network model consists of electrical circuit with these
components: 12 V battery, alternator, starter, and electrical resistance to model the on-
board energy consumption. The first strategy that was implemented is a simple
constant voltage strategy. The strategy is based on a PID controller that ensures that
the target voltage is achieved. The target voltage is one constant value and is lowered
when high SOC is reached. The second strategy is the variable voltage strategy based
on variable voltage target dependent on actual ICE conditions (ICE speed and power)
and battery SOC. Both strategies have to achieve a balanced battery SOC (the SOC
at the beginning equals to the SOC at the end) in order to be comparable, for this
reason the voltage target values are tuned. With this variable voltage strategy, the
WLTC fuel consumption (in CO2 emissions equivalent) can be lowered by about 1
gCO2/km in comparison to the simple strategy. Using the optimal control methods, the
fuel savings achieved can probably be a little higher, but the applicability of such
methods in real vehicles is very difficult.

The second aim of this work was to quantify the effect of higher on-board electric
consumption on the fuel consumption. The simulations of several electric power
consumption levels were performed (100 W to 600 W). The outcome of this sensitivity
analysis is that the 100 W increase in electric on-board consumption has effect of on
average 1.6 gCO2/km (in CO2 emissions equivalent). Although this number
corresponds to the specific vehicle and ICE, for a different vehicle the value is expected
to be similar. Also, the model and methodology that was developed can be easily
applied to another vehicle.
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ABBREVIATIONS

AC alternating current

AGM absorbed glass mat

BEV battery electric vehicle

DC direct current

ECMS equivalent consumption minimization strategy
ECU electronic control unit

EFB enhanced flooded battery

HEV hybrid electric vehicle

ICE internal combustion engine

ICEV internal combustion engine vehicle

PID proportional-integral—-derivative controller

PWM pulse-width-modulated

SOC state of charge

WLTC Worldwide Harmonized Light Vehicles Test Cycle
WLTP Worldwide Harmonized Light Vehicles Test Procedure
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Abstract

The influence of interaction of bearings with engine oils at different degradation grades
(fresh versus artificially altered according to selected parameters) on the tribological
performance was evaluated. The investigation was focussed on the influence of oil
degradation on tribochemistry and overall bearing performance under various test
conditions for a high-performance bearing material. Evaluation of the bearing-lubricant-
interactions with suitable surface analysis of the worn bearings was carried out by X-ray
photoelectron spectroscopy (XPS). The bearing material functioned with only a small
change in tribological performance between fresh and heavily degraded engine oils under
the applied test conditions.

1. INTRODUCTION

For evaluation of material performance in tribological contacts, various lubricants
are commonly used for testing and fundamental studies. These lubricants are usually
“fresh” and can be base oils without additives (such as ZDDP, MoDTC, etc.) or formulated
oils which contain various additives, e.g. antioxidants for a better ageing behaviour or anti-
wear and friction modifiers to improve the oil performance in the tribological contacts, to
name a few. However, lubricants which are used in the application may contain unwanted
contaminants. Furthermore, lubricants degrade by mechanical stresses and chemical
changes caused by thermal and oxidative impact during operation. Thus, the oil condition
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may change significantly over its operating duration. It is therefore important to understand
the influence of oil degradation on component performance in applications such as
bearings. In this project, the focus was on the performance evaluation of bearings
lubricated with relevant commercially available engine oils. Accordingly, several candidate
oils were chosen for a pre-study to benchmark them regarding their thermo-oxidative
stability characterized by conventional oil parameters. Based on these results, two engine
oils (oil A and oil B) were selected for subsequent artificial alteration [1]. Altered engine
oils were produced in large amounts (~ 100 litres) for subsequent bearing testing. As next
step, different bearing bench test procedures were carried out with oil A and oil B, each
oil in fresh and in altered condition. After this tribotesting, the resulting oils and bearings
were again evaluated.

2. MATERIALS AND METHODS
2.1 Bearing material

The bearings used for this project are multilayer materials consisting of a steel back,
aluminium alloy layer, and a surface layer (or overlay) consisting of an electroplated Ag
interlayer and a Bi layer on top [2], as shown in Figure 1. This type of bearing material is
used for high-performance automotive engines (such as V8 and V12 petrol engines)
where lead-free material is required.

A

A
3u IJ Bl surface layer

2p Ag Intermediate Iayer\

S ~

Lining layer:
A Al-Zn-Si

Steel backing

Figure 1: Engine bearing model and schematic diagram of bearing cross section
2.2 Oil selection and artificial alteration

Conventional oil analysis of the candidate oils was performed in fresh condition
(basic characterization) and after carrying out artificial alteration to depict the simulated
degradation behaviour. The large scale artificial alteration was performed in a 250 litre
stainless steel jacketed chemical reactor, whose setup is displayed in Figure 2. This is
a specially built reactor at AC2T research GmbH for the purpose of producing artificially
altered oils under controlled conditions to simulate oil degradation in the field [1].

100 litres of fresh oil were inserted into the cold reactor tank, rapidly heated up, and
kept at a specified temperature under constant stirring by a propeller stirrer at 480 rpm.
During the storage period, the oil was brought in contact with dried compressed air. The oill
temperature was constantly set at 180 °C and the air flow was held at a flow rate of
2 667 I/h, which was monitored by a flow controller. Exhaust gases were cooled down by
a condenser system consisting of two steps, i.e., a stainless steel primary condenser
utilized as a reflux condenser followed by a glass secondary condenser serving as an oil
separator, both operating at 4 °C.
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In constant time intervals, oil aliquots were sampled, and the oil condition was
monitored in terms of oxidation and content of antiwear additive ZDDP as well as content
of antioxidants by Fourier transformed infrared spectroscopy (FTIR), viscosity at 40 °C
and 100 °C and viscosity index by Stabinger viscometer, Total base number (TBN),
Neutralisation number (NN), and elemental content by optical emission spectroscopy
equipped with inductively coupled plasma (ICP-OES).

Primary condenser
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S

—

Air management unit

1 _— mlim

condenser

Air inlet

Figure 2: Schematic set-up of the large scale alteration device
2.3 Oil Rheology — Dynamic viscosity

In all fluids, the molecules are showing relative motion between each other, and this
process is always combined with internal frictional forces. Therefore, for all fluids in
motion, a certain flow resistance occurs which may be determined in terms of the dynamic
viscosity. Oils typically behave as Newtonian liquids, i.e. dynamic viscosity is stable with
changes in shear rate, but rheological parameters change with temperature [3]. Therefore,
the measurement of dynamic viscosity at different temperature was carried out with
a rheometer (Anton Paar MCR502 TwinDriveReady, with software RheoCompassTM)
with double gap geometry.

Oil A, oil B and Renolin DTAO5 (as reference oil for the wear test) were used for
dynamic viscosity determination. Oils A and B were measured in double gap geometry at
several different temperatures, 25 °C, 40 °C, 80 °C, 100 °C and 130 °C, Renolin DTA05
only at 25 °C. Analysis was performed at shear rates between 0.1-100 st in a linear ramp
over 50 points with a measurement time of 275 s at each temperature. Viscosity
determination was repeated at least 2 times for each oil and each temperature.

2.4 Engine bearing tribometer

Three types of tests were carried out during this project: wear, seizure and fatigue.
The test rig used for these tests is a tribometer developed for the evaluation of tribological
properties of engine half bearings. A schematic diagram of the system is shown in Figure 3
below. The system is composed of a driving part where the shaft rotation can achieve up
to 10 000 rpm, with loading and lubrication systems. The oil quantity required for the
lubrication unitis 60 litres. A clutch is integrated to disengage the motor from the test shaft
in overloading conditions, such as when seizure occurs. The loading system is applied by
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a hydraulic aggregate able to simulate static and dynamic testing conditions with a force
amplitude of 100 kN and a frequency up to 60 Hz.
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Figure 3: Schematic diagram of bearing test rig
2.5 Tribotesting and surface analysis
2.5.1 Wear test

Wear test conditions are described below in Table 1. The test machine was set for
repeated start/stop cycling conditions for the rotation of the shaft, to simulate conditions
of a hybrid vehicle or start-stop engines, i.e. with frequent start-ups when the oil film is
sparse and, hence, promotes bearing wear. The constant static load was set to the
specific load (or nominal contact pressure) of 5 MPa with the small inlet of lubricant at
room temperature.

The wear amount is determined from the bearing thickness before test minus the
bearing thickness after the test at the main loaded area of the bearing (i.e. at the 90°
position from the half bearing joint face).

Parameter Value Unit Test pattern
Test pattern Start — Stop
Sliding speed 360 (1) rpm (m/s)
Test specific load 5(4) MPa (kN) 12 6
- T 0= —-- - - -——-l5F
Test duration 20 hours E o5 . g
3 E
Lubricants oil A and oil B & o6 39
@ 2
Ol itz Room temperature § o ’3
temperature P @ 02 18
f ; 0.0 o
OII ﬂOW 2 ml/mln 1 2 3 4 5 6 8 9 10 -> 20 hours
. Time [s]
Shaft material DIN 16MnCr5, HRC 50-60
Shaft roughness Rz <1.0 um

Table 1: Test conditions for wear test

2.5.2 Seizure test

Test conditions of the seizure test are shown below in Table 2. In this test,
cumulative step-up loading was applied with a shaft rotating at a constant speed.
The seizure resistance was evaluated from the specific load at seizure. The bearing back
temperature was measured during the entire test and seizure was judged to have occurred
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when the temperature reached 230 °C, or when the torque in the drive motor reaches
a predetermined value.

Parameter Value Unit Test pattern
Test pattern Step-up loading
. rpm
Sliding speed 7 200 (20) ws |
Initial load 0 kN — constant speed—»
MPa 27 ©
e E &
Specific load step 5(4) (kN) = = 161 i =
. ) - 0
Time per step 10 min 2 = 124 ¥
0w « =
Lubricants oil A and oil B 2 9 84 > 10min =
= <t
o
Oil inlet temperature 100-110 °C b 47
2] 1 1
Oil flow 150 ml/min 0 ! 1 1
30 60 90 Time [min]
Shaft material DIN 16MnCr5, HRC 50-60
Shaft roughness Rz <1.0 um

Table 2: Test conditions for seizure test
2.5.3 Fatigue test

The purpose of the fatigue test is to evaluate the resistance of the material against
fatigue. It was applied in the project to evaluate the effect of engine oil degradation on the
surface in harsh conditions. The test conditions are shown in Table 3. The tribometer
applies a cyclic dynamic load to the test bearing from the hydraulic cylinder. High housing
rigidity ensures excellent stability, and this test can be performed under heavy specific
loads that are two to three times the load in an actual engine. The test was stopped after
a significant rise in bearing temperature from fatigue crack formation. After the test, the
bearings were taken out, cleaned, visually examined with an optical microscope.

Parameter Value Unit Test pattern
Test pattern Dynamic loading
Sliding speed 6 500 (18) rpm (m/s)
Specific load 120 MPa sinusoidal load with
Doad cycle constant amplitude and oscillating
frequency 60 Hz g 18 constant speed —» 120 T
Tt Ao Until Fatigue is detected or Seizure of bearing =\ /7 =
occurs 9 S
w

Lubricants oil A and oil B o =

0 k=] & 2
Oil inlet 80 °c 7 P [
temperature 0 i 4

y 0

Oil flow 290-310 ml/min Time
Shaft material DIN 16MnCr5, HRC 50-60
Shaft roughness Rz <1.0 um

Table 3: Test conditions for fatigue test
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2.5.4 Bearing sliding surface chemistry analysis

The surface analysis was carried out with a Thermo Fisher Scientific Theta Probe
using a monochromated Al Ka X-ray source with an X-ray spot resolution of 400 um.
The survey scans were carried out applying a step size of 1 eV and 200 eV pass energy,
and for the narrow scans a step size of 0.1 eV with a pass energy of 50 eV was applied.
The Avantage v5.976 software was used for evaluation. The depth profiles were obtained
by sputtering with Ar+ ions with a beam energy of 3 kV, a sputter current of 1 yA and
a sputter area of 2x2 mm.

3. RESULTS AND DISCUSSION
3.1 Oil alteration results

Properties and difference between fresh and altered oils are summarised in Table 4.
The alteration conditions were selected to guarantee a heavy degradation degree of the
final oil sample in terms of high oxidation values and almost complete depletion
of antioxidants [1]. Furthermore, a significant decrease of TBN and a steep rise in NN and
water content is observed. Additive elements such as Ca, P, Zn, Mo, Ti, and B did not
change to a strong extent, only S experienced a decrease which can be linked to the
evaporation of volatile sulphur containing degradation products.

. Fresh | Altered | Fresh | Altered Chemical Fresh | Altered | Fresh | Altered
Ol pEvErmEsT Method | " ;A" | "oilA | oilB | oilB | composition | MeMd | ‘sira | oila | oilB | oilB
Oxidation [Alcm] 0 90 0 93 ﬁ)":) ﬁ%mem 2000 | 2200 | 2700 | 2800
ZDDP content [%] 100 22 100 19 | Pcontent 920 930 850 820
@ [ppm]
Picele E S content
Antioxidant content - - 100 6 2100 1300 2600 1700
9 [ppm] 0
Lol i
Aminic Antioxidant 100 3 100 1 Zn content i 960 1070 880 930
content [%)] [ppm] o
Viscosity 40 °C 5 Mo content -
[mm?/s] g 48.0 55.6 54.2 54.5 [ppm] <10 <10 59 60
Viscosity 100 °C 3 Ti content
[mma/s] § 9.0 9.4 10.4 8.7 [ppm] 56 67 <1 1
Viscosity index [-] g 171 151 176 136 Fp ;ﬁ\'}tem 69 66 2 <1
£
- 5 =
EeSIACE g 084 | 086 | 084 | 086
[g/cm?] 2]
Total base number
[mg KOH/g] - 7.7 2.8 8.7 4.3
Neutralisation 2
number [mg KOH/g] g 1.7 10.4 1.3 8.7
[
Water content [ppm] 130 640 200 860

Table 4: Properties and investigation methods of altered engine oils A and B after large scale
alteration

3.2 Dynamic viscosity
The results from both dynamic and kinematic viscosity measurements show that

the viscosity at ambient temperature of both oils is increased slightly as a result of the
artificial alteration. However, at higher temperatures the viscosity of oil A increases as
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a result of the alteration, whereas the viscosity of oil B shows the opposite behaviour,
and decreases to similar or even lower values than the altered oil A.

Oil temperature [°C] Kinematic viscosity
25 I 40 I 80 ‘ 100 130 (treated at large scale alteration)

Oil type Dynamic viscosity [mPas]* v 40 °C [mm?/s] v 100 °C [mm?/s] SAE
fresh oil A 76.4 40 11.3 7.2 4.2 48 9.01 0W-20
altered oil A 92.6 47.5 12.7 7.8 4.3 55.6 9.35 0W-20
fresh oil B 86.6 45.7 12.8 8.1 4.7 54.2 10.1 5W-30
altered oil B 95.1 47 11.9 7.2 4 54.5 8.69 5W-30
Renolin DTA05 4.3 - - - - 4.6** 1.6** ISO-VG 5
*average value of at least 2 measurements
**values from technical data sheet

Table 5: Dynamic and kinematic viscosity at different temperatures of fresh oils and oils after
artificial alteration

3.3 Wear test

During the wear test, the start mode distributes oil in the entire contact area, but
during the stop part of the cycle, oil leaks out from between the shaft and test bearing.
This reduced oil film coverage causes metal-metal contact and higher wear of the softer
sliding partner. The oil leakage is mainly influenced by viscosity and density. All selected
oils show lower wear amount compared to a base oil Renolin DTAO05, which is used as
reference. Both tests with altered oils show the same values, and both result in the lowest
bearing wear amount ~3 um. Thus, when the test was finished, wear amount had
progressed to around interface Bi-Ag layer. The tests with fresh oils refer to wear amount
> 5 um, so the latest part of this test was running on the aluminium lining layer and the
sliding coating was mostly removed. The reason for this could be the difference in dynamic
viscosity at 25 °C, see Figure 4. The wear amount decreases with higher dynamic
viscosity of oil, which significantly influences the result for these test conditions.
Another important parameter could be friction modifiers such as molybdenum compounds
in oil B and anti-wear additive titanium in oil A, which may be activated by the alteration.
This hypothesis has to be verified with additional analytical means.

51T '%°
926 ¢ 95
86.6 %

80
70
60

ity [mPas]

©

oil A = 50 % reduction

oil B = 40 % reduction | 50

| 0B

altered oil A fresh oil B altered oil B

Wear amount [pm]

Dynamic viscos

Renolin DTA0S fresh oil A

#Dynamic viscosity at 25 °C

Figure 4. Comparison of wear amount with dynamic viscosity of different oils
(at shear rate 50 s™)
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3.4 Seizure test

During the testing, several parameters were measured — torque on the driving part,
oil lubrication pressure and temperature of support bearings as well as the test bearing.
Test bearing temperature measurements were performed on both sides close to the edge
to also detect a potential edge contact. There are two thermocouples which measure back
steel temperature during the entire seizure test. These thermocouples are used as
an indicator to identify the beginning of seizure phenomena.

Tests with both altered oils have different temperature growth compared to fresh
oils, with the altered oils showing more unstable temperature behaviour. This may indicate
that the oil performance is worse after alteration. The two fresh oils show almost the same
load at seizure. The altered oil A shows the highest minimum load compared to the other
oils and the altered oil B shows the lowest load (by 10 MPa) at seizure. Therefore, we can
say that seizure was not dramatically affected by the oil alteration as can be seen in the
chart below (Figure 5). The bearings were seized under similar loads, therefore from this
test, no great influence of oil alteration was observed, although the altered oil B shows
a slight decrease. For this test, the results are influenced more by the bearing material
properties than the oil type, and even with the altered oils which are heavily degraded, the
bearing still performs well under these conditions.

altered oil A

fresh oil A

50 60 70 80 90
Load at seizure [MPa]

0 10 20 30

Figure 5: Load at seizure: same bearing material, but four different oils

Altered oils generally showed higher coefficient of friction (CoF) during seizure test
than fresh oils, but all tests reached similar maximum load for this comparison. Another
interesting fact about temperature is that back steel temperature during seizure tests at
high loads with both altered oils show higher temperature than seizure tests with fresh oils
(up to 30 °C difference), although it doesn’t have a large effect on the final seizure load
for this material. Thus, it seems that an altered oil is not able to transport heat from the
shaft-bearing contact very well. The dynamic viscosity measurements at 130 °C of the
altered oils are not so different from that of the fresh oils, but the conditions at the
tribological contact in this test on the oil viscosity also need to be considered (high
temperature, high shear) to better determine the difference in behaviour between the oils
during this test. There could be other parameters such as specific heat conductivity of the
oil and additives in the oil which could also have some effect under these test conditions.
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3.5 Fatigue test

The better fatigue resistance response to tests is found with oil B, for both fresh and
altered oils. The better performance of oil B could be the effect of additives contained in
fresh oil B. The bearings tested with altered oil A show worse fatigue performance than
with the fresh oil A, although there is some variation, and bearing samples with altered
oil A show the worst performance for fatigue test. The difference between fresh and
altered oils is about 50 000 cycles for both oils, which is not a large difference. In general,
the effect of the alteration on the fatigue performance does not seem to be large for these
test conditions.

load 120 MPa

| | | | | | \ \ \
altered oil B iz s

fresh oil B [/

altered oil A

fresh oil A

0 50000 100000 150000 200000 250000 300000 350000 400000 450000 500000 550000
Number of cycles to fatigue [-]

Figure 6: Number of cycles to fatigue at test load 120 MPa
3.6 Bearing sliding surface chemistry

Three bearings after Wear test with fresh and altered oil A and one bearing tested
with altered oil B were analysed by means of XPS. The bearings tested with each oil were
cut and the measurement spots were at different zones (a mirror-like zone and scuffing
zone in the worn region around the main loaded area in the middle of the bearing, and the
transition zone). For comparison with the original coating, a reference position was
visually chosen in a spot with low tribological stress.

Both had a mirror-like zone in the middle, with the Bi layer worn off and mainly Ag
present, along with traces of Zn, Ca, S and P assigned to the engine oil. On both bearings,
there is a transition zone from the mirror-like zone to the unworn Bi layer, where Ag is
decreased or not present, but mostly Bi oxides and some elements originating from engine
oil like Ca, Si, and Zn are found. The thickness of contaminants and tribolayers was clearly
less than 10 nm, probably in the range of few nanometres. The analysis of the bearing
tested with fresh oil A revealed overall little or no presence of elements originating from
the engine oil (Zn, Ca) for the Bi layer, the transition zone and the mirror-like zone.
The scuffing zone with fresh oil A, which does not appear on the other two bearings,
shows a different composition. Al, Si, and Zn originating from the substrate were detected
along with some elements coming from engine oil (Ca, P). Generally, no evidence for the
presence of Mo or Ti, components of friction modifiers in the engine oil, was found on any
analysed surface, and no S was found on the bearing tested with fresh oil A.
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4. CONCLUSION

Bearings tested with all selected oils have relatively low wear amount after the wear
test. Altered oils A and B show the same values and bearings tested with these oils have
the lowest wear amount. This is probably caused by degradation products and increased
viscosity of both altered engine oils. Significant bearing-lubricant-interactions were not
detected by XPS on the bearing surfaces after test.

Seizure test with fresh oils show almost the same load at seizure, although the altered
oil B shows a slight decrease. Therefore, we can say that seizure under the applied test
conditions was not dramatically affected by the oil alteration. Altered oils have higher CoF
during seizure test than fresh oils. Altered oils also show higher temperature and rapid
rise and fall in temperature when the load is increased, although it doesn’t have a large
effect on the final seizure load for this material.

The best fatigue resistance response to tests is found with altered oil B, but this oll
also has the biggest variation. Tests with oil A show smaller maximum number of cycles
to fatigue than tests with oil B. Bearing samples with altered oil A show the worst
performance for fatigue test. However, the difference between fresh and altered oils is
about 50 000 cycles, which is not a large difference, and the effect of oil alteration on
these bearing fatigue tests does not seem to be large.

In general, despite the heavy degradation of the altered oil, the change in the
performance of this bearing material compared with the fresh oil was relatively small, and
the bearing was still able to function under the applied test conditions. However, further
investigation of the influence of engine oil degradation on the bearing material under
different conditions is required.
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DOG CLUTCH WITHOUT CIRCULAR BACKLASH — SEQUENTIAL
SHIFTING ADAPTATION

Michal Jasny?!, Michal Hajzman?, Radek Bulin3

Abstract

Dog clutch without circular backlash was designed to be shifted by a standard MT/AMT
gear selector mechanism. To make it compatible with selector mechanisms with
kinematic endpoints (e.g., sequential shifting), additional springs between the sliding
dog and sleeve were added. Two solutions using different spring types (wave and disc)
are presented, including their properties and dimensions. A multibody simulation model
with these additional springs was created and gearshifts examined.

1. INTRODUCTION

Dog clutch without circular backlash uses a unique and patented [1] mechanical
blocking mechanism to secure it in all desired positions (engaged or neutral). This
allows it to use dogs shaped in a way which would be otherwise impossible for a
standard dog clutch — narrower tips than roots (Figure 1).

Figure 1: Dogs with tapered sides — geometry basis.
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This allowed us to minimize the circular backlash typical for dog clutches and thereby
improve the ride quality. Another advantage is the ability of disengagement under
partial or full load to fasten the gearshift. However, using external synchronization is
necessary. The initial design of the dog clutch with blocking mechanism was presented
in paper [2]. This design was then improved based on testing and validation. An
improved prototype of the dog clutch with blocking mechanism was then manufactured
(Figure 2), successfully tested and proven functional.

Figure 2: Prototype of the clutch without circular backlash.

The clutch was initially designed to cooperate with gear selector systems based on
manual or automated manual gearboxes. This paper presents a possible modification
which would make the clutch compatible with sequentially shifted gearboxes.

2. DOG CLUTCH DESIGN

The clutch consists of the following parts (see Figure 3). The hub is fixed to the gearbox
shaft, and the sliding gear can move axially on this hub to engage the selected gear.
The gearshift sleeve controls the sliding gear movement, and finally, the blocking ring
secures the sliding gear in the desired position. The sliding gear is divided into two
halves and connected by screws because of assembly reasons. Just one blocking ring
secures the sliding dog in all three positions (engaged/neutral/engaged) and the
gearshift sleeve in the neutral position as well. No modifications of the standard gear
selector mechanism are needed. The blocking ring is designed to withstand axial
forces up to 3 000 N. This force arises at the dogs when transferring the maximal
torque of 200 Nm. However, when acting on the gearshift sleeve, the force required for
the dis/engaging the clutch is only ca. 45 N which is far less than are the permissible
values and comparable with the lowest forces needed for manual shifting [3].
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Figure 3: Dog clutch with blocking mechanism.
3. ADAPTATION FOR SEQUENTIAL SHIFTING

Shifting gear based on the standard MT or AMT system means that the driver or
gearshift actuator acts on the gearshift mechanism until it senses that further
movement is impossible, the gear is fully engaged. Only then the gearshift force is
removed. This system ensures that the sliding dog is pushed to its furthest position
possible and the blocking ring stretches into the desired shape. However, this scenario
does not apply for a gear selector mechanism with kinematic endpoints — typically
sequential shifting with a rotating gear selector drum. In this case, the furthest point of
the sliding dog travel is given by the dimensional precision of many components,
including the dog clutch, shaft, gearbox case, and gear selector mechanism.

The idea of adapting the dog clutch for sequential shifting is based on adding a flexible
spring-like element somewhere between the sliding dog and the selector fork. As a
result, the travel of the selector fork would always be longer than the travel of the sliding
dog. The difference between them would be compensated by deformation of the
flexible element to provide secure blocking under every circumstance.

The spring used for this purpose must meet specific requirements. Its size should be
as small as possible to keep the current packaging dimensions of the clutch. It must
allow large enough deformation to cover the required operating range (see Figure
4Chyba! Nenalezen zdroj odkazt.). The lowest deformation in the operating range
must be greater than zero, otherwise the spring would provide very little force in this
area. Overlap on the other side of the range is also required for safety reasons.
Stiffness and force under deformation of the spring must correspond to the stiffness of
the blocking ring. When the stiffness of the spring is lower than the resistance of the
sliding dog against axial movement (caused mainly by the stiffness of the blocking ring
at the beginning of the engagement), the spring reaches the maximal possible
deformation during each shifting. This may negatively affect its service life. On the
other hand, excessive stiffness would require a stronger and therefore heavier and
more expensive gear selector mechanism and actuator.
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Figure 4: Operating range of the spring.

Investigation about the spring placement resulted in only one possible location —
between the sliding dog and the gearshift sleeve. It meets the requirement of the dog
clutch with the blocking mechanism being a system not requiring changes in the gear
selector mechanism. For the prototype of the dog clutch and the gearbox, it is being
tested in, the following parameters were selected:

e Operating range width 1.5 mm

e Maximal possible deformation 2.5 mm

4. ADDITIONAL WAVE SPRING

This solution uses two additional wave springs placed between the gearshift sleeve
and the sliding dog (see Figure 5 and Figure 6). Wave springs offer high stiffness for
small dimensions. On the other hand, the stress can be very high for the required
maximal deformation and must be watched closely. The number of waves is three.
Two waves would mean only two contact points between the spring and each adjacent
component, leading to instability and uneven force distribution. More waves would lead
to large stiffness and stress under deformation. Mean diameter of the spring is

66.5 mm.
Figure 5: Wave spring and its contact points.

E— (I
Figure 6: Dog clutch with wave springs — cut section.

To keep the production cost low, only single-profile springs as in Figure 5 were
considered. Therefore, the design possibilities were reduced to different section
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shapes and dimensions. The rectangular section was selected since it can be
produced from sheet metal. Out of the various investigated dimensions, two square
sections with dimensions 1 and 1.2 mm are depicted in the following figures as possibly
suitable solutions. Figure 7shows the reaction force for different spring section
dimensions during deformation. The force values for 1 mm deformation are equal to
the spring stiffnesses, as the curves are clearly very linear. These results were
obtained using a FEM model of the springs being squished between two rigid planes.
The area near 2.5 mm is extrapolated — as the deformation comes to the maximal
value, the stiffness rises rapidly since the spring theoretically shapes itself perfectly
flat.
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Figure 7: Reaction force for different wave spring section dimensions during deformation.

The 1.2 mm profile offers bigger stiffness and force, which seems more suitable since
the force needed for overcoming the blocking mechanism is ca. 45 N as mentioned
before. However, the stress value for the deformation of 2 mm (which is the maximal
allowed value within the operating range) is quite high — around 1000 MPa for the
1.2 mm profile (see Figure 8). The 1 mm profile has smaller stress, but because of its
low stiffness and reaction force, it would definitely reach its maximum deformation and
stress during each shifting. Therefore, these springs would require using high-quality
spring steel to secure sufficient service life.

" 1,2x1,2 mm

1x1 mm

Figure 8: Maximal stress values in [MPa] for different spring section dimensions and
deformation 2 mm.
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5. ADDITIONAL DISC SPRING

This solution uses two or more additional disc springs placed between the gearshift
sleeve and the sliding dog (see Figure 9 and Figure 10).

Figure 9: Disc spring and its contact curves.

Figure 10: Dog clutch with disc springs — cut section.

Disc springs offer high stiffness for small dimensions as well. Probably their biggest
advantage over wave springs is the possibility of using multiple disc springs in series
stacking as in Figure 10. This stacking multiplies the maximal compression of one
spring by the number of springs used. However, the force necessary for this
compression stays the same as for one spring — visualised in Figure 11.

Total force F

Total spring deformation s
Figure 11: Comparison of parallel and series stacking of disc springs; [4].

This stacking is possible for the wave spring as well. However, for series stacking, the
waves must be permanently connected at their contact points, otherwise they would
rearrange themselves into parallel stacking because of instability. This makes disc
springs a more cost-effective and versatile solution for different dog clutch designs and
requirements. It also brings us to another advantage of the disc springs — better
material under stress usage. Disc springs have complete contact curves around their
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circumference. Their deformation is symmetric, and the stress, therefore, does not
concentrate at local maximums but spreads equally instead.

Four-wave spring on each side was selected as a suitable solution. Their diameters
are 70.7 mm (outer) and 65.3 mm (inner) with 0.5 mm thickness. Free height of one

spring 1.125 mm gives us the required maximal deformation of 2.5 mm.
120

8
L)

o0
=}
AN

Force [N] _
AN

60

40

20

J

0,00 1,00 2,00 3,00
Deformation [mm]|

Figure 12: Reaction force of the disc spring stack during deformation.

Reaction forces and stress under deformation of disc springs were calculated
regarding DIN 2092 — Calculation of Disc Springs. Figure 12 shows that the reaction
force of the spring disc stack is not linear. However, this type of curve is favourable for
our application since (a) the force in the engaged state throughout the operating range
does not vary so much and (b) lower deformation is required to reach the force
necessary for blocking ring compression. On the other hand, higher stiffness around
the free state may result in a bigger conflict when setting the neutral position of the
sliding dog.

The Neutral position of the sliding dog is affected by both the blocking ring and
additional springs since both of these act on it. Our initial assumption was that the
position of the engaged gearshift sleeve could vary. This means that the neutral
position of the sleeve can vary as well, and the neutral position of the sliding dog will
be a compromise. This effect was not examined throughout the paper, but generally,
it can be said that it may be necessary to enlarge the gap between the sliding dog and
shifted wheels to accommodate this neutral position uncertainty.

Stress values for 2 mm deformation find themselves between 600 and 650 MPa
located on the inner and outer diameters. These values are much more favourable and
can be optimized by tuning the stack properties. One disadvantage of the disc springs
is bigger packaging. It may be necessary to enlarge the diameter of the dog clutch to
accommodate all disc springs and still fulfil the strength requirements, especially of the
sliding dog.
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6. SIMULATION MODEL

The simulation model was created in the MSC Adams software based on multibody
system dynamics. The multibody approach generally utilizes rigid or flexible bodies,
which are connected by kinematic joints and affected by forces and torques. For details
on various multibody approaches see, e.g., [5]. Figure 13 shows a kinematical scheme
of the multibody simulation model. Bodies are depicted using rectangles, and joints are
denoted using circles. Contact interaction between gears is introduced using nonlinear
contact forces. The shifting is realized by the prescribed motion of the sleeve
characterized by a constant translational velocity. The effect of the blocking ring is also
defined using a nonlinear force acting on proper bodies. Linear spring is defined
between the sleeve and sliding gears to represent the wave or disc springs. Further
details about the model properties and its validation can be found in [6].

.....................

| SRR Nonlinear
A ] 52 i blocking ring
W TN L foree
Spring CR> <R>
force
. Sliding
Legend: 3 gears
() Rigid body p
"""} Force
O Coupling g | 1
T Translational joint L ""Nonlinear
R Revolute joint . Eblocking ring
C Nonlinear contact W o force ;

Figure 13: Kinematical scheme of the multibody model.
7. SIMULATION RESULTS

The following input parameters were varied:

e Additional spring stiffness 10/20/40/60 [N/mm]

e Maximal displacement of the gearshift sleeve 7/6.25/5.5 [mm]
The main target of the simulation was to confirm that the sliding dog always reaches
the desired engaged position, and the blocking ring stretches to secure the engaged
gear. According to the simulation, this happened successfully for all input parameters,
which is a very encouraging result.
The secondary target was to investigate the effect of the input parameters on the
engagement duration. The expected scenario of the sliding dog reaching the engaged
position later because of additional spring compression is present. However, the
highest observed delays in engagement are only roughly 0.01 s for the softest spring
(see the left side of Figure 14). The oscillating movement of the sliding dog is tighter
for the harder spring (see right side of Figure 14). These values are very low and lower
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than expected. The negative effect of the additional

duration, therefore, seems to be negligible.
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Figure 14: Comparison of engagement with nominal gearshift sleeve displ. (6.25 mm).
Left: Spring stiffness 10 N/mm. Right: Spring stiffness 60 N/mm.

8. CONCLUSION AND FURTHER PROGRESS

Adaptation of the dog clutch to sequential shifting was proposed using two additional
spring types. Disc spring seems to be more suitable than wave spring thanks to the
possibility of simple and versatile stacking. This is favourable for the optimization of
stiffness, maximal deformation, and stress. Results of the simulations are encouraging
and indicate that the negative effect of the additional spring on the engagement should
be minimal and only in terms of slightly longer duration.

However, these assumptions must be proved by testing a physical prototype. This
would require changes to the dog clutch itself and modification of the test bench to
make it possible to simulate the endpoints of sequential shifting.
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MODELLING FRICTIONAL LOSSES OF TURBOCHARGERS
DUE TO ROTOR-FLUID INTERACTION

Petr Kudlacek!, Pavel Novotny?, Jifi Vacula®

Abstract

The mechanical efficiency of rotating machines is continuously increased due to
improved rotor-bearing system designs. However, research activities are also
gradually focusing on non-traditional sources of loss, such as frictional losses due to
rotor-fluid surface interaction. The main analysis tools used are computational fluid
dynamics, which evaluates the fluid flow in a lubrication system and the effect on
rotating rotor walls, and analytical-empirical description of the rotating turbulent fluid
flow around rotating elementary bodies. The results will allow further improvement of
mechanical efficiency without increased manufacturing costs.

1. INTRODUCTION

The electric energy is a fundamental need of modern society. Any approach to
achieving this need must meet the criteria of energy efficiency, safety, and long-term
sustainability in addition to meeting customer requirements. The rotating machines, as
a key element of the electric energy local generation, always have a significant impact
on the fulfilment of these criteria. A key parameter describing the rotating machine is
its efficiency of converting input energy in fuel into electric energy. The paper focuses
on turbochargers (TC) considering losses due to rotating flows occurring due to rotor-
fluid interaction.

In general, the total efficiency of the TC includes three components, one of which is
the mechanical efficiency. The mechanical efficiency is thus an important parameter
for achieving a high overall turbocharger efficiency. The mechanical efficiency of a TC
includes various energy losses such as frictional losses due to friction in the oil-film
bearings, the lubricant flow in the lubrication system or friction due to the rotor-fluid
interaction.

The rotor-fluid interaction involves the interaction of the moving rotor surfaces with a
mixture of lubricating oil, air and oil vapour. The resulting fluid, consisting of three
components, is subject to three-dimensional turbulent flow. This interaction causes,
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among other things, energy losses. These losses can be often neglected, but in some
operating conditions they can reach significant values.

The aim is to analyze these losses on the rotor of a stationary engine TC by
computational modeling. A description of these energy losses will allow design
changes to be proposed leading to an increase in TC mechanical efficiency.

2. THEORETICAL BACKGROUND INTO ROTATING FLOWS

A fluid flow modelling for many applications is nowadays standardly performed using
computational fluid dynamics (CFD). The use of CFD, as with any other modeling
method, requires a critical evaluation of the physical model, boundary conditions,
accuracy, and still computational cost issues. The computational cost of a CFD model
is highly dependent on how many dimensions the flow is modeled and whether the
flow is modeled as steady-state or transient. Other important factors are the flow
characteristics, whether laminar or turbulent. Further, consideration must be given to
whether it is also necessary to solve the energy equation and whether to model the
energy flows across the fluid-solid boundary or multi-phase flows for example and
many others.

If the phenomena can be considered steady-state and single phase, acceptable results
can be obtained with relatively simpler calculations. Previous experience combined
with appropriate model validation based on experimental data and theoretical solutions
is useful in this assessment. CFD flow modelling is then carried out with some
knowledge of the problem.

Prior to the advent of CFD, many advances in understanding related to the flow of
bearings, rotating discs, or gaps between discs were achieved through a combination
of theoretical, numerical, and experimental approaches. Many of the theoretical
approaches have now been replaced by CFD, but only CFD approach has lost some
general insight into the problem. In the following subsections, theoretical insights from
laminar or turbulent flow around geometrically simple bodies rotating in fluid will be
presented. This will form the basis for understanding the flow through a rotating disc
for subsequent use and for evaluating results obtained by CFD.

rotating disc cavities

\/rotating cylinder \

thin axial gap

/\thin radial gap

rotating disc

Figure 1: Identification of geometrically simple fluid-body interactions on a typical
turbocharger rotor.

131



KOKA 2021

22.-23.9.2021

Faculty of
Engineering

CZU

Geometrically simple fluid-body interactions can also be identified on the rotor of a
typical TC as is presented in Figure 1. The larger diameter ring used for speed sensing
can be characterized as a rotating disc in the fluid, the shaft as a cylinder rotating in
the fluid, and the gap between the impellers and the stator part as a rotating gap
between two discs. The lubricant flow in oil-film hydrodynamic bearings can also be
described simplistically using analytical relations for thin radial or axial gaps derived
for simplifying assumptions.

An overview of effects of base design dimensions and angular velocity on the power
losses for geometrically simple bodies rotating in the fluid is presented in Table 1 and
further described in the following subsections.

Table 1: Review of friction power losses Pr dependency on simple geometry
dimensions including diameter d, width b, gap thickness ¢ and angular speed w
assuming analytical and empirical equations.

. . . . . rotating
thin radial gap axial gap rotating disc cylinder
¢ Shell flud jouml & | rotating disc rotating cylinder
5 L /rotatlng disc fluid g flid g
fluid w Y
Schema d stationary % = "@ """""" -
* casing AR B
b : (‘i‘) D
Friction
power loses ~w?bd? ~w?(d—d})| ~w3°d® ~w3bd*
Pe
Fluid flow laminar laminar turbulent turbulent
Reference Stachowiak and Childs [2] Childs [2], Von | Theodorsen
Batchelor [1] Karman [3] and Regier [4]

2.1 Oil-film Bearings

Oil-film hydrodynamic bearings in many configurations are often used for TC rotor
bearings. It is possible to use some simplification when the frictional losses are
estimated and these losses can be described by analytical relationships.

A journal bearing consists of a shaft that rotates inside a housing. Due to the
eccentricity of the rotating shaft, a wedge gap filled with a thin lubricating film is created
and a hydrodynamic pressure is generated. A hydrodynamic film is formed between
the moving surfaces of the shaft and the housing. With the simplification defined, for
example, by Stachowiak and Batchelor [1], the following relation for the calculation of
the friction power loss can be obtained

b - mw?bd?
bib 4craq(1 — £2)057

(1)
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where 7 is the dynamic viscosity, w is the angular velocity of rotor, d is the journal
diameter, b is the shell width, c.,4 is the radial bearing clearance and ¢ is the journal
eccentricity.

A similar procedure can be followed in the case of thrust bearings. To estimate the
frictional power losses, the thrust bearing can be thought of as a ring rotating relatively
to the non-moving wall and forming a thin lubricating gap. The shear stress component
in the lubrication film due to the pressure gradient can be neglected and the resulting
estimate of the power loss can be analytically derived in the form

2
Py = T—(df — dy) . )

32Cax

Symbols d, and d; denote the inner and outer diameters of the bearing work surface
and c,y is the axial clearance.

Equations (1) and (2) are valid under the assumption of laminar flow, i.e. when the
Reynolds number is less than approximately 1000. In general, for thin gaps of
thickness c, the Reynolds number is defined as

= pcwd . 3)

2n

where p is the fluid density.
2.2 Rotating Disc

Rotating discs are used in a variety of engineering applications such as gas turbine
engines, flywheels, gearboxes and brakes. Assessment of the flow associated with the
discs is also important in the case of TC rotors. The shear stress between the disc and
the fluid in which it rotates determines the power required to drive the disc and
overcome frictional drag. The local flow field also affects heat transfer. Unfortunately,
several factors have to be also considered to use any universal analysis, the flow
conditions and proximity of the local geometry must be taken into account. In the case
of a free rotating disc with a radial outflow, the power loss can be determined using the
relationship defined by Childs [2]

1
Pf,d = acmpw3d5 . (4)

In this case the symbol d denotes disc diameter and c,,, the moment coefficient. The
moment coefficient can be estimated for fully laminar flows by equation defined by
Childs [2]

Cm = 1.935R. 4 %" (5)

and in the case of turbulent flow over a free disk, the Von Karman relation [3] can be
used

cm = 0.073Re 4 %% . (6)
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The symbol R, 4 represents the rotational Reynolds number and can be defined as

pwd?
Reg = ol (7)

The transition between laminar and turbulent flow can occur locally if the local value of
the rotational Reynolds number reaches the critical value R ¢, cric = 2 - 105.

2.3 Rotating Cylinder

Rotating cylindrical bodies in the fluid are also common parts of many machines.
During the cylinder rotation, a boundary layer is formed due to a non-slip condition on
the surface of the body. At low values of the rotational Reynolds number, the flow will
be laminar. As the value of the Reynolds number increases, the flow regime will
become transient and then turbulent. The approximate limit for laminar flow is a
rotational Reynolds number somewhere between 40 and 60 [2]. The frictional losses
of the rotating surface are negligible in most cases. However, if there is an increase in
speed and diameter these losses can have a significant effect. Experimental
investigations of frictional losses due to cylinder rotation have been carried out by
Theodorsen and Regier [4], resulting in the following empirical relationship for the
moment coefficient in the case of turbulent flow

2
. =< 1 ) _ (8)
—0.8572 + 1.25In(Re g+/Ccmc)

In this case, the moment coefficient must be calculated in an iterative manner. The
resulting estimate of the power loss due to cylinder surface friction can be determined
according to Childs [2] as

Pie = cpepwd*h . 9)

3. MODELLING THE FLUID FLOW AROUND ROTATING ROTOR

A detailed CFD computational model of the TC lubrication system is used to verify
mechanical losses under the preferred operating conditions and verify design changes
on the TC rotor. The results are evaluated from a steady-state operating condition,
including a combination of the maximum rotor speed and the corresponding lubricating
gap thicknesses of thrust and journal oil-film bearings.

The operating conditions of the bearings have been obtained using the virtual
turbocharger strategy introduced by Novotny et. al [5; 6]. The CFD computational
modelling strategy for the bearings, i.e. turbulence modelling, boundary conditions,
heat transfer lubricant properties etc., is adopted from the work presented by Novotny
and Hrabovsky [7]. Steady-state operating conditions used for the CFD solution of the
TC lubrication system are presented in Table 2 and input and output quantities are
graphically illustrated in Figure 2. The operating fluid is considered as three-phase
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mixture of oil, air and oil vapour. The material properties of the mixture components
are generally temperature-dependent; for a quantitative assessment, values are given
in Table 2. The Rayleigh-Plesset model [8] is used to predict possible locations with
cavitation occurrence. The material properties of the mixture components are generally
temperature-dependent; for a quantitative assessment, values for 60°C (for oil) and
25°C (for air) are given in Table 2.

oil

(Tin,oill Pin)

air oil

Figure 2: Scheme of input and output quantities defined for steady-state CFD
simulations.

Table 2: Operating conditions and mixture component material properties defined for
steady-state CFD simulations of the TC lubrication system under preferred design
operating conditions at maximal rotor speed.

Operating condition and fluid material properties Value
Oil temperature at inlet, Ty, o [°C] 60

Oil absolute pressure at inlet, p;, [bar] 2.7

Oil density at 60°C [kg - m™3] 805

Air density at 25°C [kg - m™3] 1.185
Oil vapor density at 60°C [kg - m™3] 0.0231
Oil dynamic viscosity at 60°C [Pa - s] 0.0384
Air dynamic viscosity at 25°C [Pa - s] 1.831-107°
Oil vapour dynamic viscosity at 60 °C [Pa - s] 9.863-10°°
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4. RESULTS

The CFD computational model allows to analyze the mixture formation in different parts
of the rotor-fluid interactions. In principle, only the oil component is present in the
lubricating system before entering the bearings, realistically with the exception of a
certain proportion of air not separated at the inlet of the lubrication system. In the other
parts of the lubrication system, mainly due to the rotation of the shaft, there is a
significant mixing of all the fluid components with a strong influence of the air from the
lubrication system outlet. The composition of the mixture in the vicinity of the rotating
surfaces has a major impact on the frictional moment causing losses.

thrust ring ring tside
ts (disc) (cylinder)

2% 0%

ring tside (disc)

0%

thrust ring ts sealipg ring
(cylinder) (cylinder)
16%
thrust bearing ts
19% sealing

ring (disc)
26%

shaft central
2%

thrust bearingve<.

8%
NN
thrust ring cts (cylinder) \

4% _

shaft cside
0%

thrust ring cts (disc) — . | bearing csid
1% journal bearing outlet journa %i\/rmg eside
cside 2 ¢

Figure 3: A distribution of friction power losses on rotating walls, shortcut ts denotes
the thrust-side, cts the counter thrust side, tside the turbine side, cside the
compressor side, a cylinder denotes cylindrical surfaces of the rotor components and
a disc denotes axis normal surface of the rotor components.

The friction power losses can be evaluated for any rotating rotor wall, the friction losses
ratios of the analysed TC are presented in Figure 3. Figure 4 presents the shear stress
distribution on the rotor rotating walls interacting with the mixture. Figure 4 also
presents the normalized velocity vectors of the oil component flow in the casing
projected tangentially in the cutting plane.
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Figure 3: CFD solution results of design operating conditions at maximal rotor speed
presenting a distribution of oil wall shear stresses on rotating rotor walls and
normalised oil velocity vectors in cutting plane.

Computational methods generally assume some simplifications of the description of a
given physical problem, including inaccuracies caused by a numerical solution.
However, in practice, a factor that then determines the correctness of the lubrication
system design is a technical experiment. Based on the measured lubricant
temperature rise and lubricant flow rate, the power loss of the lubrication system is
determined according to

Prye = thcCpAth + Qw ) (10)

where p is the oil density, V. is the TC volume flow rate, ¢p Is the specific heat capacity
and Q,, is the heat flux through surrounding walls.
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The increase in lubricant temperature as it passes through the TC lubrication system
is shown in Table 3 and compares the computational determination of values by means
of a CFD model and the experimental determination of the lubricant heating by

measuring the temperature of the lubricant at the inlet and the outlet TC by means of
a measuring system.

Table 3: Computed and measured power losses by oil flow as it passes through the
TC lubrication system under preferred design conditions.

Operating condition and fluid material properties Value
Computation, Prcomp [W] 12 755
Measurement, P¢peas [W] 12 660

5. CONCLUSIONS

The results determined by the experimentally verified CFD model allow to focus on the
key components of the TC rotor. If the oil-film hydrodynamic bearings are omitted, the
important components are mainly the outer cylindrical surface of the thrust ring on the
thrust side of the thrust bearing and the seal ring. This finding is not surprising since

similar conclusions can already be drawn based on the analytics defined in the theory
background.
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HEAT EXCHANGER THERMAL-CYCLE DURABILITY
IMPROVEMENT

Josef Lapcik?, Luboslav Kollar?,

Abstract

Vehicle Heat Exchanger (HEX) used for engine cooling is facing increasing Thermal-
Cycle durability requirement. This requirement is driven by changes like coolant loop
electrification, more demanding drive cycle definition or non-homogeneity in airflow
distribution. Demands are increased also with more frequent HEX U-flow
configuration and HEX Combo-Cooler construction, where more than one cooling
circuit are integrated. Current HEX construction technology (Controlled Atmosphere
Brazing) is described including limitations. Design of HEX must be adapted to cope
with these new requirements. Design combining current high efficient CAB
technology with flexible mechanical assembly in critical places is described.

1. INTRODUCTION

Heat Exchanger is important part of engine cooling circuit. We can find HEX in all
current types of vehicles — those with combustion engine, hybrid engine and electric
engine as well. Current HEX are well optimized for heat performance efficiency and
their construction is designed for mass production. HEX validation specification
consist from several tests reflecting required vehicle durability.
Thermal-Cycle durability test is part of validation for several years. This requirement
generally asked for cycling of hot and cold coolant or environment condition for
several hundreds of cycles - testing this way HEX durability against dynamic
temperature changes.
Especially German OEMs are increasing these requirements in recent years, which is
driven by several factors:

e Coolant loop electrification - application of electric valves and electric

pumps in cooling circuit -> sharper coolant switching

e Requirement for faster engine heating-up

¢ Driving conditions with more frequent Start-Stop operation

e Hybrid engine operation switching between combustion and electric engine

e Cooling module air-flow distribution non-homogeneity

1 Josef Lapcik, Hanon Systems Autopal Services s.r.0., Zavodni 1007 Hluk, jlapcik@hanonsystems.com
2 Luboslav Kollar, Hanon Systems Autopal Services s.r.0., Zavodni 1007 Hluk, Ikollar@hanonsystems.com

140



C2U o,  KOKA 2021

There are two major Thermal cycle test procedures used by OEMs:

A. Water-Water test procedure, where is cycled hot and cold coolant and main
parameters are defined as:
e Coolant top and bottom temperature range (example 130 °C and -10 °C)
e Coolant flow rate
e Length of hot and cold cycle (not always the same time)
e Speed of temperature ramp-up at beginning of hot cycle

HEX is placed in chamber with stable ambient air temperature. Failure occurs
once there is coolant leakage.

B. Water-Air test procedure, where cold cycle is driven by cold air passing through
HEX core, while coolant flow is stopped:
e Coolant temperature (example 130 °C)
e Air chamber temperature (example -10 °C)
e Coolant flow rate
e Length of hot and cold cycle (not always the same time)
e Speed of temperature ramp-up at beginning of hot cycle
HEX is placed in chamber with defined low air temperature. Once hot cycle is

finished, at defined time or at defined changeover criteria, hot coolant is stopped
and FAN is turned ON cooling down HEX.

HEX must withstand particular number of cycles under specified test procedure.
Between described test procedures can be made correlation, which is based on
comparative results or on strain measurement at core critical areas and re-
calculation.

HEX is built from components shown on Figure 1 and 2 below:

Tank PA66
Gasket - EPDM
% glass fiver | Gasket - EPDM |
30% glass fibe Side Support
\\\ Aluminum

FIN
Aluminum

Tube
Aluminum

Header
Aluminum

NNNNNNNANN

W .
Figure 1. HEX Assembly expanded view
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Figure 2: HEX Sectional view

Aluminum core is brazed by CAB (Control — Atmosphere - Brazing). During Thermal
cycling tubes are spreading and shrinking with thermal expansion ... thermal
expansion rate directly correlates with heating-up / cooling-down profile on HEX core.
This profile is not homogenous — is dependent on HEX flow configuration and on
coolant flow footprint across core area. All tubes are brazed on both sides with
headers = rigid components collecting all the tubes. With unequal tubes thermal
expansion are inevitably emerging strains at tube to header brazed connection.

On Figure 3 below you can see examples of heating-up temperature footprint on
various flow configurations ... I-flow (coolant flows directly from one side to other), U-
flow (coolant inlet and outlet are on the same HEX side) and Combo-Cooler.

From described flow configurations is obviously more sensitive U-flow version than I-
flow as there are generated high strains in the middle of the core, where can be seen
high thermal gradient at certain times of thermal cycle. And it is still not the worst
possible scenario, which can be implemented. On the market are requested so-called
Combo-Cooler heat exchangers, which combine two cooling circuits in single HEX
core. In this special case must be simultaneously cycled temperature at both sections
creating this way even more strain-critical areas. Combo-Cooler configuration can be
seen on Figure 4 below.
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I-flow HEX heating-up sequence

U-flow HEX heating-up sequence

’
:
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U-flow HEX cooling-down sequence

Combo-Cooler heating-up sequence

Figure 3: Temperature footprint from thermal-camera on various HEX (water/water rig)

Figure 4. Combo-Cooler HEX flow configuration example
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2. CAB TECHNOLOGY LIMITS

Current CAB technology is facing its physical limits and struggle with increasing
thermal-cycle demands. This pressure is getting even more difficult consider the
general market pressure on price leading to further material downgauge on
components — especially on tubes. Tubes thinner material means shorter path for
crack propagation. Thinner material is changing strains distribution across core as
well — although we could consider thinner material as more flexible, higher flexibility
means also higher deformations in area of connection with header and deformations
are contributing to failure. Statistical data are supporting conclusion lower material
thickness = lower durability on thermal cycle.

Higher thermal cycle requirements as one of the main life cycle parameter was
evaluated together with its variability. There was indicated range of thermal cycles
measured on same batch of samples with identical design features. This range is
referred to as variability. All the measured sets of samples are evaluated by its
average value of achieved thermal cycles and variability in percentage related to its
initial design. This analysis allows to compare different radiator models and its
modification shown on Figure 5.
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Figure 5: Percentage thermal cycle vs. variability comparison chart of different radiator

designs.
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Each line represents different radiator model produced by CAB technology. All the
lines starts at minimum specified thermal cycle requirement TCo assuming 0% of
variability. Which means all the samples of the batch achieve this value of thermal
cycles as ideal case. Including the variability factor to the nominal value we get the
linear function of

TCy =f(variability) [%]. (1)

This define increase TC Ilimit to reach required number of TCs all samples with
specific level of variability.

Variability is defined as a standard deviation of thermal cycles std(TC) for sample
batch with identical design features.

Assuming normal distribution of data we know 34% resp. 68% of values to be in £10.
Determining of limit value thermal cycle including variability can be calculated as
follow

TCv=TCo+3*0 [cycle] (2)
where o=std(TC) 3)

Acceptable level of achieved level of thermal cycles of identical design test batch is
over the appropriate line. The area of the chart which is preffered for improvements is
in variability less than 100% on x axis and TC on Y axis over the 100% compared to
initial design and over the apropriate designe line.

Comparing all radiator models with all design modifications we can select only few
with significant improvement regarding to thermal cycles level on CAB design
technology. These are also demanding higher material or process cost. e-RAD™
technology, which will be described later, is shown on the same chart to compare
with CAB. It represents highest TC level and promising results of this technology for
difficult requirements of life cycle conditions.

2.1 Approach to solution

As already described HEX core critical places are located at Tube to Header brazed
connection at areas, where core is facing high thermal gradient during certain times
of Thermal cycle. You can see detail of tube failure on Figure 6.

Standard approaches to mentioned problem are mostly built on tube reinforcing by
additional components, which is already increasing core assembly complexity.

OEMs are noticing issues with Thermal cycle requirement and there is increasing
focus on question how this can be solved fundamentally and how to overcome CAB
technology limits.
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Figure 6: CAB Core — detail of failure location

Tube crack behind
connection with
header

Beside standard CAB Heat Exchangers, market knows also chronologically older
MAAR technology (Mechanically Assembled Aluminum Radiator). In MAAR
Technology, there is no brazing at all — connection between tubes and header is
based on compressed gasket, which needs to be specifically designed. Tube /
Gasket / Header connection, shown on Figure 7, has flexibility eliminating strains we
know from CAB core. During tube thermal expansion and shrinking, tube can move in
gasket and there is not generated tension causing failure with material fatigue.

On the other hand - MAAR technology is using mechanical connection also between
tubes and FINs, which, together with some other design factors, means lower
performance efficiency (through limited heat conduction between tubes and fins —
non proper contact). Low performance efficiency (oversizing the HEX Core) is reason
why MAAR technology, as we know it, is by some OEMSs considered as obsolete.

Assembly with flexible Tube /
HEX Core Header with Gasket Gasket / Header connection

Figure 7: MAAR construction concept
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To bring solution for Thermal cycling increasing requirements, while keeping current
high CAB technology performance efficiency, Hanon is introducing technology
combining brazed core with flexible Tube / Gasket / Header connection.

3. HANON E-RAD™

Hanon defined these basic expectations:
» Brazed connection between Tubes and Fins securing high thermal
performance efficiency
> Flexible connection between Tubes and Headers made with integrated Gasket
» Keep comparable durability under all remaining validation tests

Although expectations seem simple, their integration is complicated task. HEX
market is sector of automotive mass production, which is highly standardized,
requires TOP level of serial production reliability and is under constant pressure to
keep prices low.

There were several stages of e-RAD (enhanced-RAD) development:

3.1 Stage A: Tube selection and geometry

Not all tubes used in CAB technology can be integrated to mechanical connection
through compressed gasket. Mainly tube capability to keep gasket in required
compression is factor-influencing selection.

In CAB tube portfolio, welded and extruded tubes are optimal options providing
smooth external surface and allow forming capable to keep gasket in compression.

Tube dimensions and particular tube-end forming were subject of FEA — see.
Example on Figure 8.

HEADER - RIGID SEALING GASKET

T
Figure 8: FEA for gasket compression

FORMING KNIFE - RIGID TUBE

3.2 Stage B: Gasket compression and method of measurement
Optimal Gasket compression is given by material selection and by implemented
gasket design. Optimal tube geometry (which is directly connected with geometry of
header and gasket) is fixed by equations applicable on selected tube portfolio.
Example of patented tube geometry design guideline can be seen on Figure 9.
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Figure 9: Tube geometry design guideline

Required gasket compression level is achieved with tube expansion by punch knives.
Expansion level and knives design were subjects of several iterations as force
generated by compressed gasket is causing tube flexing once knife is removed.

To get perfect control over resulted gasket compression CT scan analysis was used
as a part of evaluation in each design iteration. On Figure 10 can be seen CT scan

example.

Section

Upper row

Bottom row

Figure 10: CT scan analysis for gasket compression
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3.3 Stage C: Serial process readiness

Serial process readiness is for automotive industry important topic. Each new design
must be carefully optimized for mass production. This part of development is often
more demanding than design development itself.

Tools reflecting serial process assembly were developed and tested on batch of
samples. This batch was observed for post-braze dimensional differences and
occurrence of any major / minor defect caused by assembly tools / process. Example
of assembly tool is shown on Figure 11.

Figure 11: Example of assembly tool for serial process

3. CONCLUSION

Validation test matrix is defined to cover OEMs requirements, while selected are the
most demanding to cover majority of potential market.

Test matrix was successfully passed including 4-times higher requirement for
Thermal-Cycle durability (in comparison with the best design using current CAB
technology). Analysis on samples does not show any damage - so we can conclude
principle of flexibility in connection between tube — gasket — header works - there are
not generated strains.

Addressed CAB heat exchangers problem of limited Thermal-Cycle durability - was
solved.
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TRIAL EXPERIMENTS ON LGW 702T GAS ENGINE

Minarik Matej!, Poléni Marian2, Chribik Andrej?, Slauka Michal*

Abstract

The article deals with experimental results of turbocharged engine LGW 702T. The
natural gas (96% vol. CH4) was evaluated for various performance and economic
parameters as it will be used as reference fuel in the future research. Also state
guantities before and after both the charger and turbo were measured to estimate the
operating region of the turbocharger.

1. INTRODUCTION

One of the ways to increase performance as well as economic parameters of
combustion engines is charging with turbochargers. Such field is well explored in case
of gasoline and natural gas engines. The low efficiency of syngas combustion can be
increased by implementing a turbocharging as their lower heating value tend to be
much lower than those of a natural gas or methane. In case of LGW 702, the authors
found that by decreasing the volume of inert gases under 25% with simultaneous
increase of hydrogen above 25% the engine started to manifest signs of abnormal
combustion. This possesses an interesting opportunity for future research as the
turbocharging increase the charge temperature as well as pressure which makes the
engine more prone to signs of abnormal combustion. It also possesses an interesting
challenge as the turbocharging of uneven firing 2-cylinder engine tend to negatively
affect the performance parameters of the turbocharger [1].
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2. LGW 702T ENGINE

LGW 702T engine is an inline 2-cylinder, water cooled spark ignition engine which
design is based on the compression ignition LDW 702 engine. Head of the LDW 702
unit was swapped for LGW 523 spark ignition engine head to allow mounting of ignition
plugs. Also, the piston heads were machined to achieve a lower compression ratio.
The overall compression ratio in this case was lowered to the value of 12.5 from the
former 22.8. Mixture preparation takes place in external diffuser before the charger.
The feedback narrow-band lambda controller drives the stepper unit which in turn
chokes the flow of gaseous fuel. That in turn keeps the engine operation at
stoichiometric parameters. Such system was utilized mainly for its simplicity, whereas
various Syngases can reach an Air to Fuel ratio as low as 1.2. Drawback of such fuel
system is mainly a high susceptibility to various forms of abnormal combustion. [2] The
most evident of these is intake flashback where the mixture is present in whole intake
system up to the diffuser. Such combustion is much more dangerous in case of
turbocharged engine, where the flame propagating from the combustion chamber is
causing strain on charger wheel. Various parameters of the LGW 702T engine can be
found in Table 1.

Engine type Spark Ignition
Number of cylinders and .

Inline 2
arrangement
Crankshaft throw angle [°] 180
Engine displacement [cm?] 686
Bore / Stroke [mm] 75177,6
Compression ratio [-] 12,5:1

Valve train

OHC, Toothed belt

Mixture preparation

External in diffuser, feedback regulation of
stoichiometry controlled with stepper motor

Thermostat controlled dual cooling system, forced

Cooling air flow through radiator, fan with electric motor
drive

Fuel Methane, Natural Gas, Synthesis Gases

Lubrication Full Pressure Lubrication with Filtration

Ignition System

Brisk10DS plugs
Coil On Plug, Bosch P-65T, 65mJ ignition coils
IMF Soft ECUMaster, Engine control unit

Dry weight [kg]

66

Table 1:

LGW 702T engine parameters
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2.1 Data acquisition system

Data acquisition is being carried out with National Instruments c-RIO system. Various
physical quantities were measured using the input modules. List of the modulesand
type can be found in Table 2.

c-RIO module Physical quantity Place of measurement
Pressure Intake before and after
Charger and Turbine
Pressure Oil
) Mass Airflow Intake
NI 9205 — Analog input
Turbocharger RPM Turbocharger
Battery (5:1 voltage
Battery voltage divider)
Lambda Wide band before catalyst
Cooling system in/outlet,
NI 9217 — RTD sensors Temperature Mixture before and after
charger (RTD)
NI 9211 — Thermocouples | Temperature Before and after turbine

Table 2 Types of measurements carried out on LGW 702T engine

At the moment indicated pressure is being traced with external digital oscilloscope
which is connected to the Kistler SCP platform. In the future whole data acquisition
system is planned to be overhauled. This includes incorporation of NI 9263 module
which consists of 4 analog input channels. Such module incorporates 100 kHz
simultaneous sampling speed. Also, various triggering events are planned to be
incorporated with NI 9402 digital input module.
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Figure 2 Rack containing main parts of the measurement system

21%2.1?#2.14 2.13

Figure 3 LGW 702T layout
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Intake
1.1 Air filter
1.2 Mass air flow sensor
1.3 Diffuser
1.4 Intake air temperature sensor (before charger)
15 Intake air pressure sensor (before charger)
1.6 Turbocharger RPM sensor
1.7 Charger
1.8 Intake air temperature sensor (after charger)
1.9 Intake air pressure sensor (after charger)
1.10 Butterfly valve

Engine accessories

2.1

Engine radiator

2.2 Electric fan

2.3 Engine coolant temp. sensor (engine inlet)
2.4 Engine coolant temp. sensor (engine outlet)
2.5 Camshaft RPM sensor

2.6 Camshatft trigger wheel

2.7 Oil temperature sensor

2.8 Oil pressure sensor

2.9 Connecting shaft (engine — dynamometer)
2.10 Elastic Clutch

2.11 Dynamometer

2.12 Accumulator

2.13 Safety switch button

2.14 ECU

2.15 Narrowband lambda controller

2.16 Wideband lambda controller

2.17 Ignition coils

Table 3 Legend for figure 3 (Part 1)
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Exhaust
3.1 EGR reduction
3.2 Exhaust gas temp. sensor (before turbine)
3.3 Exhaust gas pressure. sensor (before turbine)
3.4 Turbina
3.5 DC motor-controlled waste gate
3.6 Waste gate
3.7 Exhaust gas temp. sensor (after turbine)
3.8 Exhaust gas pressure. sensor (after turbine)
3.9 Narrowband lambda sensor
3.10 3-way catalyst
3.11 Wideband lambda sensor
3.12 Silencer
3.13 Exhaust tip
Engine accessories
4.1 Gas meter

4.2 Zero pressure regulator

4.3 Natural gas regulating valve

4.4 Stoichiometry regulating valve

4.5 Stoichiometry regulating stepper motor
4.6 High pressure gas cylinder

4.7 Mass gas flow sensor (for N2)

4.8 Flow regulation screw

Table 4 Legend for figure 3 (Part 2)
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3 EXPERIMENTAL RESULTS

Measurements were performed on AVL DynoPerform 80 eddy current dynamometer.
Engine was operating at full load and stoichiometry was maintained with narrow-band
lambda controller. Ignition angle was set to 25° CA BTDC. Such angle is the optimal
for engine speed of 1500RPM. Measured RPM ranged from 1200 up to 2000.
Performance and economic parameters were evaluated for each mode of operation of
the engine. As it was mentioned before, state quantities of the mixture in the intake
and exhaust gas in the exhaust were collected with in-house software built with the
LabView environment. As the research is focused on combined heat and power system
engines, the main emphasis and focus is laid on engine RPM of 1500 or 1800
respectively.

Full load engine characteristics
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Figure 4 Full load engine characteristic (Full load, stoichiometric ratio, ignition angle 25° CA
BTDC)

Engine achieved maximum power of 8.57kW at 2000 RPM. This corresponds to a
torque of 41 Nm. The torque figures for 1500 RPM reached value of 45.2 Nm and 44.7
Nm for 1800 RPM. These represents power output of 7.09 kW and 8.4 kW. The
minimum brake specific fuel consumption was 263 g/kWh at the RPM of 1500. This is
mainly due to a fact that optimal ignition angle for 1500 RPM was used throughout the
whole measured RPM region. At the point of 1800 RPM the brake specific fuel
consumption 269 g/kWh.
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3.1 Turbocharger

The turbocharger used in this experiment was Garrett GT0632SZ. It is the
commercially smallest turbocharger available on the market. As it was expected, the
RPM of turbocharger rose steadily from approximately 90 000 at engine RPM of 1200
to 160 000 at engine RPM of 2000. The maximum pressure ratio of both, the charger
and turbine has also been achieved at 2000 RPM. The ratio reached values of 1.36 for
charger and 1.39 for the turbine. At the points of 1500 and 1800 engine RPM, the
turbine reached ratio of 1.28 and 1.30, respectively. For the charger, the respective
pressure ratios were 1.19 at 1500RP and 1.24 at 1800 RPM.

Turbocharger operation
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RPM turbocharger —e—Pressure ratio (Charger) —e—Pressure ratio (Turbine)

Figure 5 Turbocharger RPM and pressure characteristic (Full load, stoichiometric ratio,
ignition angle 25° CA BTDC)

The temperatures of the exhaust gases before the turbine reached value of 501°C at
2000 RPM. This accounted for increase of 82°C compared to 1200RPM - at this point,
the temperature before turbine was lower than after turbine. This is mainly accounted
to uncertainty of measurement as well as unfavourable region of operation of the
turbocharger. For the charger side, the fresh mixture after the charger reached
temperature of 59.5°C at 2000 RPM and 53.5°C at the RPM of 1200. As the room was
well vented throughout the whole experiment, the temperature before the charger was
maintained between 33-34°C. The temperature of exhaust gas after exiting from the
turbine at 1500 RPM reached value of 450°C. For the 1800 RPM the measured
temperature was 460°C. The heat drop on turbine at 2000 RPM was 43°C, 15,5°C at
1500 and 31°C at 1800 RPM.
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4.

Turbocharger operation
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Figure 6 Turbocharger temperature characteristic

CONCLUSION

The most important findings found during the trial tests on LGW 702T engine can be
summarized as follows:

- The combination of LGW 702 and of the turbocharger GT0632SZ needs to be
re-evaluated as the expected performance were not met

- The expected effect of turbocharging is predicted to be even lower for the
synthesis gases. This is mainly due to the fact that maximum in-cylinder
pressure as well as exhaust gas temperature for these gases tend to be lower.

- The turbocharger operation for low RPM range could be better improved by
even smaller turbocharger

- As the engine has a relatively small displacement volume, the bigger engine or
engine with different number of cylinders [3] should be used to better understand
the effect of turbocharging in case of synthesis gases
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PROBLEMY DOSAZENI UHLiKOVOI'E NEUTRALITY
U ELEKTROMOBILU

Josef Morkus?, Jan Macek?

Abstrakt

Zmény klimatu a globalni oteplovani jsou dnes velmi frekventovana témata. Za pricinu
téchto zmén jsou povaZovany emise CO- pochazejici z lidské ¢innosti. Evropska unie
se zavazala do roku 2050 dosahnout uhlikové neutrality. Jednou z klicovych cest
k tomuto cili ma byt nahrada automobil(l se spalovacim motorem elektromobily, pfitom
se predpoklada, Ze elektromobil je zcela bezemisni. Tento pfispévek se zabyva
kritickym posouzenim elektromobilt z hlediska emisi vznikajicich pfi jejich vyrobé
vCetné vyroby baterii, vyroby elektfiny pro jejich provoz a materialové narocnosti
prfechodu na elektromobilitu a na bezemisni zdroje elektriny. Jsou ukazany néktere
financéni naroky a vysledny viiv elektromobilt na klima.

1. UVOD

Evropsky parlament vyraznou vétSinou hlasu schvalil Klimaticky zakon, ktery méni
dosavadni zavazek EU snizit emise sklenikovych plynt do roku 2030 o 55 % ve
srovnani s rokem 1990 na zakonnou normu. Tento zakon, ktery se stava ustfednim
cilem EU, stanovuje postup, kterym by Unie méla do roku 2050 dosahnout uhlikove
neutrality. Zdkon musi jeSté formalné schvalit jednotlivé zemé&. Cilem je zamezit
globalnimu oteplovani a klimatickym zménam. Pfitom za hlavni pfi€inu téchto zmén
jsou povazovany emise oxidu uhli¢itého (CO2) pochazejici z lidské Cinnosti.

Oxid uhliCity je pfirozenou soucasti atmosféry, je v ni obsazen v malém mnoZstvi
(obr. 1), ale jedna se o sklenikovy plyn, ktery brani vyzafovani tepla ze Zemé do
vesmiru. Za obdobi od prumyslové revoluce v 19. stoleti vzrostla jeho koncentrace
v atmosfére z 0,025 % na 0,04 % a prave sklenikovy efekt vyvolany timto naristem je
vétSinovym nazorem povazovan za priCinu globalniho oteplovani. Z vyvoje

1|ng. Josef Morkus, CSc. Centrum vozidel udrzitelmé mobility, fakulta strojni CVUT v Praze,
josef.morkus@fs.cvut.cz
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v poslednich desetiletich jsou odvozovany riizné modely dalSiho vyvoje v zavislosti na
koncentraci CO2 a katastrofické scénare, hrozici nevratnym pfehfatim planety a
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78,1 %
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Obrazek 1: slozeni atmosféry

zanikem civilizace. Problémem nékterych modell je, Ze neumi dobfe vysvétlit
minulost, napf. otepleni Evropy ve stfedovéku, kdy lidské emise CO:2 byly
zanedbatelné. Rovnéz v obdobi 50. az 70.let minulého stoleti dochazelo k ochlazovani
[1] (obr. 2). Podle jinych, dnes menSinovych nazord, je kauzalni zavislost mezi
koncentraci CO2 a oteplovanim pravé opacna, mnozstvi CO2 nasleduje s jistym
zpozdénim zmény teploty v dusledku periodickych vesmirnych cykll [2] (obr.3).

sze'ny teploty _H
. H . |
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Obrazek 2: vyvoj teploty v obdobi 1900 - 2000 Obrdzek 3: zavislost teploty a koancentrace CO2 v minulosti

V kazdém pfipadé neni souCasna znalost vyvoje klimatu dostateCné podrobna a
predikce odvozené zrelativné kratkého obdobi nékolika desitek let mohou byt
zkreslené, i kdyz jisty podil lidské €innosti na rlistu koncentrace CO: nelze popfit.
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teplotnl odchylky /°C
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2. ELEKTROMOBILITA

Obecné snaha o sniZzovani emisi jakéhokoliv druhu je spravna. Otazkou vSak je jeji
rychlost podminéna stavem techniky. V sou€asné dobé se ruzni predstavitelé a politici
pfedhanéji v prohlasenich, kdy dosahnou uhlikové neutrality jesté pfed rokem 2050
bez ohledu na okolnosti, které s tim souvisi. Vyrazna pozornost je pfitom zaméfena na
automobily se spalovacim motorem. Objevuji se i terminy, od kdy ma byt prodej téchto
vozidel zakazan.

2.1 Emisni predpisy

Evropska komise a parlament vydali poZzadavky na snizovani emisi automobilu, které
v praxi znamenaji pfechod na elektricky pohon (obr. 4). Pfitom elektromobil je podle
téchto reguli povazovan za zcela bezemisni. Podle planu EU by do roku
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A R R e v i A 2030 mélo na
130

Pramen: JATA, SAP  evropskych silnicich
jezdit 30 milionu
vozidel s nulovymi
emisemi [3] a do
roku 2050 budou
téemér vSechny
automobily bez
emisni [4].
V Evropské unii
Obrazek 4: limity emisi CO2 pro osobni automobily dnes jezdi pfiblizné
260 miliont automobild. V praxi splnéni tohoto pozadavku znamena prodat ode
dneska do roku 2030 pramérné 3 miliony elektromobill ro€né a do roku 2050 primérné
8 milionu elektromobill za rok. Vroce 2020 se v EU prodalo cca 770 tisic
elektromobild.  Vyroba a o
prodej elektromobill by tedy 000
musely trvale vyrazné rist.
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V CR podle Narodniho planu
Cisté mobility [5] ma vroce 200
2030 jezdit 220800 azZ 1000
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2020 se prodalo jen 3262 2000 2021 2022 2023 2024 2025 2026 2027 2028 2020 2030
téchto vozidel. Planovany potet elektramobili
Scéndle —— ning = wokj Ty Propodty MPQ

Obrazek 5 : Narodni plan éisté mobility CR

2.2 Kdy je elektromobil bezemisni

Predpisy EU berou v potaz pouze situaci za jizdy vozidla. Zcela pomiji, Ze elektromobil
je nutné vyrobit, vyrobit pro néj baterii a pribézné vyrabét elektfinu pro jeho provoz.
Na konci zivotnosti by mél byt kazdy elektromobil recyklovan.

Z pohledu celozivotniho cyklu (cradle-to-grave) bude elektromobil bezemisni, jestlize:

- pfijeho vyrobé nevzniknou Zzadné emise

- vyroba baterie bude zcela bezemisni

- rovnéz elektfina, na kterou bude jezdit, bude vyrobena bezemisné
- ana konci Zivotnosti bude bez vzniku emisi rozebran a recyklovan

Je zfejmé, Ze pokud nebudou splnény vSechny tyto podminky, pfedpoklad, Ze
elektromobil je bezemisni, neodpovida skutecnosti.

2.3 Emise z vyroby vozidel a baterii

Jiz pfi vyrobé vozidla vznikd nezanedbatelné mnozstvi emisi. Nékteré automobilky
uvadéji, ze jejich vyroba bude zcela bezemisni. Dulezité v8ak je, co v8e bude
zapocitano: Zda pouze montaz vozidel, ¢i vyroba dili nebo i tézba a zpracovani
surovin, ze kterych bude vozidlo vyrobeno. Svédska studie [6] uvadi, Zze pfi vyrobé
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automobilu vznika v zavislosti na jeho velikosti a vybaveni 5 — 10 t COz2, z toho cca
20 % pfipada na spalovaci motor. U elektromobilu tento motor neni, tedy na vyrobu
vozidla zbyva 4 — 8 t COa.

Ale elektromobil ma navic baterii, jejiz vyroba je energeticky narocna. Vysledky studii,
které se emisemi pfi vyrobé baterii zabyvaiji, se dosti li§i podle toho, jaké faze vyroby
se tykaji a kde se baterie vyrabi. IEA (International Energy Agency) v roce 2019
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Obrazek 6: spoffeba energie a emise pfi vyrobé baterii

publikovala graf [7] (obr. 6), ktery ukazuje mnozstvi spotfebované energie na vyrobu
1 kWh baterie. Vysledky americkych studii, zaloZzené na metodé GREET vychazeji
Iépe nez evropské studie, které uvadeéji spotiebu energie kolem 500 MJ/kWh kapacity
baterie. Obdobné hodnoty vychazeji i z dalSich analyz. S uvaZovanim obvyklych
velikosti baterii a energetického mixu Ciny, kde se baterie pfevazné vyrabéiji, se da
zjednodusené fici, Zze pfi vyrobé baterie vznika zhruba stejné mnozstvi emisi CO2 jako
pfi vyrobé celého zbytku elektromobilu.

2.4 Vyroba elektfiny a obnovitelné zdroje

Za jizdy je elektromobil bezemisni. Ale elektfina pro jeho jizdu se musi nékde vyrobit.
Je potieba si uvédomit, Ze z hlediska globalniho oteplovani a zmén klimatu je
v podstaté Ihostejné, kde emise vznikaji, zda pfi jizdé nebo v elektrarné. S uvazovanim
spotfeby elektromobilu 15 — 25 kWh/100 km, se zapoc&tenim ztrat pfi vyrobé elektfiny,
ztrat v siti a ztrat pfi nabijeni elektromobilu (10 — 25 %) [8], ro€niho najezdu 10 000 —
15 000 km a Ceského energetického mixu cca 0,5 kg CO2/kWh, vznikaji rocné pfiblizné
1 — 3t CO2zna kazdy elektromobil. Jinymi slovy, témér kazdy elektromobil ma v ¢eském
energetickém mixu emise vy$Si nez je limit 95 g CO2/km, za jehoz pfekroceni jsou
vyrobci vozidel se spalovacimi motory pokutovani! Pfi poctu elektromobill podle
Narodniho planu &isté mobility by v roce 2030 vzniklo pro provoz elektromobild v CR
pfi nezménéném energetickém mixu 0,22 — 1,5 milionu tun COa.

Je vhodné podotknout, Ze v rliznych zemich jsou emise z provozu elektromobill rizné
[9]. Kazdy elektromobil ma zpocatku vysSi emise CO2 nez automobil se spalovacim
motorem v dusledku emisi z vyroby baterie. K vyrovnani emisi, t.j. od kdy zacne byt
elektromobil emisné lepsi zalezi na tom, z Eeho se elektfina vyrabi.
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130 000 km, u auta s naftovym motorem po vice nez 200 000 ujetych km. A v Polsku,
kde elektfina pochazi prevazné z uhli, nebude elektromobil emisné lepsi prakticky
nikdy. Je pravda, Ze s uzaviranim uhelnych elektraren a jejich nahradou nizkoemisnimi
zdroji se bude situace lepsit.

Casto se uvadi, Zze elektromobily budou jezdit na zelenou energii z obnovitelnych
zdroju. Z hlediska emisi se jedna o podobnou situaci jako u elektromobilt. Kdyz uz je
solarni nebo vétrna elektrarna v provozu a zanedbame emise pfi udrzbé, pak vyrabi
elektfinu bezemisné. Ale pro

ra
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Obrizek 8: emise pii téZbé a zpracovani materiald Clanky a vSe umistit do panelu se

specialnim sklem. Cely proces je
energeticky naroény a pouziva vysoké teploty. Ocel i panely se vyrabéji v Ciné
s vyuzitim energie pfevazné z uhelnych elektraren. IEA uvadi mnozstvi CO2 vzniklé pfi
tézbé a zpracovani nékterych materiald [10] (obr.8). Vystavba téchto elektraren
rozhodné neni bezemisni a vzniklé emise CO: je potifeba rozpocitat na dobu Zivotnosti,
pfiblizné 20 let. A po skonceni zZivotnosti se elektrarna musi nakladné recyklovat. Jak
ukazuje situace v Némecku, kde sou¢asné s masivni vystavbou obnovitelnych zdroja
dochazi k uzavirani jadernych elektraren, emise z vyroby elektfiny se tim nelepsi.
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Obnovitelné zdroje vSak maji jeSté dalSi problém: Jedna se o nestabilni zdroje
s nepravidelnym vykonem zavislym na pocasi. Kdyz vitr nefouka a slunce nesviti,
nevyrabéji ttmér nic. Proto je nutné tyto zdroje zalohovat jinymi, jadernymi, uhelnymi
a (paro)plynovymi elektrarnami s obdobnym vykonem a ty udrzovat v pohotovostnim
rezimu. Pfitom nutno vzit v uvahu nemalé investi¢ni naklady na tyto zalozni zdroje,
které budou vyuzity pomérné malo (do 30 %) a u fosilnich paliv také naklady kvuli
prudce rostoucim cenam uhlikovych povolenek, vyvolané umélymi zasahy EU. Emise
z téchto elektraren pro nutnou stabilizaci sité se vSak Casto do energetického mixu
nezapocitavaji, nebot vznikaji az ,mimo trh se silovou elektfinou®... Odbérateli
elektrické energie je vcelku jedno, zda je zaplati v silové Ci distribuCni slozce ceny
energie, ovSem propagandisticky |ze pak argumentovat s nizkymi cenami z elektfiny
OZE (obc¢asnych energetickych zdroju).

Zdanliveé Ize tento problém fesit bateriovymi ulozisti, ktera by akumulovala energii, kdyz
je ji pfebytek, a uschovala ji na dobu, kdy pfiznivé podminky nebudou. | kdybychom si
chtéli uloZit pramé&rnou denni vyrobu solarnich elektraren v CR v roce 2020, ktera byla
cca 6 GWh [11], stadila by tato energie na necelou 1 hodinu primérné spotieby v CR
(7,5 GW). Pfitom by ulozisté stala Castky v miliardach K¢ (napf. ulozisté v Plané
n/Luznici s kapacitou pouhé 2.5 MWh a Zivotnosti 10 let stalo 70 miliond K& [12]).
Bateriova ulozisté maji smysl pro kratkodobé pokryti vykonu, nez nabéhnou jiné
zalozni zdroje, ne pro uschovani energie na nékolik dn i vice.

PFi pfedpokladaném vyuziti baterii elektromobilt jakozto zalozni bateriové kapacity Ize
prvni nadsazené optimisticky odhad udélat pro primérné hodnoty. Zalezi nejen na
pouzitelné kapacité baterie (vyuZziti cca 50 % odhadované kapacity baterii dava pro sit
asi 20 kwWh), ale i na vykonu nabijec¢ky, upravené jako stfidac pro obraceny tok proudu.
Pfi 5 kW vykonu wall-boxu bychom pokryli z cca 1 500 000 automobilt sice cely
Amount of spent batteries pramé&rny ptikon sit¢ CR (asi

£ 1900 7,4 GW), ale jen po dobu 1,4 h. Ve
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pfipojeni by byla ovSem 20 h. Obdobi s malym vykonem OZE se tim ovSem nevyfesi,
trvaji Casto déle nez nékolik dni, ato v zimé i v |été.

2.5 Materialova naro¢nost

Pokud je elektromobild malo, zda se otazka spotfeby materiall banalni. Ale
s rostoucim poc¢tem elektromobill vyrazné nabyva na vyznamu a mize se stat limitem
rozvoje elektromobility. Data ukazuji rostouci nesoulad mezi ambicemi v oblasti
klimatu a dostupnosti kritickych nerostu, které jsou nezbytné pro realizaci téchto
ambici. IEA vydala vtomto roce obsahlou zpravu [10], ktera podrobné analyzuje
potfebu rdznych minerall pro predpokladany rozvoj elektromobility. Enormni narust
potfeby baterii pro planovany pocet elektromobill ukazuje obrazek 9. Na vyrobu
elektromobilu a jeho baterie je potfeba nékolikrat vice minerall ve srovnani s vyrobou
automobild se spalovacim motorem (obr. 10).

Podstatnou &ast nalezist t&chto material( vlastni nebo ma pod kontrolou Cina. A podil
Ciny je jesté vétsi pfi zpracovani téchto prvki — Cina kontroluje az 70 % svétové
produkce kobaltu a lithia a az 90 % vzacnych kovu [10]. Vzacné kovy jsou kli¢ovou
soucasti fady modernich technologii od spotfebni elektroniky az po vojenské a zelené
technologie: mobilni telefony, pocitace, stihacky, fizené strely, solarni panely, vétrné
turbiny a elektromobily. Poptavka po vzacnych kovech roste a Cina je prakticky jejich
vyhradnim svétovym producentem. Cina je také dominantnim dodavatelem
polykrystalického kiemiku pro vyrobu solarnich panelt [14], spolu s Ruskem pokryva
70 % spotfeby antimonu potfebného pro baterie, solarni panely, polovodice i vétrné
turbiny [13], atd. Rovnéz vyroba oceli se pfesouva do Ciny, kde jeji cena neni zatizena
az 50 % navySenim emisnimi povolenkami jako v Evropé. Green Deal (Zelena dohoda
pro Evropu) tak vede k zavislosti Evropy na dodavkach surovin z Ciny a dal$ich zemi.

Minerals used in selected clean energy technologies
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Obrizek 10: porovndni potieby materidli pro automobily a elektromobily
a pro razné technologie vyroby elektfiny

Rostouci potfeba minerall jak pro vyrobu elektromobild, tak i obnovitelnych zdroj
energie vede k nasobné potfebé surovin (obr. 11) a tim k dalSi rozsahlé devastaci
prirodnich zdroji Zemé. Podle IEA by do roku 2040 potfeba lithia vzrostla vice nez 40x
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a potfeba dalSich materialt cca 20x. Protoze téZba probiha v rozhodujici mife mimo
Evropu, emise vznikajici pfi t&€Zzbé a dopravé surovin se do bilance CO:z v Evropé
nezapocitavaji !

Growth to 2040 by sector Growth of selected minerals in the SDS, 2040 relative to 2020
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Obrazek 11: Ndrist mateidlové ndroénosti pro scéndf udrZitelného rozvaje (SDS) a ublikovou neutraiitu
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a ndsobny ndrist potfeby vybranych materiali pro 5DS do roku 2040

Lze predpokladat, ze rast poctu elektromobild bude limitovan dostupnymi zdroji
surovin. Navic zde hraje roli asovy faktor: Otevieni novych nalezist trva delSi dobu,
napf. zprovoznéni médéného dolu cca 10 let [15], coZ je v rozporu s plany rozvoje
elektromobility v Evropé.

2.6. Recyklace

Teoreticky by potfeba tézby novych materiald mohla byt omezena recyklaci pouzitych
baterii elektromobill, resp. solarnich a vétrnych elektraren po skon&eni jejich Zivotnost.
Recyklace je v souCasné dobé v pocatcich a je technologicky a energeticky narocna.
V Evropé dosud neni dostupna kapacita pro recyklaci vétS§iho mnozZstvi baterii.
V soucasné dobé se recyklaci ziskdva méné nez 1 % lithia a vzacnych zemin. |IEA
pfedpoklada, Zze v roce 2040, kdy jiz bude k dispozici znacné mnozstvi vyfazenych
baterii, by recyklované mnozstvi médi, lithia, niklu a kobaltu mohlo snizit poZzadavky
na tyto mineraly asi o 10 % [10].

2.7 Co to prinese ekonomicky

Casto se uvadi, Ze cena elektromobild bude s rostouci sériovosti klesat a dojde
k vyrovnani cen automobill se spalovacim motorem a elektromobild. Je
pravdépodobné, Ze k vyrovnani dojde, ale ne na sou€asnych cenach automobilu,
nybrz na cenach elektromobild. Ddvody ktomu jsou jednak pfipravované
znevyhodnéni spalovacich motort uhlikovou dani a zejména rostouci materialové a
energetické naklady na vyrobu elektromobill. Obrazek 12 ukazuje vyvoj ceny
nékterych materiall v poslednim roce [16]. Je pravdépodobné, Ze s rostouci potiebou
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téchto matriald muze cena dale rust. Roste nezanedbatelné i cena oceli, zakladniho
materialu pro vyrobu vozidel.
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Obrizek 12: vyvoj cen vybranych materigli

T o e Daléim problémem je vyvoj ceny
74.600 EUR C sLemw _ snozaozo  €lektfiny [16] (obr. 13). Obecné se na
Eeeaean e N — AR - — jejim rastu podili snahy o snizeni
o emisi CO2, zejména rostouci ceny
o= emisnich  povolenek, uzavirani
& uhelnych elektraren, dotace na
vystavbu a provoz OZE a komoditni
platby na zalozni zdroje elektfiny.
b - Napf. dotace cCeskych solarnich
5 @ 0 % & & %4 % 4 % 8 & elektraren od roku 2010 do 2030 se
ﬂ'?% %Q, %-:%, J‘?@ *{-Q, Q,,b %,} a‘e{' qf@ a’-'{, o__%’ %;*5 blizi 1 bilionu K¢, coz je Castka, za
kterou by bylo mozné postavit
nékolik bloku jadernych elektraren
se stabilnimi dodavkami elektfiny. Dalsi riist OZE tyto &astky jesté zvysi. Pfitom v CR
solarni elektrarny vyrabéji pouze cca 3 % a vétrné necelé 1 % roCni produkce
elektrické energie. Rostouci cena elektfiny se dotyka nejen domacnosti, zejména téch
s niz§imi pfijmy, ale i primyslu, kde zvySuje naklady a tim snizuje jeho
konkurenceschopnost a vede k obecnému zvySovani cen.

Obrazek 13: vyvof ceny elektiiny

Ceny elektromobilt obecné jsou dotovany. Napfiklad v Némecku je dotace na nakup
elektromobilu 9000 €, ve Francii 7000 € [17]. Dotace mohou pochazet od statu (tedy
od danovych poplatniki) nebo od automobilky, ktera na né ziskava prostfedky
zdrazenim automobilt se spalovacimi motory. Tento proces — zdrazovani automobilt
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jiz probiha. Cim vice bude elektromobilli a mé&né automobili se spalovacimi motory,
tim vétSi bude narust ceny automobilll pro kompenzaci dotaci na elektromobily.

Rozvoj elektromobility vyvolava dalSi nutné investice v fadech miliard EURO na
budovani nabijeci infrastruktury, posileni rozvodnych siti atd. Masivnégjsi rast poctu
elektromobilt vyvola v pristich letech rust spotieby elektfiny, ktera bude muset byt
zejména v obdobich, kdy OZE nedodavaji dostatek vykonu zajisténa patrné novymi
plynovymi (t.j. fosilnimi) zdroji.

2.8 Co to prinese pro klima

Emise z lidské innosti pfedstavuji cca 3,5 % celkové tvorby CO2 na Zemi, pfevazna
vétSina CO:2 pochazi z pfirodnich zdroju. Za pfedpokladu, Zze by vSdechny automobily
se spalovacim motorem v Evropé byly nahrazeny elektromobily a s uvazenim podilu
dopravy v Evropé na tvorbé CO2 celkem, z toho podilu silni¢ni dopravy a podilu
osobnich automobill je zfejmé, Ze se evropské osobni automobily podileji na celkové
tvorbé CO2 v Evropé 5 — 10%. S uvazenim podilu EU na tvorbé CO2 ve svété se
evropskeé osobni automobily podileji na globalnich emisich CO2 z lidské Cinnosti pouze
zlomkem procenta (obr. 14) ! A to jeSté za prfedpokladu, Zze by elektromobily byly
vyrabény zcela bezemisné a jezdily na Cistou, bezemisné vyrabénou elektfinu. Tedy
ve skute€nosti bude tento podil jesté vyrazné nizsi v zavislosti na realnych emisich pfi
vyrobé elektromobilll a baterii a vyrobé elektfiny pro jejich provoz.

Lidskd Simmcst 3,5 %

¢ podil Evropské unle na
emisich CO2 je 8%

|
1
|

podll osobnich automobli® na emisich CO2 v Evropské unli
(0,12a20,25)x 0,72 x 0,607 =0,05a20,1 ~ 5az210%

podil evropskych osobnich automobill na emisich CO2 z lidské cinnosti
(0,05 az 0,1) x 0,08 = 0,004 a2 0,008 ~ 0,4 a2 0,8%

na globalnich emisich CO2 se evropské automaobily podili jen minimainé !

Obrazek 14: podil osobnich automobill v Evropé na emisich CO2 z lidské ¢innosti

V dasledku rostouci Zivotni Grovné v Ciné a v dalSich tzv. rozvojovych zemich roste
v téchto zemich spotfeba energie, ktera se vyrabi pfedev8im z uhli. Pfes pokles
spotieby uhli v Evropé a v USA jeho celkova spotfeba ve svété neklesa [18] (obr. 15).
V dasledku toho a v disledku pfesunu ,Spinavych* vyrob do Ciny a dalSich zemi
celkové emise CO2 ve svété stoupaji [19] a pFevysu;ji jejich ubytek v Evropé (obr. 16).
Je zfejmé, Ze snaha o snizovani emisi CO2 nahradou automobilt elektromobily je velmi
neefektivni a nevede k dosazeni uhlikové neutrality ve svété, nehledé na dalSi
problémy s tim souvisici. Za pozitivum Ize povazovat pouze sniZeni zdravi $kodlivych
emisi a hluku v ulicich mést.
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S klimatickou zménou se musime naucit Zit, ne se ji snazit neucinné a draze ovlivnit.
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3. ZAVER

Elektromobil jako dopravni prostfedek dava smysl zejména ve méstech a pfi dojizdéni
do prace na kratké vzdalenosti, kde vystaci s malou baterii a |ze jej dobit pfes noc.
Muze byt vyuzit pro rozvazkové a jiné sluzby, dopravu po mésté i jako druhy viz v
rodiné, pokud majiteli nedéla problém vysoka cena. Nasilné prosazovani elektromobill
s cilem dosazeni uhlikové neutrality je neefektivni cestou, neni |lékem k ozdravéni
planety, nepfinasi z hlediska klimatu prakticky nic a narazi na fadu problému v oblasti
vyroby, materialové narocnosti i v cenové politice. Vysoka cena omezuje mobilitu
chudsi Casti spoleCnosti a nuti je udrzovat v provozu stara vozidla s vysokymi emisemi,
coz je v pfimém protikladu se smyslem elektromobility. Dotace pokfivuji trh a podporuji
bohatSi Cast spoleCnosti. Navic zde vznika riziko dovozu ojetych elektromobill s
naslednymi problémy s ekologickou likvidaci vyslouzilych baterii.

Budeme-li ve smyslu soucasnych evropskych predpist povazovat elektromobily za
zcela bezemisni a podobné elektfinu vyrabénou v solarnich nebo vétrnych
elektrarnach za bezemisni, pak je mozné, Ze do roku 2050 dosahneme v Evropé
uhlikové neutrality. Ale jen na papife, nikoliv ve skuteCnosti, a to pfi znacném poklesu
soucasné kvality Zivota.
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Abstract

The mechanical efficiency of turbochargers is mainly influenced by the lubrication
system and can be increased by improving the performance of the thrust bearing. An
innovative approach combines three levels of bearing computational models with
optimization using genetic algorithms and effectively considers the multi-operating
conditions. The strategy represents a 35% reduction in mechanical losses of the thrust
bearing under preferred operating conditions. These savings result in a 20% energy
saving in the lubrication system measured on the turbocharger of a stationary internal
combustion engine without significant risk of lubrication system failure.

1. INTRODUCTION

Application sectors including marine, rail transport or distributed cogeneration are
currently based on turbocharged internal combustion engines (ICE). Turbocharging
technology makes it possible to achieve higher overall efficiency leading to lower
specific fuel consumption and lower pollutant emissions [1], but, on the other hand, it
introduces many issues, such as turbo-lag [2], failures [3], and noise and vibration [4].
Turbochargers (TCs) are machines with relatively high mechanical efficiency with
values of about 90% at high speeds and correspondingly high loads. When the TC is
operating at low speeds, the performance of the compressor is significantly reduced,
and even the mechanical efficiency decreases to smaller values. Reducing mechanical
losses is, thus, even more important. The mechanical losses are particularly important
under TC transient operating conditions or under off-design operating conditions, such
as, for example, compressor surge operating conditions.

Mechanical losses are mainly caused by the lubrication system and, thus,
predominantly due to thrust and journal bearings when hydrodynamic oil bearings are
used. Mechanical losses have been the subject of many research studies. The studies
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have analysed the effects of the lubrication system on mechanical losses and lubricant
flow rates. Experiments performed by Deligant et al. [5] showed that thrust bearings
make a significant contribution to friction losses and lubricant flow rates, which are
more likely under increased rotor speeds.

Thrust bearings also have a fundamental effect on lubricant flow rate. Novotny et al.
[6] presented lubricant flow rates of journal and thrust bearings on a heavy-duty truck’s
ICE TC and concluded that thrust bearing can have a much higher influence on the
total lubricant flow rate; mainly, bearing axial clearance and lubricant inlet pressure is
highly important. In another work, Novotny and Hrabovsky [7] investigated a share of
friction losses and flow rates between thrust-bearing sides. They found that, while the
friction losses on the thrust bearing of the stationary ICE TC occurred mainly on the
thrust side, the lubricant flow rates were higher on the counter-thrust side. The counter-
thrust side was evaluated as mostly unloaded under design-operating regimes. This
fact was further increased under operating conditions corresponding to higher
compression ratios and rotor speeds.

TCs contribute positively to improving ICE performance, but they also have some
disadvantages. For example, they significantly affect ICE failures. Nahim et al. [8]
claimed 5 % of ICE failures are due to TCs. Moreira [9] also mentioned the great
influence of TCs on diesel ICE failures in heavy-duty vehicles. There are many
components of TCs that can lead to failure, but, most commonly, the lubrication system
is the main source of technical failures. Dellis et al. [3] investigated TCs of passenger
car ICEs and concluded that approximately 50 % of serious failures in a large group of
samples were caused by the lubrication system. The failures mainly included the delay
of lubricant entrance into the TC and a lack of sufficient lubrication. It can be stated
that lubrication system failures are usually closely related to specific operating
conditions and, unfortunately, are often associated with the human factor. When
increasing the performance of the lubrication system, the design operating conditions
are preferred, i.e. those conditions under which the TCs are operated most often.
However, failures usually occur under off-design operating conditions and, therefore,
these conditions must also be considered.

2. RESEARCH OBJECTIVE

The research objective is a development approach that will improve the performance
of the lubrication system of TCs under the preferred-design operating conditions and
guarantee its reliable functionality even under off-design operating conditions. The
approach will be applied to find a new design for TCs’ thrust bearing in a stationary
natural gas ICE. The new thrust bearing must enable reduction of mechanical losses
in the lubrication system. The main emphasis is on design operating conditions of TCs,
including low loads and low rotor speeds. The following requirements must be met for
an improved lubrication system, including the new thrust bearing:

¢ The energy losses of the lubrication system must be decreased by more than 5 %
under preferred operating conditions at up to 60 % of maximal rotor speeds.

e The load capacity of the thrust bearing must not be decreased.

e The TC’s lubricant flow rate must not be significantly higher.

e The bearing’s lubricant temperature at the bearing outlet must not be higher.
e The minimal lubricating gap thickness must not be significantly reduced.
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3. METHODOLOGY DESCRIPTION

An innovative approach is proposed to meet the defined research objectives. The
innovative approach focuses on the thrust bearing as the most significant source of
mechanical losses in the lubrication system and, at the same time, the source with the
greatest potential for reducing losses. The approach assumes the definition of a
specific bearing concept and an initial bearing design that satisfies that concept. Any
bearing matching the bearing concept is subsequently evaluated for its integral
characteristics, and these characteristics are used by an optimalisation approach. The
principle is to work with relative changes between the initial and any bearing candidate.
The innovative approach must not only find, but also verify, the new bearing as a key
element of the entire lubrication system.

Analysis of Bearing Verification of New é
initial bearing optimisation new bearing bearing

Virtual turbocharger Optimisation approach CFD bearing model of Result: The thrust
including computational based on using genetic lubricant flow & heat bearing

models of journal and algorithms (Novotny et al.  transfer to verify performance under
thrust bearing lubrications [11]) and the efficient lubricant flow sufficiency steady-state
using principles proposed computational model of the lubrication (Novotny and operating
by Novotny et al. [6; 10].  thrust bearing lubrication Hrabovsky [7]). conditions
R - ) (Novotny and Hrabovsky [7]). Virtual
esult: Transient Result: The

Efficient bearing model turbocharger

states to obtain turbocharger rotor-

) groove land taper H | d
bearing steady states | AN\ e | Result: Including bearing system
. . . outlet .
for optimisation /4 Bearing | computational g performance under
Virual e geometry | Models of journal transient operating
it to meet and thrust bearing conditions
turbocharger Awo o lubrications :
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Figure 1. Scheme of the innovative approach including three steps: an evaluation of
the serial bearing under transient operating conditions, a bearing optimisation and a
verification of the new bearing.

The innovative approach consists of three consecutive steps:

¢ Evaluation of the rotor-bearing system, including the serial thrust bearing under
the typical turbocharger operating conditions. This generates corresponding
bearing kinematic conditions and loads for the preferred steady-state operating
conditions. The transient dynamics of TCs is effectively solved using a nonlinear
dynamic multibody model, called a virtual turbocharger and incorporating
hydrodynamic bearing models developed by Novotny et al. [6; 10].

¢ Optimisation of the thrust bearing design parameters, utilising genetic algorithms
(Novotny et al. [11]) and an efficient computational model of the thrust bearing
(Novotny and Hrabovsky [7]) under preferred operating conditions.

e Verification of the new thrust bearing using computational approaches for a
solution of thrust bearing steady-states using CFD [7], transient dynamics of a
rotor-bearing system [10] and final experimental verification of a TC, including a
thrust bearing prototype.
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This innovative approach also brings a certain loss of generality and undoubtedly
requires a certain level of practical experience with the problem, but, on the other hand,
partially limits the influence of computational modelling accuracy to describe a given
physical problem. The proposed strategy is graphically illustrated in Figure 1.

4. RESULTS

The mechanical losses are evaluated by measuring the lubricant temperature rise after
passing through the turbocharger lubricating system and measuring the lubricant flow
rate in both the cold and hot operating conditions. From the principle of TC operation,
it is clear that the heat dissipated by the lubricant does not occur only due to frictional
losses in the bearings, but is also affected by heat transfer from the surrounding walls.
Neglecting this effect may introduce some distortion of the measured lubricating
system losses. To limit this influence, measurements are made on both the serial and
the new thrust bearing installed on the same TC operated under the same operating
conditions. The new bearing is then evaluated relative to the serial bearing and thus
the effect of heat transfer through the walls is largely eliminated.
For a more detailed evaluation of the lubricant temperature rise at the thrust bearing
outlet and to eliminate the effect of heat transfer the TC is operated under cold
operating conditions. In this case, however, the maximum achievable rotor speed is
reduced, as the cold conditions are limited by the maximum flow rate of compressed
air supplied to the turbine by an external compressor.

20

o— ser, cold
—&—new, cold
—o—ser, hot
15 4+ new, hot

Temperature rise [°C]

° 0 10(I)OO ZO(IJOO 30(I)00 40(I)OO 50000
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Figure 2: Rise in lubricant temperature between the inlet and the outlet of the TC
operated under the cold and hot operating conditions for lubricant temperature at
inlet, Ty, = 60°C. The symbol ser indicates the serial design and new the new design
of the thrust bearing.

The rise in lubricant temperature between the inlet and the outlet of the TC lubrication
system is clearly visible in Figure 2. The effect of hot operating conditions on lubricant
is also clearly visible in areas where the hot and cold operating conditions intersect at
rotor speeds.

According to the measurements, the overall energy savings on the entire TC lubrication
system when using the new thrust bearing design are on average 15 % in the TC’s low
speed range and under the cold operating conditions and on average 20 % in the full
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speed range under hot operating conditions. The results of the measurements are
shown in Figure 3, the mechanical loss ratio is defined as the power loss change using
the new bearing relative to power loss of the serial bearing. The total energy savings
determined by measuring the TC show the great influence of the thrust bearing on total
mechanical losses of the lubricating system.

10%
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Figure 3: Mechanical loss ratio of the TC lubrication system comparing the
new bearing relative to the serial bearing determined by measurements on
experimental turbocharger under cold and hot operating conditions. Dashed lines
present the linear approximation of measured results.

The requirement defined in the solution strategy also defines only a small increase in
lubricant flow rates. The lubricant flow rates were slightly increased in line with the limit
set in the solution strategy. There was an increase of 11% under cold operating
conditions and 15% under hot operating conditions.

5. CONCLUSIONS

The proposed innovative approach has proven its effectiveness in reducing
mechanical losses of the lubrication system of the considered TC under preferred
operating conditions. The result was achieved by reducing the friction losses of the
thrust bearing. At the same time, the approach eliminated thrust bearing designs that
would lead to damage under off-design operating conditions. Application of the
approach has made it possible to reduce mechanical losses of the thrust bearing by
an average of 35 % under the preferred operating conditions. These partial savings
resulted in approximately 9 % energy savings in the entire TC lubrication system
without a significant increase in lubricant flow rates or a significant reduction in the
risks of damage to the lubrication system components.

The strong point of the innovative approach strategy is the inclusion of several
operating conditions to the optimalisation of the lubrication system, respectively, of the
thrust bearing. The preferred operating conditions still have a dominant influence on
the final shape of the bearing, but the off-design operating conditions enable the
elimination of bearing variants, which are likely to reduce the bearing service life and,
thus, the lubrication system failure.

178



CE o,  KOKA2021

REFERENCES

[1] TORREGROSA, A.J., A. BROATCH, R. NOVELLA and L.F. MONICO. Suitability
analysis of advanced diesel combustion concepts for emissions and noise
control. Energy. 2011, 36(1), 825-838.

[2] PAGOT, A, A. DUPARCHY, X. GAUTROT, P. LEDUC and G. MONNIER.
Combustion approach for downsizing: the IFP concept. Oil and Gas Science and
Technology. 2006, 61(1), 139-153.

[3] DELLIS, P.,R. EVAGGELOS, G. ALCIBIADES and A. PESYRIDIS. Turbocharger
Lubrication -Lubricant Behavior and Factors That Cause Turbocharger Failure.
International Journal of Automotive Engineering and Technologies. 2013, 2(1),
40-54.

[4] GALINDO, J., A. TISEIRA, R. NAVARRO, D. TARI and C.M. MEANO. Effect of
the inlet geometry on performance, surge margin and noise emission of an
automotive turbocharger compressor. Applied Thermal Engineering. 2017, 110,
875-882. ISSN 13594311.

[5] DELIGANT, M., P. PODEVIN and G. DESCOMBES. Experimental identification
of turbocharger mechanical friction losses. Energy. 2012, 39(1), 388-394. ISSN
03605442.

[6] NOVOTNY, Pavel, Petr SKARA and Juraj HLINIK. The effective computational
model of the hydrodynamics journal floating ring bearing for simulations of long
transient regimes of turbocharger rotor dynamics. International Journal of
Mechanical Sciences. 2018, 148, 611-619. ISSN 0020-7403.

[7] NOVOTNY, P. aJ. HRABOVSKY. Efficient computational modelling of low loaded
bearings of turbocharger rotors. International Journal of Mechanical Sciences.
2020, 2020(174), 105505.

[8] NAHIM, H.M., R. YOUNES, H. SHRAIM and M. OULADSINE. Oriented review to
potential simulator for faults modelling in diesel engine. J. Mar. Sci. Technol.
2016, 21(1), 533-551.

[9] MOREIRA, M.F. Failure analysis in aluminium turbocharger wheels. Wear. 1999,
1999(225-229).

[10] NOVOTNY, P., J. HRABOVSKY, J. JURACKA, J. KLIMA and V. HORT. Effective
thrust bearing model for simulations of transient rotor dynamics. International
Journal of Mechanical Sciences. 1, 2019, 2019(157-158), 374-383.

[11] NOVOTNY, Pavel, Martin JONAK and Jifi VACULA. Evolutionary Optimisation of
the Thrust Bearing Considering Multiple Operating Conditions in
Turbomachinery. International Journal of Mechanical Sciences. 2021, 195. ISSN
00207403.

ACKNOWLEDGEMENT

The research leading to these results has received funding from the Specific research
program at Brno University of Technology, reg. no. FSI-S-20-6267. The research has
also been supported by the Technology Agency of the Czech Republic, in the project
Thrust bearing load capability increasing, Reg. No.: TH03020426.

179



CZU foonmckd  KOKA 2021

22.-23.9.2021

52, MEZINARODNi VEDECKA KONFERENCE CESKYCH A SLOVENSKYCH UNIVERZIT A
INSTITUCi ZAMERENA NA VYZKUMNE A VYUKOVE METODY SPOJENE SE SPALOVACIMI
MOTORY, ALTERNATIVNiMI POHONY A DOPRAVOU

. 22-23.7ARi2021, PRAHA ,
CESKA ZEMEDELSKA UNIVERZITA V PRAZE, TECHNICKA FAKULTA,
KATEDRA VOZIDEL A POZEMNI DOPRAVY

2021 - Trojnasobné jubileum
Ustavu automobilii, spalovacich motori a kolejovych vozidel Fakulty strojni CVUT

Branko REMEK.

Abstrakt

Rok 2021 je pro souéasny Ustav automobilti, spalovacich motort a kolejovych
vozidel, Strojni fakulty CVUT v Praze mimoradné vyznamny. V historickém
vyvoji prazské techniky se pfipomina 100 let od zaloZeni Ustavu spalovacich
motord, 70 let od zaloZeni Ustavu automobilti, traktort a zemédélskych stroju
a 55 let od slouceni obou ustavu. Celé toto obdobi je kriticky zhodnoceno.

1707 - POCATEK HISTORIE
V roce 1705 poslal Christian Josef Willenberg Leopoldu | Habsburgskému supliku

s Zadosti o svoleni k vyu€ovani uméni inZenyrskému v Praze. Po dvou letech jeho
naslednik Josef | nafidil ceskym reskriptem stavim, aby vSe podpofily. Trvalo to 10
let a dvouleta vyuka zacala ve Skolnim roce 1717/18. Vynalez parniho stroje v roce
1769 spustil technickou revoluci a vyznam prazské techniky vzrostl, kdyz byl v roce
1805 jmenovan feditelem FrantiSek Josef Gerstner. V prvni viastni budové v Husové
ulici na Starém mésté prazském byl v roce 1812 uveden do provozu dar stavd, parni
stroj Boulton&Watt 17HP. Stroj dodany v dilech sestavil “mechanicus” techniky Josef
Bozek. Do déjin se Bozek nesmazatelné zapsal prvnim parnim vozidlem ve Stfedni
Evropé v roce 1815 a parolodi v roce 1817. Vlz je znam z rytiny, podle které udélal
maly model FrantiSek Rott poCatkem 2. Svétové valky. Prvni replika vozu byla
postavena v roce 1950 jako pohybliva maketa pro film o zivoté Josefa Bozka, "Posel
usvitu". Druhou, pIné funkéni repliku, postavil v roce 1985 Josef Svoboda z Liberce a
jeho samohyb je v Muzeu staré techniky v Zamberku.

Ing. Branko REMEK, CSc,, U12201, Fakulta strojni CVUT v Praze, branko.remek@fs.cvut.cz
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Obr. 01 Portal budovy politechniky  Obr. 02 PInotlaky parni stroj Watt — 1769

Gerstner projektoval splavnéni Vltavy a konéspreznou drahu z Ceskych Budé&jovic do

Lince, pozdéji prodlouzenou az do Gmundenu. Doprava na useku do Lince v délce

i B ot

Obr. 03 Replika parovozu 2015 Obr. 04 Retro jizda konésprezky, Kerschbaum

1864 - OBOR STROJNICTVi - MOTORY A VOZIDLA

ZruSeni roboty v roce 1848 bylo hnaci silou primyslové revoluce 19. stoleti. Obor
strojnictvi se samostatné rozvijel od roku 1863/1864, kdy transformaci inZzenyrské

Skoly, resp. politechniky vznikla C. a K. Ceskéa vysoka $kola technicka a byl zaveden
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vykaz o studiu, index. Profesorské stolice byly zfizeny pro Ctyfi obory, Stavitelstvi
pozemni, Stavitelstvi vodni a silni¢ni, Strojnictvi a Technicka lu¢ba (chemie). Bylo to
v dobé pary a tak byla zaméfena i vyuka, kde obor parnich strojii a Zelezni¢nich
vozidel dosahl svétové urovné. Obor spalovacich motorl se zpocatku vyucoval
v nékolika strojnickych oborech. Vyuka byla postavena na pfednaskach ,Technicka
mechanika a nauka o strojich® profesora Hausmanna, ,Stavba stroju a encyklopedie
mechaniky“ profesora Salaby a ,VSeobecna a technicka fyzika“ profesora Zengera.
Jiz v té dobé byla uzka spoluprace se strojirnami Ringhoffer, Breitfeld&Danék a Prvni
&esko-moravskou. Vynosem Ministerstva $kolstvi Ceskoslovenské republiky vzniklo v
roce 1920 Ceské Vysoké Ugeni Technické. Statut vytvarel $kolu, ktera zahrnovala

puvodni obory, povySené na Vysoké skoly, pozdéji fakulty. Studium jiz bylo Ctyfleté.

1921 — USTAV SPALOVACICH MOTORU

V roce 1921 byl zfizen Ustav spalovacich motord CVUT profesora Jana Kostéla,
ktery po promoci v Praze a stazi na Polytechnice v Curychu pracoval jako konstruktér
v Ceskomoravské tovarné na stroje. Cinost Ustavu byla zaméFfena na primyslové
motory, které postupné vytlaCovaly parni stroje. Sidlo ustavu bylo ve starSi budové
Karlovych kasaren. Laboratof spalovacich motort byla ve Strojni laboratofi zfizené v
roce 1921 ve dvofe aredlu CVUT.

Obr. 05 Jan Kostal Obr. 06 Strojni laborator 1923
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Strojni laboratoF byla vybavena parnim kotlem Skoda Oschatz, ktery dodaval paru
pro turbiny a stroje. Prvnimi spalovacimi motory byly vznétovy jednovalec Skoda LW,
zatézovany Pronyho brzdou a zazehovy jednovalec Breitfeld&Danék, zatéZzovany
pistovym kompresorem. Po umrti profesora ZvoniCka v roce 1926 byl prednosta
Ustavu spalovacich motorti Kostal povéien i spravou Ustavu parnich motortd. V
letech 1948-1949 byl rektorem CVUT a Ustav ved| az do roku 1960, kdy jej vystfidal
profesor Alois Vrba. PovaleCni asistenti Ladislav Reichert a Bohuslav Suk se
rekrutovali z fad studentl, ktefi zacCali studium pfed valkou a dokoncili az po ni.

MladSimi asistenty byli Vaclav Rychetnik a FrantiSek Holat.

1951 USTAV AUTOMOBILU, TRAKTORU, ZEMEDELSKYCH STROJU

Po 2. Svétové valce byl v ramci Dvouletého planu obnovy narodniho hospodarstvi
(1947-1948) stanoven vyrobni program C&eskoslovenskych automobilovych a
motocyklovych tovaren, ktery jim racionalné urCoval jejich zaméfeni. Z planu zbylo po
Unoru 1948 sice jen torzo, ale na Vysoké $kole strojniho a elektrotechnického
inZzenyrstvi byl v roce 1949/1950 vypsan obor ,Stavba automobilli a traktord®. Ustav
pro tento obor byl zfizen pro Skolni rok 1951/1952 pro Jana Petranka, ktery byl jiz
roku 1946 jmenovan profesorem. Po roce 1948 byly ustavy, po sovétském vzoru,
pfejmenovany na katedry a $koly na fakulty. Ze svazku CVUT byly v roce 1951/1952
vyClenény Fakulta zemédélska, Fakulta chemicka a Fakulta komeréniho inzenyrstvi a
vznikly z nich samostatné vysoké $koly, Vysoka $kola zemé&délska, resp. dnes CZU
(Ceska zemédélska univerzita), Vysoka $kola chemicko-technologicka a Vysoka
Skola ekonomicka. Puvodné spolec¢na Vysoka Skola byla rozdélena na Fakultu strojni
a Fakultu elektrotechnickou. Petranek mél znalosti a zkuSenosti jako konstrukter
automobill znacky Praga a technicky feditel Automobilového oddéleni koncernu
CKD (Breitfeld&Danék). Prvnimi absolventy pétiletého studia byli v roce 1952 Milan
Apetaur, Miroslav Hanke, Zdené&k Kostelecky, Vaclav Rektor, Cestmir Salamoun a
dalSi. V arealu na Karlové namesti pro ustav nebylo misto a tak sidlil v obecni
budové ve Stépanské ulici. Tento stav z(istal zachovan az do st&hovani slouéenych

pavodnich ustava v roce 1966 do nové budovy CVUT v Praze 6.
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Obr. 07 Jan Petranek Obr. 08 Josef Kozousek Obr. 09 Milan Apetaur

1966 — KATEDRA AUTOMOBILU A SPALOVACICH MOTORU *

Slou€enim Katedry spalovacich motord a ¢&asti Katedry automobild, traktorl a
zemeédeélskych stroji vznikla Katedra automobilt a spalovacich motord pod vedenim
profesora Josefa KozouSka. Absolvent brnénské techniky a syn tamniho profesora
byl technik s praxi v konstrukci leteckych motor( u firem Skoda, Avia a Walter. Po 2.
Svétové valce odesSel na bratislavskou techniku, kde k védecké kariéfe pfidal i kariéru
politickou. V roce 1962 byl povolan jako stranicky kadr z Vysoké Skoly strojni a
textilni v Liberci, kde od zaloZeni v roce 1953 byl rektorem a stal se i rektorem CVUT.
V oddéleni automobill, vedeném Petrankem, byli asistenti Zdenék Kostelecky,
Cestmir Salamoun a od roku 1964 Vladimir Kosina, Zden&k Trnka, Milan Rost, Jifi
Svoboda, Mikolas Hrube$ a pozdéji Jan Stejskal. V letech 1966-1970 nastoupili do
oddéleni motort Pavel Douda, Daniel Hanus, Otakar Pilc, Branko Remek, Josef
Wudy, Michal Takats a Pavel Baumruk. KozouSek tak posiloval kadr katedry
s ohledem na emigraci vletech 1968-1969 a se zfetelem na nové laboratofe.
Souéasti nové budovy CVUT v Praze 6 byly “Lehké laboratofe”. Z hygienickych
ddvodu v nich nemohly byt nékteré laboratofe Strojni fakulty. Pro laboratofe turbin,
kotll, vodnich stroji, transportnich zafizeni, zemédélskych strojli, spalovacich
motorl a automobill byly postaveny “Tézké laboratofe” v Podbabé se sedmi halami.
Do prvni haly, laboratofe motorovych vozidel, byly pfemistény ze Strojni laboratofe 2
elektrické dynamometry a dal$i dodaly podniky MEZ a VUES. V podsklepené &asti
byl umistén vozovy valcovy dynamometr podle projektu docenta Kosteleckého.
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Soustroji bylo vyvazeno pro rychlost 240 km/h a vykon na kolech hnaci napravy byl
az 100 kW.

Obr. 10 Velky motor CKD 6F275PV Obr. 11 Hala vozidel a zkusebni Nysa

Tento dynamometr byl roku 2015 nahrazen dynamometrem se stavitelnym rozvorem
pro vozy s pohonem 4x4. Unikatni Ceskou konstrukci si némecka firma Maha
vyzadala vyménou pro své muzeum, protoze to byl nejstar§i dynamometr v provozu.
V hale je i zkugebni stav modelli Zelezniénich podvozk( (1:3,5). Resi se styk dvojkoli

S koIeJn|C| a S|Iy | pohyby podvozku pfi jizdé.

Obr . 12 Kladkovy stav Obr. 13 Impact test - simulace

Sousedni laboratof, hala spalovacich motort, je rozdélena na zkuSebni boxy. Do
nejmensiho byl instalovan elektricky dynamometr MEZ a zkuSebni jednovalec Tatra.
V sousednim boxu byly vifivé dynamometry VUES a v dal$im dynamometry MEZ. V

nejvétsim boxu byl k Sestivalci CKD, instalovanému v jes$té nedokon&ené stavbé
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koncem roku 1967, pouzit hydraulicky dynamometr z vychodonémeckého podniku
VEB Schonefeld. Mezi zajimavosti tehdejsi laboratofe patfila zkuSebni zafizeni pro

sledovani paprsku paliva vstfikovaného do horkého prostifedi dusiku.

1969 — NORMALIZACE

Po okupaci v srpnu 1968 byla katedra rozSifena o nové oddéleni spalovacich turbin,
resp. letadel. Ze Statniho vyzkumného ustavu pro stavbu stroju v Béchovicich pfisel
v roce 1969 profesor Jan Jerie. Vytvofenim samostatné Katedry letadel v roce 1976
odesSel Jerie a s nim asistenti Daniel Hanus a Vaclav Rychetnik. V té dobé skoncil
profesor Kozous$ek jako vedouci katedry, jejimz vedenim byl povéfen Jaroslav Siba.
Profesor Siba byl povolan z lokomotivky plzefiské Skodovky, aby zaved! oddéleni
kolejovych vozidel. Jeho asistenty byli Tomas Heptner a Josef Kolaf. Po odchodu
profesora Siby do ddchodu vroce 1986 pievzal vedeni oddé&leni docent Kolafr a
vedeni katedry profesor Milan Apetaur. V obdobi let 1970 az 1990 probihal
v laboratofich vyvoj spojky, samocinné pfevodovky, brzd a fizeni pro Automobilové
zavody Mlada Boleslav (Skoda) a Ustav pro vyzkum motorovych vozidel a intenzivni

vyzkum a vyvoj motort znagek Avia, LIAZ, Skoda, Tatra, Zetor a CKD.

1989 — NOVA ERA

Cesti inzenyfi a konstruktéfi byli vzdy v kontaktu s vyvojem oboru a po roce 1989 se
jim znovu otevrel svét a zacala spoluprace s vyzkumnymi centry. Milan Apetaur je
jedingm Cechem, kterého mezinarodni spole¢nost automobilovych inZenyrd FISITA
roku 2010 ocenila za praci v automobilkach Tatra a ROSS a pro CVUT, prestizni
,Gold Medal of Honour“. V roce 2015 dostal cenu FISITA Service Award i autor
tohoto ¢lanku (obr. 3). Vedouci oddéleni spalovacich motort docent Jan Macek pfisel
z Vyzkumného Ustavu CKD, ziskal docenturu a roku 1991 vystfidal profesora
Apetaura ve vedeni ustavu a tim také zaCala nova éra, spojena s nastupem
vypocetni techniky. Vyuka byla historicky postavena na pFfednaskach profesor(
Hausmanna, Salaby a Zengera. Z nich vzeSla encyklopedicka skripta ,Spalovaci
motory“ profesora Kostala a Ustroji automobild“ a ,Stavba automobilG“ profesora
Petranka. Nasledovala exaktni skripta ,Pfevody* docenta Salamouna a kniha
profesora KozouSka ,Teorie spalovacich motor(“ zroku 1968, ktera se stala
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celostatni uCebnici. V dobé, kdy pro akademické pracovniky bylo vrcholem vypocetni
techniky logaritmické pravitko a mechanicka ,kalkulacka®“, si asistenti Remek a
Takats soukromé pofidili osmibitové pocitace Sinclair ZX Spectrum, které byly
vestavény do klavesnice. Monitorem byl Cernobily televizor a paméti kazetovy
magnetofon. Stolni pocitate byly jen z regulovaného dovozu za devizy. Prvnim
domacim dodavatelem bylo Jednotné zemédélské druzstvo SluSovice s podnikavym
predsedou (Ing. Frantisek Cuba), které je montovalo z komponent dovazenych za
devizy z exportu zemédélské vyroby. Salové pogitate CVUT z konce let Sedesatych
umoznily aplikaci program( pro simulaci pracovniho obéhu motoru. Po dopinéni o
vypoéty dynamiky vznikl tehdy ojedinély systém VU CKD pro konstrukci motorG a pro
vyhodnocovani zkousek. Programy Jana Macka byly harmonizované s dalSimi
programy vyvijenymi v UVMV a na bratislavské technice. Po roce 1993 nabrala na
intenzité spoluprace se spoleénosti Skoda-Auto a.s. v ramci koncernu Volkswagen v
oblasti motort, prevodovek a podvozkd. Ustav pokradoval v &innosti a rozsifovani
vyzkumnych aktivit s automobilovym pramyslem i s dodavateli pfislusenstvi, PBS
Turbo, CZ as., Motorpal a.s. a dalSimi. Pod vedenim profesora Macka se katedra
transformovala roku 1998 na velky Ustav vozidel a letadlové techniky. V roce 2003
se osamostatnil Ustav letadlové techniky. K zasadnimu posunu v zabezpeé&eni v&dy
a vyzkumu doSlo vroce 2012, otevienim Centra vozidel udrzitelné mobility ve

VTP (Védecko-technicky park) Roztoky, které vzniklo na zakladé evropské i narodni

investi¢ni dotace.
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Obr. 14 Jan Macek Obr. 15 Kolaudace VTP Obr. 16 ZkusSebna exhalaci

Dnes centrum spolupracuje s mnoha partnery z vyzkumu a primyslu a patfi mezi

pracovi$té vysoké svétové urovné. Ve spolupraci s TUV-SUD Czech byla v roce
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2019 k emisni laboratofi pfistavéna klimatizovana pfipravna hala, nutna pro splnéni
podminek predpist Evropské unie pro homologaéni zkuSebny. ZkuSebna umoznuje
testovat a schvalovat automobily i motocykly a je pfipravena na nastup hybridnich a
elektrickych vozidel. Vyzkumné a vyvojové prace jsou zaméfeny na ustroji pohonu, {j.
spalovaci motory na kapalna i plynna paliva, elektrické a hybridni pohony. Dale
probiha vyzkum a vyvoj pfevodovek, odpruzeni, aerodynamiky karosérie a pasivni
bezpec&nosti. Vyzkum motorl je zaméfen na termodynamiku, vnitini aerodynamiku,
pfepliiovani a snizovani spotfeby paliv, v€etné vyzkumu spalovani extrémné chudych
smeési s pfimési vodiku. Centrum vénuje pozornost snizovani emisi Skodlivin a
inteligentnim systémum jejich Fizeni. K tomu slouzi stanovisté pro zkouSeni motord,
stanovisté pro mechanické a elektrické agregaty a specializované pracovisté pro
numerické simulace s vykonnymi servery a databazovym vybavenim pro simulace
ucinnosti fizeni a méfeni emisi. Kromé pfistroji pro laboratorni testovani emisi je
zkuSebna vybavena vozidlem pro méfeni emisi CO2 a NOx v realném provozu (RDE
test). CVUM disponuje patentovanym pfistrojem pro analyzu dosud nesledovanych

Skodlivin ve vyfukovych plynech naftovych motoru pfi jizdé.

2021 - EPILOG

Ze série spoleénych projektd Ustavu automobilt, spalovacich motorti a kolejovych
vozidel (U12120), Centra vozidel udrzitelné mobility (U12201) a vyzkumnych instituci
vzniklo Narodni centrum kompetence Josefa Bozka. Jeho zkuSenosti se staly
zakladem spoluprace s americkou softwarovou firmou Gamma Technologies Inc.
absolventa CVUT, Thomase Morela. Budoucnost oboru je v rukou mladé generace a
v rozvoji vyzkumnych a vyvojovych center, podilejicich se na teoretickém i
praktickém vzdélavani studentd na urovni bakalarské, magisterské a doktorské.
Z tabulky je zfejmé, jak se za dobu existence oboru strojnictvi zménily osnovy pro
posledni roky vyuky studentl v zamérfeni vozidla. V roce 1864 se jednalo pouze o
parni stroje a Zelezni¢ni dopravu a studium bylo jen &tyfleté. O sto let pozdéji jiz byl
rozvinut obor spalovacich motord a automobill, ale stale se jednalo o strojafinu.
Dnes je dominantni nastup elektroniky, mechatroniky a informatiky.

Poznamka: Na CVUT byl Vykaz o studiu, Index zruen v roce 2015.
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Tabulka: Historické porovnani studijnich programu

Prvni rok zavedeni indexu

Skolni rok

Akademicky rok

1865/1866 (1867)

1965/1966/1967

2020/2021/2022

ZS

Hydraulika

Encyklopedie stavitelstvi
Encyklopedie inzenyrského
stavitelstvi

Obecna mechan. technologie
Teoreticka nauka o strojich

Geodézie nizsi

Casti stroju
Elektrotechnika
Transportni zafizeni

Pfevody mechan. a
hydraulické

Zaklady méfeni, automatizace

Védecky komunismus

Metoda koneénych prvk

Dynamicka pevnost, Zivotnost
Mikroelektronika

Pfevodové ustroji vozidel |
Teorie vozidel

Mechanika mechanizmu

LS

Stavba stroju
Specialni mechanicka
technologie
Analyticka mechanika
Stavitelstvi stroju
Stavitelska mechanika

Ugetnictvi

Ekon., organizace a planovani
Spalovaci motory

Pneumatické a hydraul. stroje
Tepelna technika
Zkouseni strojl

Konstrukéni praxe

Pfevodové ustroji vozidel Il

Experimentalni metody
Kmitani mechanickych
soustav

Elektricka zafizeni vozidel
Spalovaci motory I

Hybridni pohony

ZS

Ctyfleté studium

Laboratorni zkouSeni
Vozidlové spalovaci motory

Ustroji automobilG
Technologie vyroby
automobilt

Elektrotechnika vozidel

Prevody

Zkouseni vozidel a Casti
Vypocetni metody dopr. strojd

Provoz a diagnostika vozidel

Dynamika vozidel
Kompozitni materialy

Mechanika tekutin

LS

Ctyfleté studium

Spalovaci motory a paliva
Turbodmychadla a ventilatory
Dynamika a pevnost

Stavba motorovych vozidel
Elektrotechnika

Laboratorni zkouseni

Konstrukce karoserii
Konstrukce podvozku

Pasivni bezpecnost vozidel
Rozpocet a ekonomie projektu
Moderni techn. dokumentace

Diplomovy projekt
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LAMINAR FLOW HEAT TRANSFER MODEL FOR 1D AND
3D MODELING

Kamil Sebelal, Michal Janousek?, Josef Stétina3

Abstract

Heat transfer model for laminar flow is built in GT-Suite software. Proposed method is
based on analytic heat transfer model for universal length channel and average heat
transfer coefficient is applied to global model. Laminar flow heat transfer model is used
in fluid to fluid heat exchanger numerical model. Heat exchanger is discretized to 1D
fluid domain and 3D heat conduction in solid material. Both domains are solved
together and are used for first design optimalisation before 3D CDF is used for final
version assessment.

1 INTRODUCTION

Combustion engine cooling and general thermal management is crucial task in
development of modern vehicles. Proper temperature regulation is important to keep
all vehicle components at their operation temperatures and do not exceed these
temperatures during vehicle usage. In current vehicles is heat transferred by cooling
fluid from heat source to heat exchanger which transfer heat into ambient air. Engine
accessories also require cooling and for cooling of engine and gearbox oil and steering
oil is used the same coolant as for combustion engine. Heat is transferred from oil to
coolant and dissipated to air. For cooling these accessories are usually used compact
plate heat exchangers with large surface to volume ratio thus eliminating space inside
the engine bay [1]. They have drawback in high pressure loss compared to shell and
tube heat exchangers which have lower pressure loss and do not restrict flow in cooling
circuit [2].

Shell and tube heat exchanger (HX) is described in next chapters for cooling oil by
engine coolant circuit. Main benefit against plate HX is in implementing this HX directly
on cooling tube downstream of coolant to air HX without need for additional cooling
branch. There will be the lowest coolant temperature in whole cooling circuit thus
utilizing the biggest coolant temperature difference to the oil. HX is also located

1 Kamil Sebela, Brno University of technology, Technicka 2 Brno, 616 69, kamil.sebela@vutbr.cz
2 Michal Janousek, Brno University of technology, Technicka 2 Brno, 616 69, michal.janousek@vutbr.cz
3 Josef Stétina, Brno University of technology, Technicka 2 Brno, 616 69, josef.stetina@vutbr.cz
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downstream of cooling fan and s cooled by air flow inside the engine compartment.
This factor is included in simulation as well.

2 LAMINAR FLOW HEAT TRANSFER CORRELATION

Heat transfer correlation depend on position from inlet into channel for classic heat
transfer correlation for long straight tube. This fact complicates heat transfer modelling,
because not only Reynolds and Prandtl number influences heat transfer coefficient
(HTC). Laminar flow is common in small tubes where oil is used. In compact HX is
desired to have small duct to have large surface area to transfer heat from the wall to
cooling fluid. Nusselt number is determined by equation 1 [3]. for long straight pipe
where hydrodynamic and thermal boundary layers are developing.

1
Nu = {Nu,® + 0.7% + [Nu, — 0.7]° + Nu;*}3 (1)

Nu: is asymptotes for the mean Nusselt number in tube with value 3.66 [4]. Nu: is
obtained from equation 2 [5]. Re, Pr, d and | stand for Reynolds number, Prandtl
number, hydraulic diameter, and segment length respectively.

Nu, = 1.6153Re Pr DLRatio 2)
Nus is obtained from equation 3 [6].

2

1
6 1

- i0)2 3

I 22Pr) (Re Pr DLRatio) (3)

Nu3:(

2.1 HTC MODEL IN GT SUITE

Nusselt number correlation is used for computing HTC in GT Suite. Fluid properties
are sensed from the pipe and used to compute the mean HTC for straight section of
rectangular pipe in HX. At Figure 1. is preview of the model, where HTC is feed back
to the pipe.

B
Length-1 f(xy.)
Division-1 SEgmentLength-=" f(x,y...)
E H HydDiameter
Height-1 f(xy.) e DLRatiPu at
— HydDiameter l
Width-1 HydDiameter-1 DLE C
o0 ook sffeon} A
FromPart_LO11 e o
T Nu HeatTransfer Z HTC-1
Coef
FromPart_L012 Cp f(xy.)
FromPart_L013 vg Prandthfmt‘:er
}

FromPart_L014 K
11
FromPart_L015 HTC

Figure 1. HTC model in GT Suite
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Computation is done in multiple steps beginning with computing Prandtl number and
hydraulic diameter for rectangle channel. Channels are divided to segments for
increase HTC by disturbing flow and developing new thermal and flow boundary layer.
Segments length is computed by dividing overall length by number of segments.
Geometry parameters are sensed from model properties of HX.

| d
DLRatio = ) goc (4)

1<i<20

Hydraulics diameter ratio (DLRatio) is computed by equation 4. There are 20 segments
used to approximate equation 4 to reduce the influence of overestimating inlet values.
Nusselt number is computed by equation 1. and HTC by equation 5 [7]., where k is
thermal conductivity of oil.

Nuk
HTC = —— (5)

Sensed properties are Reynolds number (Re), specific heat (Cp), kinematics viscosity
(v) and thermal conductivity (k). Geometry properties are based on CAD data including
channel width, height and segment length (1).

3 HEAT EXCHANGER MODEL DESCRIPTION

Shell and tube heat exchanger for cooling oil by engine coolant located upstream of
coolant pump is modelled in Creo Parametric at Figure 2. CAD model consist of inner
tube for coolant and oil channels from outer side covered by outer shell. Oil flow in
counter flow orientation to coolant.

Figure 2. Heat exchanger

3.1 PRE-PROCESSING

CAD model is pre-processed in GEM3D, where internal fluid volumes are extracted.
These volumes are discretized into GT components. Coolant volume is transferred to
circular pipe with zero wall thickness and connected to shell mesh by convection
connection. Housing and ribs are discretized to mesh object consisting of 172 780
elements with minimal size of 1 mm. Oil volume is discretized to inlet and outlet pipes,

192



CZU foonmckd  KOKA 2021

22.-23.9.2021

flowsplits and cooling pipes with rectangle cross section. Geometry representation is
depicted at Figure 3. including two ports for fluids. In pre-processor material
characteristics and connections are set. There is also included surface for convection
connection to surrounding air cooling.

Qil port »
Qil tube

— Flowsplit 1

Coolant port =

Coolant tube

Flowsplit2 —=————> ,
Cooling channels

Figure 3. HX discretization
3.2 MODEL SETUP

Model is imported to the GT-ISE where boundary conditions and solver settings are
defined. Model is simulated at steady state where after reaching steady state
simulation is ended. Implicit solver is used with continuous simulation setup. Simulation
runs for 0.8 to 1.2 seconds simulation time with real time 26 to 38 seconds. at office
hardware. At Figure 4. is shown inlet section with HTC model. This THC is used in all
other cooling tubes.

Inlgt

L

pipe Jnletpipe_’fnhf s
2a@eA
R sA
= HeatTransfer
= a;ﬁj—.‘/Lgﬁl\ Coefficient
LO11 -
=fro
N\
L021 =\
= i
2 AAY
LO31 | G

Figure 4. Detail of complete model

193



CZU foehhickd  KOKA 2021

22.-23.9.2021

All components are connected by convection connection to housing mesh structure.
For coolant model are used boundary flow template, round tube and boundary
conditions. Coolant flow is turbulent thus default Colburn model for HTC is used. To
mesh structure is also connected ambient air by external surface and constant HTC
based at external flow around round tube. Constant air temperature is set as boundary
condition. At Figure 5. is detail of the connections to the mesh structure. Complete
model Figure is in appendix 1.

>3 S—t56 > 10}

R

o,
h >

Split_outlet_tp; et 1
or If6

o h
MeshSolid | Split_outlet_2

Q-Ratef

.
e

AmbientTemp  AirConvCon

Figure 5. Mesh structure connections

Boundary conditions are set by mass flow of oil and coolant. For both liquids
temperature is prescribed and pressure is computed based on boundary condition at
outlet side. Geometry parameters are set by geometry, only number of divisions is to
be defined by user, but not physically modelled.

4 RESULTS

Model is run at design point and at multiple points for complete characteristic. Main
performance indicator for HX is cooling power. Heat is removed by coolant and air. At
design point with coolant flow 80 I/min and 110 °C and 15 I/min and 135 °C for oll
cooling power is 1 564 W where 1 488 W is cooled by coolant and the rest by air.
Pressure drop for oil is 701 mbar and 3.2 mbar for coolant. Complete characteristic is
presented at Figure 6.

Cooling power

24.0 -

Cooling power

Qil Mass Flow Rate [kg/min]

20 I | | I 1
60 74 88 102 116 130

Coolant Mass Flow Rate [kg/min]

Figure 6. HX characteristic
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Temperature distribution is presented at Figure 7. Surface temperature is highest at
inlet port and at the opposite side to outlet is lowest temperature at housing. From
temperature distribution is clear that oil is distributed evenly and there are no hot or
cold spots except corners opposite to oil inlet or outlet tubes.

Temperature

11448

115.3
116.0
116.8
117.48
118.3
1191
119.8
1206
1213
1231

1228
1236
1244

1251

1258

Figure 7. Temperature distribution at structure

From simulated characteristic simplified model is created based on the shell tube HX
template depicted at Figure 8. Which specifies geometry data, fluid data and material
characteristics. Cooling performance is based on detailed model where heat dissipated
by coolant and air is combined. The simplified model runs 0.3 s in real time, which is
100 times faster than detailed model.

ol —
OilFlowRate \ OutletPressureO
OQilgide
CoolantFlowRate OutletPressureC
CoolantSide

Figure 8 Shell tube HX template

5 CONCLUSION

Laminar HTC model is presented in GT Suite environment. This model is used to
simulate oil cooling in long straight ducts of heat exchanger. Detailed simulation consist
of laminar HTC model, coolant model, thermal conduction and air external convection.
HTC is based at channel geometry and flow conditions from 1D flow model averaged
along duct length. Mass flow is modelled equal for each cooling ducts. Detailed
simulation can be further expanded to flow distribution at cooling channels, where inlet
and outlet sections may be optimized to have better flow distribution among channels.
Detail model can be used in cooling system simulation to model system performance
with full details including temperature distribution and air-cooling dependent to speed
and temperature. Detail simulation is simplified to performance based empirical model
with computation time reduced to 0.3 seconds from 30 seconds for fast running
optimalization simulations.
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SYMBOLS AND ACRONYMS
d Hydraulic diameter [m]
DLRatio Diameter to length ratio [1]
HTC Heat transfer coefficient [W/(m?K)]
k Thermal conductivity [W/(mK)]
I Segment length [m]
Nu Nusselt number [1]
Pr Prandtl number [1]
Re Reynolds number [1]
Acronyms
DLRatio Diameter to length ratio
CAD Computer aided design
GT Gamma Technologies LLC.
HTC Heat transfer coefficient
HX Heat exchanger
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VYUZITi MATLAB LIVESCRIPT PRO DISTANCNI VYUKU
TEPELNYCH CYKLU

Josef Stétinal

Abstrakt

Clanek se snaZi pfiblizit pfistup k vyuce dvou kliéovych pfedméti, Termomechaniky
pro bakalarské studenty a Teorie spalovacich motorii pro magisterské studenty.
Viyukou téchto pfedméti prochazi na Fakulté strojniho inZzenyrstvi VUT v Brné vS$ichni
studenti magisterskeho programu Automobilni a dopravni inZenyrstvi. Jiz pred
pfichodem distanéni vyuky oba pfedméty mély elearningovou podporu na webu
http://termomechanika.online . Distanéni vyuka vedla k myS$lence vice vyuZit k
samostudiu studenta schopnosti tzv. Live Scripta v Matlabu, které umoZznruji
kombinovat formatovana text, rovnice v LaTeXu, obrazky a Zivé Matlab Scripty (tedy
prakticky libovolné slozité vypocty). Pro studenty takto vlastné vznikly Ziva skripta,
které pocitaji a kresli grafy. Druha oblast, ktera se ukazala vhodna pro vyuZiti Live
Scripti je generovani zkouSkovych prikladu. Kazdy student dostava individualni
zadani minimalné co do ciselnych hodnot a podrobny vypocet pfikladu v Live Scriptu
umoznuje snadné opraveni i pfi vy$Sich poctech studentu.

1. UVOD

Vyuka skolniho roku 2020/21 byla jisté pro vdechny ucitele na technickych vysokych
Skolach vyzvou s moznosti vyzkouset nové pfistupy a nastroje, a to jak pro vlastni
distan¢ni vyuku tak i pro zkouSeni. V tomto ¢lanku je snaha popsat, jak jsme k tomu
pristupovali na Ustavu automobilniho a dopravniho inZzenyrstvi FSI VUT v Brné&. Cilem
je pfiblizit pfistupy, které maji obecnou platnost a je mozno je vyuzit i pfi klasické
prezenCni vyuce. Jako pfiklad vyuky byly zvoleny dva pfedméty a to pfedmét
Termomechanika [1, 2] (bakalafsky pfedmét, ktery méla zapsana vétSina studentu
fakulty cca 550) a pfedmét Teorie spalovacich motoru (magistersky predmét, ktery
mélo zapsany 97 studentl programu). Tento pfiklad je zajimavy tim, Ze na sebe
predméty navazuji s roCnim rozestupem (pfedmét Teorie spalovacich motorl je
obsahové aplikovana termomechanika). Samoziejmé pfedméty maji standardni
podporu v elernigovém systému university (Moodle), ale v tomto Clanku se podivame
na jiné pfistupy nez nabizi standardni elearnigovy systém. Moodle ma rozsahlé

1 Prof. Ing. Josef Stétina, Ph.D., Vysoké Ug&eni Technické v Brn&, Fakulta strojniho inZenyrstvi,
Technicka 2, CZ616 69 Brno, josef.stetina@vutbr.cz
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schopnosti, ale udrzba kurzu v ném je téZkopadnéjsi a hlavné se zde Spatné nastavuje
pfistup pro zajemce mimo studenty vlastni univerzity. Stale vice zajemcl nejCastgji
absolventl ma zajem o vyukové materialy, takZe je to i snaha jim vyhovét.

TERMOMECHANIKA ONLINE TERMOMECHANIKA 6TT

&

Matlab skripta/scripty:

Termomechanika 6TT SemindF aplikované Teorie spalovacich motord QTS
termomechaniky OAT

Obrazek 1: Priklad webu http://termomechanika.online/

2. CLOUDOVE SLUZBY

Cloudovy sluzbami myslime dva relativné porovnatelné produkty Office365 firmy
Microsoft a Google Apps for Work. Oba baliky jsou ve svych funkcich velmi podobné
a daji se vyuzit prakticky stejné. Rozhoduijici je tedy zda ma dany produkt univerzita
integrovany pro své zaméstnance a hlavné studenty ve svém informacnim systému
(jJde zejména o pfihlaSovani a nastavovani prav). VUT ma do informacniho systému
integrovany obé feSeni rovnocenné. V tabulce 1 je jednoduché porovnani zakladnich
produktu, u kterych se predpoklada vyuziti ve vyuce. Z tabulky je patrné, Ze obé firmy
se snazi pokryt vSechny c&innosti. Vyhodou produktd Microsoft je existence tzv.
desktopovych verzi, které Ize nainstalovat na pocita€, a které vétSinou maji vyssi
funk&nost.

Sluzba Microsoft Google
Webovské stranky, SharePoint Weby
intranetové reseni

Cloudové ulozisté soubort OneDrive Google Disk
Textovy editor Word Dokumenty
Tabulkovy procesor Excel Tabulky
Prezentace PowerPoint Prezentace
Tabule WhiteBoard Jamboard
Komunikace Teams Meet, Chat, Classroom
Video streamovani Stream Youtube
Zobrazeni dat PowerBI Data Studio

Tabulka 1: Porovnani Office 365 a Google Apps for Work
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Produkty firmy Microsoft maji vyrazné vice funkci a celkové jsou vice provazané,
komplexnéjSi a také vice rozSifené. Produkty firmy Google obsahuji jen zakladni
funkce, ale ty délaji dobfe a jsou vice orientovany na spolupraci vice uzivatell nad
jednim ukolem. Jednoduchost produktl Google pravé vedla k pfechodu tvorby
podkladl pro vyuku v tomto cloudovém prostfedi. Hlavni vyhodou je, Ze studenti vidi
vzdy nejCerstvéjsi verzi prezentaci a vice pfednaSejicich stejného pfedmétu muize
snadnéji pfipravovat prezentace a dalSi podklady.

2.1 Webovské stranky

Weby od Googlu umozni vytvofit klasicky staticky web bez znalosti programovani.
V zasade je tvorba webu stejné nenarocCna jako tvorba prezentace napf. PowerPointu.
Obdobné snadna je tvorba webu v Microsoft produktu SharePoint. Pfikladem moZnosti
vyukového webu je http://termomechanika.online/ na obrazku 1, ktery vznikl jako
alternativa k elearnigovému univerzitnimu systému. Vyhodou je, Ze se relativné
snadno da nastavit, které materialy jsou dostupné viem a které vidi jen studenti a
zameéstnanci univerzity. V soucasné dobé napfiklad vlastni vyukové materialy v pdf
formatu jsou vefejné a zdrojové prezentace, Matlab Live Scripty a pfistup
k elektronickym zdrojim v univerzitni knihovné [3, 4] je po pfihlaSeni tedy jen pro
studenty a zaméstnance univerzity.

2.2 Prezentace

Uz nékolik roka pro pfednasky misto PowerPointu vyuzivame Google Prezentace.
Duvod je, ze pfi vice pfednasejicich mohou byt provadény Upravy vSemi a zaroven
studenti maji v dobé vyuky vzdy posledni verzi prezentace, ktera napf. byla upravena
par minut pfed pfednaskou. DalSi moznosti je pfimo psani dotazl a komentaru
studenty k prezentaci, toto zatim vyuzivano moc nebylo, protoze chat pfimo v Youtube
nebo Teams pfenosu to nahrazuje Iépe. Pro nékoho mohou byt mozZnosti Google
Prezentaci malo pokrocCilé, podle mne je to spase vyhoda. Vznikaji tak jednoduché
prezentace bez vizualnich efektl, které se daji i dobfe vytisknout a dobfe se z nich
studuje a studenti maji prostor doplnéni vlastnimi poznamkami. Jednou z limitujicich
vlastnosti Google Prezentaci je chybéjici editor rovnic, ale Ize vyuzit doplnék treti
strany zobrazujici LaTeX rovnice. V zasadé lze tedy zaclenovat rovnice vytvorené
v Matlab LiveScriptu viz nasledujici kapitola. DalSi mozZnosti je zakoupeni editoru
rovnic MathType, ktery ma pokrocilé vlastnosti a funguje i v produktech Microsoft.

2.2 Zaznamy prednasek

Pro uloZeni zaznamu prednasek jsme zvolili Youtube. Toto feSeni je pro studenty
uzivatelsky privétivé a lze i rozumné vyuzit, jak pro vefejna videa tak i privatni. Na této
adrese https://www.youtube.com/channel/UCT1qgjfN5Ig8ofb5la4 _hm-A jsou zdznamy
pfenasek za uplynuly Skolni rok. Na obrazku 2 vidime jednu z pfednosti Youtube a to
pokrocilé statistiky. Graf na obrazku 2 zachycuje poslednich 365 dni. Jasné jsou tam
vidét narlsty sledovanosti ve zkouSkovém obdobi a vrcholy odpovidaji dvéma
zkouSkovym termindm. Sledovanost v zimnim semestru je vétsi, protoZe zde uvadéné
predméty Termomechanika a Teorie spalovacich motorl jsou vyucovany v zimnim
semestru. Jednim se zjiSténi je, Ze sledovanost zaznamu prenasek klesa po néjakych
30 minutach. Tedy zaznam tfihodinové pfednasky znamena, ze dveé tretiny prednasky
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shlédne vyrazné méné uzivatell. Proto byly pfednasky sestfihany do kratSich podle
jednotlivych témat a v dalSsim kroku pro nastavajici Skolni rok budou vice se
synchronizovany s ukazkovymi pfiklady a podklady v prostfedi Matlab. Pro stfih videa
a zaznamy obrazovky prezentujiciho je vyuzivan software Camtasia firmy, ktery je
primo ur€en na tvorbu vyukovych videi na rozdil od béznych video editoru.

Zhlédnuti Doba sledovani (hodin) Odbératelé A

459 tis. 6,4 tis. +686

600
Wmm v
A

(5o Jo-Jl s i 2 Jo-Jo- o] >

27.7.2020 26.9.2020 25.11.2020 25.1.2021 27.3.2021 26. 5. 2021 26.7.2021

Obrédzek 2: Analyticka data Youtube kanalu Josef Stétina za poslednich 365 dni

3. DOKUMENTY V MATLAB LIVE SCRIPT

InZenyfi dlouhou dobu feSi problém &im nahradit papir, tuzku a kalkulacku. Urcité
nejrozsifenéjSim nastrojem je tabulkovy procesor Excel. Jeho hlavni vyhodou je
dostupnost a obecna znalost prace s nim. Na vysokych Skolach i ve firmach jsou
vyuzivany komerc¢ni programy jako jsou Matlab, Maple, Mathematica, MathCad, EES
nebo volné Sifitelné napfiklad Jupyter Notebook, GNU Octave a dalSi. Tento pfispévek
si neklade za cil je porovnavat nebo doporuCovat. Kritériem pro pouZiti je zejména
dostupnost licence ve Skole nebo firmé a také byt v uvedeném nastroji efektivni,
napriklad vlastni databanka vypoctu a postupl z minulych let. Jinou otazkou je pokud
mam za cil pfipravit podklady pro studenty, ktefi je nebudou pouZzivat jako black box,
ale budou schopni jim porozumét, modifikovat a rozvijet. Na FSI VUT v Brné se
studenti v bakalarském studiu setkavaji s Matlabem, Maplem a MathCadem, takze pfi
rozhodovani jak pfipravovat podklady jsem vybiral pouze mezi Matlabem a
MathCadem.

Program MathCad v sou¢asné dobé rozviji firma PTC, ktera je znama svym CAD
programem CREO. V sou€asné dobé je jedinou podporovanou verzi PTC MathCad
Primo 7.0. U uzivatell je popularni zejména tim, Ze vlastné spojuje textovy editor
vCetné zapisu rovnic blizky matematickému zapisu a velmi dobfe pracuje s fyzikalnimi
jednotkami. Samoziejmosti jsou grafy a tabulky. Existuje i verze Express, ktera je
zdarma. Jeho nevyhodou je omezena moznosti programovani, tedy cykll a iteracnich
vypoéta. Citelnost takto vzniklych dokumentd je vyborna a prehledna, ale pro méné
zku$ené uzivatele nemusi byt Uprava dokumentl pfimoc¢ara. Proto jsme se rozhodli v
maximalni mife se orientovat na prostfedi Matlab ve variant& soubort Live Script.
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Vyhodou je kombinace relativné jednoduchého textového editoru umoznujici
kombinovat formatovany text obrazky a rovnice (vlastni editor nebo LaTeX) s
programem v jazyce Matlab, kde vysledky a grafy jsou zaclenény do textu. Vyhoda je,
Ze student zakladni syntaxi Matlabu znaji a vlastni vypocet je klasicky fadkovy zapis,
ktery snadno modifikuji. Pfehlednost zapisu zalezi pravé na doplnéni dopliujiciho
textu a rovnic mimo program. Nevyhodou je, nizka podpora prace s fyzikalnimi
jednotkami. Na obrazku 3 mulzete porovnat zapis vypoctu pfikonu kompresoru v
MathCadu a Live Scriptu Matlabu. U Matlabu jsou pomoci vloZzeného souboru
Include_Units natazeny prepocty jednotek a zakladni vztahy (komentafe) Ize doplinit
matematickym zapisem rovnice pomoci vestavéného editoru rovnic nebo LaTeXu.

Vstupni hodnoty Include_Units;
hPa:=100 Pa n=132 y
p;:=1010 hPa p,:=0.4 MPa V=23 ——p__n Vs |1 <&> | w, kwi
Vypocet TR el P
ok n = 1.32;

n 223 i pl = 1010 * hPa;

P:= n_lcplovl- 1—(—) =—-0.063 kW p2 = 0.5 * MPa;
Py Vldot = 200 * 1/min;

P =n/(n-1) * pl * Vidot * (1-(p2/p1)~((n-1)/n));
PKW = P * tokW

PkW = -0.6578

Obrazek 3: Porovnani MathCad a Matlab

+

Termicka G&innost Otto

Termicka O&innost [ ]

Kompresni pomér « [ ]

1;1ze zvySovat kompresnim poméren

Obrazek 4: Online Matlab a pfiklad scriptu na vypocet termické ucinnosti Ottova cyklu
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Snaha nebylo v Matlabu vytvofit knihovnu (toolbox) na termomechanické vypocty,
protoZze pak by studenti spoustéli vypocty aniz, by vidéli podstatu vypoctu. Takze
pfiklady a vypocty obsahuji cely postup a jsou doplnény rovnicemi s matematickym
zapisem rovnic v LaTeXu. VSechny soubory se odvolavaji pouze na dva externi
soubory a to na Include_Unit.m. ktery obsahuje definice jednotek a konstant a soubor
xsteam.m, ktery obsahuje interpolacni funkce pro vodu a vodni paru (IAPWS IF-97).
Live Scripty obsahuiji texty a obrazky stejné jako jsou v pfednaskovych prezentacich,
dale rovnice v LaTeXu. Grafy a tabulky jsou tzv. zive, tedy jsou vykresleny z dat
vypoctenymi Matlabovskym skriptem. Na obrazku 4 vidime Matlab spustény v online
rezimu zadresy https://matlab.mathworks.com/, studenti tedy nemusi mit nic
instalovano. Pro soubory je vyuzit tzv. MATLAB Drive, kde kazdy licencovany uZivatel
ma 5 GB sdileného prostoru a popisované skripty si mohou snadno do tohoto prostoru
nakopirovat z dostupného odkazu. Je nutné, aby méli svoji kopii, protoZze se
prfedpoklada, Zze soubory budou upravovat, ale tako maji moznost se vzdy vratit
k puvodni verzi. Na obrazku vidite typicky graf u€innosti Ottova cyklu v zavislosti na
kompresnim pomeéru, pro rozdilnou Poissonovu konstantu. Zaroven tento obrazek
ukazuje vyuziti dalSiho programu Epic Pen, ktery na dotykové obrazovce umoznuje
kreslit a tim Ize doplnit vyklad (nato€ena videa) o své kresby a poznamky (bohuzel
standardni nastroje Windows pro dotykové obrazovky nejsou pfili§ komfortni, proto
feSeni dalSim programem). Zobrazeni tabulek v Live Scriptech je mozné, ale dosazeni
péknych a pfehlednych tabulek je docela pracné, tady Ize predpokladat vyvoj v dalSich
verzich. Dobfe se da také vyuzit vestavény editor rovnic v Matlabu pro generovani
LaTeX kédu, ktery vyuzijete jak v Matlabu, tak i prezentacich tak i napf. v textu.
Velkou vyhodou, kterd podporuje vyuzivani Matlabu ve vyuce je, Ze univerzita ma
licenci Campus Wide, ktera ho umoznuje vyuzivat jak vSem studentum i
zameéstnancim.

4. ZKOUSENI

Online nastroje pro zkouseni napf. v elearningu vedou k zefektivnéni zkous$eni, ale
Spatné se podle nich rozliSuji studenti, ktefi uméji a ti co rozuméji problematice. Z toho
dlvodu kromé testd, které spi$ slouzi jako postupové kritérium nez jako uréujici pro
znamku, stale vyuzivame zkousSeni pomoci feSeni relativné slozitého komplexniho
pfikladu a ustni zkouSky. Na obrazku 5, na kterém vidite hodnoceni studentd,
dokladuje obtiznost pfedmétu Termomechanika. Z grafu je patrné, Ze zkousSka byla
nastavena pfili§ pfisné, protoZe je zde vyrazna dominance znamky D, pfi¢emZ asi
vhodnéjsi by bylo vétSi rozprostfeni mezi C a D. Obrazek 5 je zaroven ukazka
moznosti analytického nastroje Google Data Studio, ktery umoZzhuje takto snadno
zobrazovat ziva data z tabulek rdzného typu.

Live Scripty Matlabu jsou vyuzity k tomu, Ze kazdy student u zkousky a zapoc&tu obdrzi
individualni zadani pfikladu, které je generovano z databaze cca 200 pfikladd [2], kdy
kazdy pfiklad ma jesté individualizované Ciselné hodnoty. V8echna zadani pfikladd
jsou vygenerovana programem v Matlabu a student obdrzi zadani a zkouSejici obdrzi
Live Script se spravnym feSenim pfikladu. Opravovani je relativné snadné i pfi tomto
vétSim pocCtu individualnich zadani. Problémem je a asi vzdy rozdilna obtiznost
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prikladd a to zejména z pohledu studentl, ale to Ize opét fesdit analyzou vysledku
zkousSek.

Celkové hodnoceni zkousky predmétu 6TT Termomechanika v zimnim semestru ak. roku 2020/2021
Pocet zkusebnich termin(: 6 (predtermin, 2 fadné, 3 opravné)
Celkové kone¢né hodnocenf Pocty vykonanych dil¢ich ¢asti zkousky

Il Pocet Il Pocet

150 600

100 400

Pocet
Pocet

50 200

A C E bez zdpoctu Test z teorie Velky priklad
B D = Otevrené pocitaci priklady Ustni

Obrazek 5: Google Data studio pro prezentaci vysledku zkousky z predmétu
Termomechanika

5. ZAVER

Tento pfispévek se snazil priblizit vyuziti novych technologii k vétsi efektivité vyuky
Snaha byla, aby stejné podklady a pfistupy mohlo vyuzivat vice prednasSejicich,
cviCicich a zkouSejicich da se fici v realném Case. Zaroven, aby studenti méli dostupné
online materialy, které jim podle zajmu umozni rizné hluboko proniknout do
problematiky termodynamiky, pfenosu tepla, pracovnich cykli a spalovani. Zaroven
bych zminil, ze soucasti vyuky je i jeji propagace a motivovani studentt k poznani.
Zde hraji nezastupitelnou roli socialni média. Zde bych zminil facebookovou stranku
https://www.facebook.com/Termomechanika/, ktera tuto roli mezi studenty nasi fakulty
pini.
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MAPPING OF A TURBOCHARGED ICE WITH
ELECTRICALLY ASSISTED BOOSTING SYSTEM IN MIND

Rastislav Toman?

Abstract

The current turbocharged ICEs are usually matched with a turbocharger and mapped
or calibrated with the aim to fulfil the low-end-torque (LET) requirement. The LET
condition can be fulfiled only by using a smaller size turbine and compressor.
However, this subsequently compromises the peak power output of the ICE at higher
operating speeds, by limiting the maximum mass flow through the turbine. Electrically
assisted boosting systems, such as eTurbos or eBoosters, allow for the fulfilment of
LET condition with a bigger size turbocharger and therefore not limiting the peak power
output of the ICE, also improving transient behaviour. This study presents a 3-cylinder
spark ignition ICE mapping for different compression ratios with electrically assisted
boosting system in mind. The results were obtained by the optimization of a virtual ICE
in GT-Suite (OD/1D CFD approach), using genetic algorithm.

1. INTRODUCTION

Current hybrid electric powertrains’ development at either mild level (48 V systems),
full or optionally plug-in level (usually 300-400 V) enables the use of additional ICE
electrification with electrically assisted boosting systems. These systems can help with
the classic turbocharger matching dilemma of either matching relatively large
turbocharger (TC) to achieve high ICE peak power, not concerning about the ICE’s
low-end-torque performance (LET) or matching a smaller TC to improve the LET
conditions, while compromising the peak power. Modern passenger vehicle engines
are usually mapped to achieve very good LET performance, but the electrically
assisted boosting systems can compensate the LET also with relatively large TC, and
even further improving the transient response.

Two main layouts are usually the focus of simulation and experimental research
projects: a TC with electric motor/generator directly on shaft (eTurbo) or a conventional
turbocharger combined with electrically driven compressor (eBooster). Research
papers and projects usually target transient performance improvement, some study
also the overall ICE efficiency improvement in the homologation driving cycles or the
steady-state performance [1, 2, 3]. Some simulation research dealing with this topic
was also published at author's department, focusing on finding the maximum
thermodynamic potential of different electrically assisted boosting systems [4, 5].

! Rastislav Toman, CTU in Prague, Faculty of Mechanical Engineering, Technicka 4, 166 07 Prague 6,
Rastislav. Toman@fs.cvut.cz
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1.1 Goals of the Paper
This paper focuses on the steady-state ICE mapping with electrically assisted boosting
system in mind, comparing the thermodynamic potentials for three different
compression ratio (CR) variants: CR 9.5, CR 11.0, and CR 12.5.
Then, the main goals of this paper are two — both for all CR variants:
e First, to find the peak performance limits of the ICE CR variants by optimal TC
matching at high ICE operating speeds.
e Second, to optimize the full ICE operating maps, using the TC sizes obtained
from the first goal.

2. ICE SIMULATION MODEL

ICE parameters are based on an existing ICE designs, although with some changes.
Therefore, the studied and optimized ICE is a virtual one — a 3-cylinder long-stroke,
with sweep volume of 1.12 L (Table 1). The simulation model is built in GT-Suite 0D/1D
simulation environment [6].

Bore [mm] 74.5
Stroke [mm] 85.9
Compression Ratio [-] 9.5/11.0/125
Engine Speed [RPM] 1000-6500
Configuration R3
Charging Turbocharged
Combustion Mode Sl
Fuel Indolene
Fuel Injection Direct
Air Excess A [-] 1
External EGR [%] N/A
No. of Intake Valves [-] 2 (VVT)
No. of Exhaust Valves [-] 2 (VVT)

Table 1: Main ICE parameters

Figure 1 shows the ICE layout, with cooled low pressure EGR, waste-gate (WG) TC
control, and charge-air cooler (CAC) upstream of the throttle. Although the simulation
model is ready for the simulation of the electric assistance with eTurbo layout, this
presented study does not account for it. Finally, the ICE also uses the integrated cooled
exhaust manifolds.
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Figure 1: ICE layout

Also, the simulation sub-models were directly taken from existing calibrated ICE
designs. All following sub-models have therefore high predictive abilities for our
specific optimization task:

Knock, and turbulent flame combustion models calibrated on a similar geometry
cylinder unit for varied CRs (from 9.5 to 12.5), ICE loads, and speeds.

Friction model formula is similar to the default GT-Suite’s Chen-Flynn model,
but our formula is enhanced by the dependencies (and interdependencies) on
bore, stroke, ICE speed, mean piston speed, maximum and average cylinders’
pressures. Model was calibrated using the in-house detailed mechanical losses
model [7].

Simplified FE model calculates the combustion chamber wall temperatures, and
it is combined with classical Woschni correlation without swirl [8], that estimates
the heat transfer coefficient between the in-cylinder gas and combustion
chamber walls.

Turbocharger is simulated using a standard approach of lumped compressor/turbine
model, with manufacturer-provided maps. These efficiency maps are scaled to achieve
the peak total turbocharger efficiency of approximately 60 %. Turbine uses a fixed
geometry, with maximum inlet temperature limit of 1100 °C. Then, the compressor map
is widened, limiting the surge/choke behaviour. This way the modified TC represent a
future advanced turbocharger design.

0D/1D ICE simulation model is controlled by a series of GT-Suite’s enhanced PID
based controllers:

BMEP is controlled either by WG or throttle controllers, with automatic switching
logic. WG controller also monitors TC over-speeding, however, automatic
compressor surge control is not present.

Combustion phasing and knock controllers adjust the CA50 position, avoiding
knock behaviour.

Lambda controller adjusts the stoichiometry to pre-set condition or to match the
maximum turbine inlet temperature (however, our study only allows for the
stoichiometric conditions).

Finally, also there is also an EGR controller, for the cooled low-pressure EGR
control.
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3. OPTIMIZATION PROCESS

The multi-variable multi-constraint optimization problem is solved with the genetic
algorithm that is available as a part of the GT-Suite SW package [6]. The whole
optimization process is split into three distinct steps, that will be introduced in following
sub-chapters. Each optimization step has slightly different optimization goals, and
different set of optimization parameters.

3.1 TC Matching at ICE Full Load

First optimization step aims to find the optimal TC size for each CR variant at full load
operation. So, the optimization parameters are turbine and compressor mass flow
multiplier (2 parameters), intake/exhaust VVT (2 parameters), and combustion CA50
position.

Optimizer maximizes the average brake power for four ICE operating speeds: 4500 —
5000 — 5500 — 6000 RPM.

At this optimization step we have added one more optimization set: CR 9.5 VVA with
full optimization of valve opening and closing events (4 parameters), to test for
additional performance potential of the studied engine (the original valve lift profiles
are somewhat limiting at high RPMs). However, this optimization set was not later used
for the following optimization steps.

Note: the used valve-lift curves are the same for the three base variants, with 220 °CA
opening (at 1 mm valve lift) for the intake valves, and 180 °CA for exhaust valve. Here,
°CA does not represent the “crank angles” as per the whole document, but “cam angle”.

3.2 Full Load Performance

Then, at the second optimization step, the optimization goal is the maximization of
BMEP at ICE full load, individually for each ICE operating speed of the whole RPM
range.

The TC size here is fixed from the first optimization step, so the optimization
parameters are intake/exhaust VVT (2 parameters), and position of combustion’s
CAS50.

3.3 Part Load Performance

Finally, at the third optimization step the GA minimizes the BSFC at different BMEP
part load targets, for the whole RPM operating range. Part load BMEP steps are 2 — 6
—10-14-18—-22 — 26 bar.

The TC size is naturally also fixed, so the optimization parameters are again the
intake/exhaust VVT (2 parameters), combustion phasing, but also the additional EGR
rate.

3.4 Optimization Constraints
The optimization constraints are the same for all three optimization steps:
e Compressor surge behaviour;
e Maximum turbine inlet temperature: 1100 °C;
e Knocking behaviour;
e Maximum internal EGR: 30 %;
A design that violates any of these constraints (together with some other simulation
convergence related constraints) is automatically discarded.
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4. RESULTS

The results part is divided into three sub-chapters, accordingly to the optimization
process’s steps. At first, the TC matching at full loads results is shown, then the full
load performances, and finally some of the full ICE maps for all three CR variants.

4.1 TC Matching at ICE Full Load

The results from the first optimization step show the performance potentials of the four
optimized variants, with their respective optimal TC size. Table 2 contains the optimal
turbine and compressor flow multipliers, average brake, and specific powers, that
served as the objective function for the optimizer to maximize; Figure 2 then shows the
BMEP and BSFC values on a case-by-case basis for all the variants.

Turbine Compressor | Avg. Brake Specific
Flow Multi. Flow Multi. Power Power
[-] [-] [kW] [KWIL]
CR 9.5 VVA 3.25 2.15 142.48 126.83
CR95 3.25 1.89 125.49 111.71
CR11.0 3.49 1.68 110.72 98.56
CR 125 3.50 2.19 100.69 89.63

Table 2: Optimal TC flow multipliers and ICE performance figures

The optimal compressor and turbine flow multipliers lead to relatively large TC for all
variants, compared to the original TC design. Especially the turbine map is enlarger
substantially — as it was expected. These compressor and turbine sizes, together with
VVT (or VVA) ensure reasonable performance values and specific power figures for a
current downsized application.

The CR 9.5 VVA variant shows that there is further performance potential, the original
valve lift curves were indeed restrictive. However, to improve the specific power even
further would require redesign of intake ports, and cylinder bore enlargement.

—e—CR9.5 CR11.0 —e—CR9.5 CR11.0
CR12.5 CR9.5VVA CR12.5 CR9.5VVA
35 300
20 295
. _. 290
. =

= = 285
= 20 = 780
S 15 S 275
= L 270
9 265
5 260
0 255

4000 4500 5000 5500 6000 6500 4000 4500 5000 5500 6000 6500

ICE Speed [RPM] ICE Speed [RPM]

Figure 2: ICE full load for TC matching step
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CR 9.5 VVA variant naturally reaches the highest BMEP value of almost 35 bar at 4500
RPM, and 25 bar at 6000 RPM. CR 9.5 VVA also improves on its BSFC figures in
comparison to CR 9.5, which suggests possible beneficial use of e.g., cam switching
system for high RPMs (such as Honda VTEC). CR 12.5 reaches interesting BMEP and
BSFC figures, even with the obvious knock limitations.

4.2 Full Load Performance

The second optimization step gives us the complete ICE full load performance (Figure
3). CR 9.5 reaches a top BMEP of 32.0 bar at 4000 RPM; CR 11.0 of 27.2 bar at 4500
RPM; and CR 12.5 BMEP of 23.9 bar at 4500 RPM. These performance figures lead
to a poorer LET performance — BMEP is limited bellow 3000 RPM for all variants.

—8—CR9.5 CR 11.0 CR12.5 —8—CR95 CR 11.0 CR12.5
35 340
20 330
320
25 —
T g 310
2 20 = 300
~ 3 A =
w15 o 290 [/ \
s Q . A
o 280
10 2 .
270 4
5 260 @
0 250
1000 3000 5000 1000 3000 5000
ICE Speed [RPM] ICE Speed [RPM]

Figure 3: ICE final full load performance

A detailed analysis of other ICE quantities reveal, that probably the knock model’s
behaviour in the region of 2000-3000 RPMs for all variants leads to some questionable
optimization outcomes: for example the BSFC figure of CR 9.5 at 2000 RPM or CR
11.0 at 3000 RPM are definitely strange. This means, that this model needs to be
further studied and tested.

4.3 Full Maps

Optimized full maps contain a lot of information, however this chapter is limited to only
few “most interesting” values. All variants feature Miller valve timings in broad spectrum
of ICE operating points.

First, the study of the full map results confirms the correct function of the optimization
process: all the optimization constraints are met as required, model controller
components perform as expected (especially knock, EGR, and throttle with WG control
logic), and the overall results are consistent through the individual ICE maps and
comparison with each other.

Now, Figure 4 contains the full maps of CR 9.5 variant (BSFC, CA50 position,
maximum pressure, and EGR with residual gasses), Figure 5 the same maps for CR
11.0, and Figure 6 CR 12.5 maps.

Best BSFC results (top left position in the figures) are naturally reached for the CR 12.5
variant, although the top value is only about 6.5 g/kwWh lower than for CR 9.5 variant.
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Figure 4: CR 9.5 full maps

Maximum cycle pressures (bottom left position) are highest for the CR 9.5 (100.3 bar),
whereas CR 12.5 has maximum cycle pressures of about 20 % lower.
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Figure 5: CR 11.0 full maps
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CAS50 positions (top right position) reach maximum allowable values of 30 °CA ATDC
for all three variants around the ICE full load performance.

Finally, external EGR and residual gas content (bottom right position) is on the limit for
a large spectrum of operating points. A detailed look on the external EGR without
internal residuals show, that especially at very low speeds this is achieved with EGR
valve almost closed.
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Figure 6: CR 12.5 full maps
5. CONCLUSION

The paper presented a detailed optimization study of a 3-cylinder downsized ICE, with
a goal of achieving the best possible peak performance, having a future electrification
of the boosting system in mind, that would compensate for the poor LET performance,
and improve the transient behaviour.

Optimization considered parameters of a future advanced turbocharger (total efficiency
of 60 %, improved temperature properties, wide compressor map), and was run for
three different compression ratios (CR).

TC matching step of our study shows a specific power potential of 126.83 kW/L for the
CR 9.5 variant with control of valve opening and closing events. The high CR variant
reaches the lowest specific power of 89.63 kW/L. TC sizes were then fixed for the full
operation map optimization.

The full map results show very good BSFC values for all three optimization variants
(from 213.3 to 219.8 g/kWh), using Millerization when possible, and relatively high EGR
overall content.

However, the optimizations show, that the knock model behaviour close to full load at
2000-3000 RPM may cause some uncertainty, affecting the optimal ICE setting and
performance.
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Abstract

The formation of aerodynamic instabilities during centrifugal compressor operation is
undesirable due to reduction in efficiency and increased vibration and noise. Based on
the measurement of noise and casing vibration of a centrifugal compressor, an analysis
of the obtained parameters is made and the individual sources of vibration and noise
are classified. Taking into account the worldwide research carried out in this field, it is
possible to assign the selected frequencies to a specific phenomenon. The significance
of the individual sources of noise and vibration can be assessed for selected operating
conditions and the potential to reduce them can be analyzed as well.

1. INTRODUCTION

Rotary machines are always designed to achieve maximum possible efficiency under
the preferred operating conditions. The designers must often take these operating
conditions into account and thus adapt the design accordingly. However, rotary
machines can also be operated under off-design operating conditions. These operating
conditions, although often negligible in terms of machine operating time, have a
significant effect on vibroacoustic behaviour due to the occurrence of flow instabilities
and often cause aerodynamic excitations. Increased vibrations can lead to a reduction
in the service life of a rotary machine and, in combination with increased noise, lead to
a reduction in the comfort of the people in contact with such a machine. Vibration and
noise are thus often closely linked to the operating conditions of a compressor and to
the typical dynamic flow phenomena in the compressor.

Rotary machines have operating characteristics that limit their operation to the
conditions for which were designed. Generally, rotating machines are designed to
obtain maximum efficiency for the design operating conditions. Nonetheless, the off-
design operating conditions, under which the rotating machine can be operated, may
lead to an increase in noise or vibration due to the generation of flow instabilities.
Increased vibration can cause a reduction in the lifetime of the rotating machine and a

1 Ing. Jifi Vacula, Brno University of Technology, Technicka 2896/2, jiri.vacula@vutbr.cz

2 doc. Ing. Pavel Novotny, Ph.D., Brno University of Technology, Technicka 2896/2, 61669 Brno,
novotny.pa@fme.vutbr.cz

3 Ing. Petr Kudlacek, Brno University of Technology, Technicka 2896/2, petr.kudlacek@vutbr.cz
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reduction in the comfort of persons occurs as well due to increase in noise.
Aerodynamic phenomena producing vibration and noise of typical parameters are thus
often closely linked to the operating conditions of the compressor. Typical frequency
response range occurs if the centrifugal compressor is operated under typical
conditions.

Centrifugal compressors are designed for one flow direction, one shaft rotation
direction and so that the pressure value at their outlets is higher than at their inlets. A
centrifugal compressor driven by a turbine allows operation at various speeds.
Operation in such diverse conditions leads to a wide range of aerodynamic
phenomena. It must be considered that the pressure ratio is roughly proportional to the
square of the rotor speed and the change in pressure leads to a change in the
temperature of the compressible medium, which leads to a change in the local speed
of sound. Because centrifugal compressors are commonly operated at circumferential
speeds that may exceed this local speed of sound, aerodynamic phenomena
associated with supersonic flow may occur under some operating condition.

An intensive research has been carried out to describe the individual aerodynamic
instabilities. Detailed information can be found for example in the work of Kushner [1],
Japikse [2], Oaks et al. [3], Liskiewicz [4].

2. RESEARCH OBJECTIVE

The research objective is to provide a guideline of typical and expected vibro-acoustic
parameters in centrifugal compressor characteristic. Classification of the individual
aerodynamic phenomena according to their frequency response ensures providing a
reliable way to assess the risk of the individual excitation frequency. Vibroacoustic
phenomena can help researchers identify aerodynamic phenomena and find suitable
computational approaches to solve them. The classification of the individual
aerodynamic phenomena takes into account the following:

e Operating condition in the compressor characteristics.
e Presence of vaned or vaneless diffuser.

e Frequency description of the vibroacoustic behaviour related to the aerodynamic
instabilities.

3. METHODOLOGY DESCRIPTION

The aerodynamic phenomenon occurring in centrifugal compressors can be
characterised by the excitation frequency of phenomenon f. This excitation frequency
can be identified, for example, in the form of vibration, noise, axial force, etc. Rotor
speed frequency fg is one of the basic parameters of rotary machines. This frequency
is often used as a base frequency for the description of aerodynamic processes.

The flow instabilities occurring in compressors usually consist of a rotating pressure
field called a rotating stall. The instability can be characterised by the frequency of
rotation of the rotating stall fg and by integer number n, denoting the number of stall
cells. The excitation frequency of such an aerodynamic phenomenon in a stationary
coordinate system at a specific location can then be written in the form
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f=fsn. @

Another important frequency that can be sometimes identified is a blade passing
frequency defined as

fepr = fr Zr 2

where zg is the number of impeller blades.

The excitation frequency of the aerodynamic phenomenon can be related to some
characteristic frequency of the rotary machine and frequency ratio ¢ can be used to
describe this dependence. Often, rotor speed or synchronous frequency is used as a
base. Subsequently, the frequency ratio of the excitation of the given aerodynamic
phenomenon can be defined as

f
€RrR fo 3)
The rotor speed ratio can take almost any value. In general, eg < 1 applies to sub-
synchronous processes and ey >1 applies to super-synchronous processes.
However, in the literature, the frequency of the rotation of rotating stall f5 is often
introduced under different designations. To avoid misinterpretation with eg and for the
purpose of this work, the frequency ratio of rotation of rotating stall ¢5 is defined as

_f
fr’

&s

(4)

where &g is typically less than 1.

The basic classification of aerodynamic phenomena occurring in centrifugal
compressor can be described as:

e Rotating stall: The term rotating stall means a rotating flow separation
characterised by rotating stall cells, especially those located in the impeller or
diffuser. Frigne and Van Den Braembussche [5] and Zheng and Liu [6] mention
that these flow instabilities can occur during compressor operation not only in the
area of positive slope of the compressor characteristics.

e Impeller rotating stall: This instability is attributed to a destabilization of the
impeller flow. Frigne and Van Den Braembussche [5] categorised the IRS
phenomenon as Small/Mild IRS, Progressive IRS and Abrupt IRS.

e Diffuser rotating stall: Regardless the diffuser is vaned or vaneless,
destabilization of the flow in the diffuser can occur. Marshall and Sorokes [7] and
Frigne and Van Den Braembussche [5] distinguish whether DRS occurs at lower
rotor speeds (low speed DRS) or at higher rotor speeds (high speed DRS).
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e Rotor-stator interaction: Marshall and Sorokes [7] state that RSI can also occur
at higher flow rates because the flow leaving the impeller has a more radial
direction, resulting in higher energy transfer between rotor and stator.

e Surge: An operating condition during which flow is fully recirculated to the
compressor inlet, accompanied mainly by flow pulsations. As Jansen [8] points
out, surge can only occur in the case of compressible flow, when the resulting
frequency of the pressure pulsations of fluid volumes in the inlet and outlet ducts
of the compressor is related to the Helmholtz-type resonance. Therefore, it is not
possible to speak about surge in pumps, because liquids are almost
incompressible under normal conditions. An interesting fact is reported by
Andersen et al. [9] that it is possible to detect an increased noise level, although
the operation of the compressor is not under a near-surge condition. Therefore,
for example, Kdmmer and Rautenberg [10] distinguished ‘surge line’ and ‘stall limit
line’ in compressor characteristics.

A general characteristic of a centrifugal compressor is graphically shown in Figure
1 with highlighted areas of the probable occurrence of specific aerodynamic
phenomena and their properties. It is focused mainly on the aerodynamic
instabilities in the area of low flow rates and the area of surge, as these off-design
operating conditions occur most often during compressor operation

Abrupt/Progressive IRS: g = 0.2-1.2
Deep surge: Mild IRS: eg = 0.6-0.75
&g = 0-0.04 DRS: eg = 0.06-1

/

Pressure
ratio 7.

»Buzz-saw“ noise:
Ma > 0.95

DRS - diffuser rotating
stall

IRS - impeller rotating
stall

TCN - tip clearance
noise

RSI - rotor-stator
100% Noay | interaction

e
A§
R

PR
"N, \| Rotational noise

RSI: Super-synchronous excitation
TCN: eg = (0.36-0.64)zg

Corrected mass flow i,

Figure 1: An indicative overview of the typical aerodynamic phenomena in a general
characteristic of a centrifugal compressor.
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4. RESULTS

A measurement of a compressor characteristic was performed including measurement
of acoustic pressure by 8 microphones being at distance 1 m from the compressor.
The evaluation of the measured signal was carried out by software Matlab. For each
operational point of the compressor characteristic the far-field sound pressure level is
obtained. Figure 2 presents A-weighted sound pressure level (SPL) values (dBA)
measured by microphone located 1 m in front of the compressor in a compressor axis.
The SPL values show significant increase at maximum speed line u,.eq = 550 m-s™1,
In addition, at speed lines u,..q > 250 m-s~! the operational points at surge show the
highest value of SPL.

111.4

Compression ratio

—

Flow rate

Figure 2: Sound pressure level measured for each operational point at a place 1 m in
front of the compressor.

Pressure time history at operational point at surge line u,..q = 350 m-s™1 is shown in
Figure 3. The time period of pressure signal peaks excited by surge is approximately
0.4 s creating excitation frequency 2.5 Hz (eg = 0.005). Greitzer [11] derived the
Helmholtz frequency in the form

a Aduct
fH =5 ’
2T[ V lduct

where a is the average speed of sound of the system, Ay, IS the equivalent cross-
sectional compressor duct area, V is the volume of the compressed air and g, iS the
equivalent length of the duct. In the case of so-called deep surge, the arising frequency
can be much lower than the Helmholtz frequency because the frequency is set by the
plenum blowdown and refilling time, as shown by Fink et al. [12] and confirmed by
Denher et al. [13]. According to equation (5) the Helmholtz frequency can be roughly
estimated fy =9 Hz. The measured frequency 2.5Hz is lower than Helmholtz

(®)
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frequency which is in accordance with conclusions created by Fink et al. [12] and

Denher et al. [13].

A

601 At =04s _

401

204

Pressure [Pa]

Time [s]

Figure 3: Pressure time history of operational point at surge line at speed line

In Figure 4 there is shown pressure spectra of operational point near maximum

Upreq = 350 m-s™ 1.

efficiency at each selected speed line.

Pressure [Pa]

MBPF
PPF
Shaft speed harmonics
(,buzz saw)
| ‘ Il | J. I i1 booa L ; Izlpla I

e

U2red = 550 m'S_l

Usreq = 500 m-s™1

Usreq = 450 m-s™1

Usreq = 350 m-s™1

Usreqg = 250 m-s™1

0 2 4 6 8 10 12 14 16 18 20 [kHz]
Figure 4. Far-field pressure spectra of the compressor operated at point near

maximum efficiency at each speed line.

219



CE o,  KOKA2021

The maximum speed line u,..q = 550 m-s~! shows ,buzz saw“ noise with dominant
main blade passing frequency (MBPF) and passage passing frequency (PPF) taking
into account the presence of splitter blades. The MBPF and PPF are dominant at each
speed line.

5. CONCLUSIONS

The experimental results show reasonable accordance with data of prior research in
centrifugal compressors. The acoustic pressure measurement confirmed the presence
of buzz saw noise at maximum speed line, dominant MBPF and PPF at each speed
line. It is also confirmed that frequency of excitation at operational points at surge can
be reasonably estimated be Helmholtz frequency. The findings presented in this paper
are consistent with many years of worldwide research on aerodynamic phenomena in
the field of centrifugal compressors.
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NIZKE EMISE REAKTIVNICH SLOUCENIN DUSIKU
Z LEHKYCH UZITKOVYCH VOZIDEL ZA REALNEHO
PROVOZU: LZE JICH DOSAHNOUT, LZE JE MERIT

Michal Vojtiek!, Martin Pechout?

Abstrakt

Clanek pfinasi pfedbézné vysledky méreni emisi NO, NO2, NHz a N.O sériového
lehkého uZitkového vozidla Toyota ProAce béhem realného provozu pomoci
pfenosného FTIR spektrometru. Slouzi jako nazorny priklad, Ze emise NOx v rfadu
setin g/km, s primérnymi koncentracemi NHz a N2O v jednotkach ppm, mohou byt
realné dosazitelné, a to i pfi vyssich rychlostech a zatizenich motoru nez odpovida
homologacni legislativé.

1. UVOD

Ve vsech typech pistovych spalovacich motor(, bez ohledu na palivo a konstrukéni
parametry, vznika za vysokych teplot z atmosférického dusiku a kysliku oxid dusnaty
(NO) [1]. NO v atmosférfe oxiduje na oxid dusi€ity (NO2), Stiplavy, nahnédly plyn, ktery
posSkozuje povrch lidskych plic. Dalsi pfeménou NO:2 vznikaji Castice soli (napf.
dusiCnan amonny), kyseliny dusita a dusi¢na, a dalSi slou€eniny dusiku, napfiklad
dusikaté derivaty polyaromatickych aromatickych uhlovodikl (n-PAU, n-PAH), z nichz
napf. 3-nitro-benz[a]benzantron patfi mezi slouCeniny s nejvyssi zatim zjiSténou
mutagenitou. Fotolyzou NO: ultrafialovou sloZkou slunecniho zareni vznika kyslikovy
radikal, ktery se dale pfeménuje na ozon. Oxidy dusiku (zpravidla suma NO a NOg;
nestabilni oxidy N203, N20s a dimery N202 a N204 jsou zastoupeny v malé mife; N20
je stabilni plyn relativné neSkodny lidskému zdravi, avSak s velmi vysokym
sklenikovym potencialem) a pfizemni (troposféricky) ozon maiji, spolu s ¢asticemi,
majoritni podil na dopadech znecisténi ovzdusi na lidské zdravi. Ty |ze povazovat,
napfiklad s poCtem predCasnych umrti vyCislenym na pfiblizné 1 promile populace
ro¢né [2], za enormni. Podrobnéjsi shrnuti Ize dohledat v pFispévcich autort z let 2017
a 2020 této konference [3,4].

1 Michal VojtiSek, Centrul vozidel udrzitelné mobility, C:)VUT v Praze, michal.vojtisek @fs.cvut.cz
2 Martin Pechout, Katedra vozidel pozemni dopravy, Ceska zemédélska univerzita, pechout@tf.czu.cz
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Pravé zejména z duvodu ochrany zdravi obyvatel v husté osidlenych oblastech byly
zavedeny emisni limity, které se postupné snizovaly, v pfipadé NOx od zacatku tisicileti
pfiblizné o fad. Koncentrace NO2 v ovzduSi se vSak nesniZzovaly umérné obméné
vozoveého parku i proto, ze mnozi evropsti vyrobci produkovali vozidla, jejichz emise
NOx v kazdodennim provozu nasobné az fadové prevySovaly emise NOx dosahované
béhem homologacnich zkousek vybranych exemplard vozidel. Tam, kde jej bylo
skuteCné dosazeno, bylo sniZzeni primarnich emisi NO v mnoha pfipadech
navyseni emisi ¢astic z divodu snizeni teplot ve spalovacim prostoru, vznik amoniaku
(NHs) v tficestnych katalyzatorech motort pracujicich se stechiometrickou smési,
vznik NHs a N20 vredukénich katalyzatorech vznétovych motorli, emise
nezreagovaného NHs z katalyzatord se selektivni redukci. Pro sledovani emisi
reaktivnich slou€enin dusiku (NO, NO2, NHs, ...), sklenikovych plyn (CO2, CH4, N20)
a dalSich plynnych latek bylo autory vyvinuto a sestaveno nékolik pfenosnych zafizeni,
zalozenych na komerc¢nich infraCervenych spektrometrech, ve kterych je infraCervené
spektrum ziskavano Fourierovou transformaci interferogramu Sirokopasmového
infraCerveného zareni po prichodu kyvetou s vyfukovymi plyny (FTIR spektrometry).
Validace tfi riznych FTIR analyzatori pro méfeni za provozu byla popsana ve

vr wvaiwvos

vr  wviwvos

vzneseny pochybnosti o tom, zda sou¢asné i planované limity EU pro emise NOx jsou
v bézném provozu skute¢né dosazitelné. V pfipadé zazehovych motorl |ze pomoci
pres Ctyficet let znamé technologie Fizenych tficestnych katalyzator( [8] dosahnout
emisi v fadové jednotkach miligramd na km, coz bylo pfevedeno na ukazkovém
automobilu na pfelomu tisicileti [9] a nasledné na sériové vyrabéném automobilu [10].
V pfipadé vznétovych motorl tzv. nové generace, kterymi jsou od roku 2010
osazovana tézka vozidla v USA, Ize pomoci sestavy oxidaéniho katalyzatoru, filtru
Castic, selektivné redukéniho katalyzatoru (SCR) a katalyzatoru pro oxidaci amoniaku
dosahnout u dalni¢nich tahacd emisi v fadu nékolika desetin gramu NOx na kilometr
(kamiony vyrobené v letech 2013-2014, [11,12]), coz je zhruba polovi¢ni hodnota
oproti osobnim automobilim se vznétovym motorem Euro 5 v Evropé [13]. RozSifenim
homologacnich testd o méfeni za provozu se emise NOx b&hem jizdy mimo laboratof
snizily, ovSem neni zfejmé, zda za vSech podminek — experimentalni data poukazuji
na znacné rozdily v zavislosti na provoznich podminkach (napf. [14]).

Cilem této prace bylo posoudit emise zakladnich reaktivnich sloucenin dusiku — NO,
NO2 a NHs — a dalSich plynnych latek béhem mezinarodni cesty lehkého uzitkového

vozidla, zahrnujici podminky malo Casté v béznych testech, v€etné vysokého zatizeni
motoru, jizdy nad 130 km/h, a pojezdu v koloné. Vysledky jsou pfedbézné a orientacni.

2. MERENI

Viceucelovy lehky automobil Toyota Proace Verso (max. 9 osob, zadni dvé fady
sedadel Ize demontovat a misto vyuzit jako proctor pro naklad), r.v. 2020, vybaveny
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vznétovym motorem 2.0 110 kW, oxidacnim katalyzatorem, filtrem ¢astic a redukénim
katalyzatorem SCR, najezd 4-6 tis. km v dobé testovani, plné naloZzeny
experimentalnimi aparaturami pro méfeni v ramci mezinarodnich projektll uCARe a
CARES (H2020 814966, City Air Remote Sensing, a 815002, You can always reduce
emissions), byl osazen pfenosnym FTIR analyzatorem (Bruker Matrix), v autory
upravené verzi se snizenou hmotnosti a spotfebou elektrické energie (Obr. 1),
vzorkujicim z vyhfivané vzorkovaci hadice napojené na sondu zasunutou do koncovky
vyfukového potrubi. Pro vylou€eni moznosti ovlivnéni Fidici jednotky nebyla sbirana
data z palubni diagnostiky ani nebyl motor osazen snimaci; k dispozici je tak pouze
slozeni vyfukovych plynu, které Ize orientatné prepocitat na emise na kg paliva.
Aktualni poloha, rychlost jizdy a zrychleni, a s vétSi nepfesnosti i podélny sklon
vozovky, byly prubézné méfeny pomoci mobilniho telefonu vybaveného GPS. Takto
vybaveny vUz absolval trasu z Prahy na zku$ebni okruh v Lelystadu (NL) a zpét. Trasa
je znazornéna na mapé na Obr. 2 (vodorovna osa stupné vychodni délky, svisla osa
stupné severni Sifky, podkladova mapa www.mapy.cz).

5 6 7 8 9 10 11 12 13 14
Obr. 2: Trasa Praha-Lelystad
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3. VYSLEDKY

Zaznamy rychlosti jizdy, koncentraci NO ve vyfukovych plynech (koncentrace NO2 byly
relativné velmi nizké) a mérnymi emisemi NOx vyjadfenymi v g na kg paliva jsou
vyneseny pro prvni etapu (349 km) trasy Praha-Lelystad na obr. 3 a pro prvni etapu
trasy Lelystad-Praha (432 km) na obr. 4. Zatimco trasa tam byla projeta dle zasad
ekojizdy (klidna, pfedvidava jizda), pfi zpatecni trase se stfidala jizda dle zasad
ekojizdy s dynamickou jizdou pfi dodrzeni silni€nich pravidel, bezpe€nosti provozu a
pfi respektovani charakteru nakladu.
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Obr. 3: Emise NOx béhem prvni etapy jizdy Praha-Lelystad (prvnich 349 km)
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Obr. 4: Emise NOx béhem prvni etapy jizdy Lelystad-Praha (prvnich 432 km)

225



CZU foonmckd  KOKA 2021

22.-23.9.2021

PFi trase tam byly primérné mérné emise (pocitané jako bézny prameér mérnych emisi,
nikoliv jako vazeny pramér, pficemz byly zahrnuty pouze useky, kdy bylo ve vyfuku
alespon 1 % CO2) 0,46 g NOx na kg paliva (prvni etapa) a pfi cesté zpét (prvni a druha
etapa) 1,11 a 1,34 g NOx na kg paliva. Pfi primérné spotfebé motorové nafty 66,5
g/km tyto hodnoty hrubé odpovidaji (nejistota vychazi z nepfilis realného predpokladu
nezavislosti mérnych emisi na okamzité spotifebé paliva) emisim NOx 31 mg/km pfi
cesté tam a 74 a 89 mg/km pfi cesté zpét. Koncentrace NO byly po vétSinu doby jizdy
v nizkych desitkach ppm, s kratkymi vykyvy do nizkych stovek ppm v souvislosti se
studenym startem a akceleracemi ne zcela zahfatého nebo pomalou jizdou
prochlazeného motoru.

Priamérné koncentrace nejvyznamnéjsich latek jsou vyneseny v Tab. 1. Koncentrace
legislativou dosud nelimitovanych latek, NHz a N20, jsou v priméru v nizkych
jednotkach ppm, niz8i nez jeden z moznych zvazovanych budoucich limitd 10 ppm.
Vétsina NOx je emitovana jako NO2. Koncentrace CO jsou fadové 10 ppm,
koncentrace formadehydu fadové desetiny ppm, coz jsou hodnoty pod mezi
kvantifikace pfistroje.

Tab. 1: Primérné koncentrace v surovych vyfukovych plynech v ppm

NHs NO NO- CO: N2O CO HCHO
Praha-Lelystad, ¢ast1,349km 15 9.4 0.5 63396 1.7 104 0.3
Lelystad-Praha, ¢ast1,432km 3.6 17.1 0.3 50024 45 49 0.1
Lelystad-Praha, ¢ast2,355km 4.9 179 22 49145 35 129 0.1

Na celkovych emisich NO, NHs a sklenikového plynu N2O ma velky podil provoz
s niz§imi teplotami katalytickych zafizeni, ovéem nikoliv setrvaly (viz. obr. 3), ale po
delSim dalni¢nim provozu. Tfi ukazky z druhé etapy cesty z Lelystadu do Prahy jsou
vyneseny na obr. 5.
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Obr. 5: Koncentrace NO, NHsz a N20 ve vyfukovych plynech pfi teploté vyfukovych
plynu snizené pomalou jizdou.
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4. DISKUZE A ZAVER

JiZz na prvni pohled je ziejmé, Ze koncentrace NOx ve vyfukovych plynech jsou fadové
niz8i nez je bézné u klasickych vznétovych motorl bez redukénich katalyzatora. Z obr.
3 je patrné, Ze po studeném startu koncentrace NO vyrazné klesaji a po dobu
méstského provozu jsou v fadu jednotek ppm. Pfi provozu na dalnici koncentrace NO
rostou, ale jen do nizkych desitek ppm (viz. obr. 3), do stfednich desitek ppm se
dostavaji pouze pfi dynamickém provozu pfi rychlosti nad 150 km/h (viz. obr. 4), kde
diky vysokému pratoku vyfukovych plynd (nasobné vySSimu oproti maximu
homologacniho cyklu WLTC) by bylo mozné oCekavat snizenou ucinnost katalyzatora.
Exkurze nad 100 ppm jsou kratké a velmi fidké, a dle oCekavani pravdépodobné
souvisi se startem studeného motoru a s pfechodovymi jevy po ochlazeni motoru
provozem na nizké zatizeni. AC emise NOx nelze z dlivodu absence méfeni pratoku
vyfukovych plynu kvantifikovat pfesné, je patrné, Ze tyto jsou v Fadu setin g na km, a
studiich vykazovaly emise v fadu jednoho g/km. Na rozdil od nékterych jinych pfipad
neni snizeni NOx provedeno na ukor navySeni emisi NH3 a/nebo N20O. S ohledem na
konstatovat, ze emise je mozné oznacit pro lehké uzitkove vozidlo za pfikladné. Autofi
poukazuji na to, ze se jedna o sériovy vUz bez jakychkoli dodatecnych uprav, nikoliv o
vyvojovy prototyp, a ze instalace méficich pfistroju probéhla tak, ze je fidicim
systémem motoru prakticky nezjistitelna. Vysledky naznacuji, Ze pozadavek na
dodrzeni Ciselnych hodnot limitl Euro 6d, pfi vyrazné SirSi Skale provoznich rezimu
v porovnani s homologac¢nim cyklem WLTC i podminkami pro méfeni emisi za
provozu pro ucely homologace (RDE), mize byt mozné realné splnit, a to bez
zfejmého navySeni emisi jinych, legislativou dosud nelimitovanych latek. Vysledky tim
vyvraceji ruzna tvrzeni, ze pozadavky emisni legislativy na emise v realném provozu
nejsou technicky splnitelné. Vysledky rovnéz slouZzi jako prakticka ukazka méfeni NH3
a N20 za provozu vozidla.
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SUPERCHARGED TWO-STROKE SPARK IGNITION ENGINE

Marek Zak?, Jifi Cupera?

Abstract

The article presents an invention of a two-stroke internal combustion engine comprised
of an engine housing and a crankcase comprising a crankshaft which is connected to
a piston moving in a cylinder, an exhaust port leading from the cylinder space wherein
the said exhaust port is open when the crankshatft is at its bottom dead centre and the
said exhaust port is closed by the piston when the crankshatft is at its top dead centre,
wherein the engine further comprises a rotary disk with an opening or recess on a part
of its circumference, or with a protrusion on a part of its circumference, wherein the
circumference of the said rotary disk extends into the exhaust port so that the exhaust
port is completely closable / openable by means of the rotary disk.

1. INTRODUCTION

Although it has recently been decided in Brussels to ban, from 2035, the
production of new cars with internal combustion engines, many industries still rely on
the source of internal combustion engines. The following presented solution was
created on the basis of a demand from a commercial company, and now, based on a
patent application, the production of a prototype has started. Although the middle
stream of engine developers is now copying stable solutions based on four-stroke
supercharged engines, the demanded solution requiring extreme performance
parameters at very limited weight necessarily requires the throwback of a two-stroke
engine that will be supercharged with a mechanical compressor to achieve high
performance. As is known, a two-stroke internal combustion engine is a piston engine
in which each two-stroke of the piston is working. Compared to a four-stroke engine, a
two-stroke engine has higher power (but the factor is not 2, but only 1.2 to 1.6), a
simpler construction, a lower weight, and other advantages [1]. The principle of
operation of a two-stroke engine has been known for more than 140 years [2] and,
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and Automobile Transport, Zemédélska 1, 613 00 Brno, Czech Republic, marek.zak@mendelu.cz
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given the introduction of an innovative design solution, it is further described very
briefly. The two-stroke engine is constructed so that the engine housing includes a
crankcase in which a crankshaft connected to a piston moving in a cylinder is located.
An air supply or a mixture of fuel and air, which can be closed by a reed valve, opens
into the crankcase, and the crankcase is connected to the space above the piston by
an overflow channel. The overflow channel is open at the bottom dead centre of the
crankshatt, closed at the top dead centre of the crankshaft by the piston. From the
space above the piston, an exhaust pipe leads away from the cylinder, which is open
in the lower dead centre of the crankshaft, and is closed in the upper dead centre of
the crankshaft by the piston.

When the piston moves from the top dead centre to the bottom dead centre
(expansion), the piston first opens the exhaust duct and then the overflow. Since the
mixture is compressed in the crankcase space by moving the piston to the bottom dead
centre, at the moment of opening the overflow channel, the pressure in the crankcase
is higher than in the cylinder space, forcing the exhaust gas to be forced out. When the
piston moves from the bottom dead centre, the piston first closes the overflow channel
and then the exhaust channel, which makes it impossible to achieve a higher charging
pressure in the cylinder. The movement of the piston to the top dead centre causes
negative pressure in the crankcase, into which the fresh mixture or air is sucked in. A
common part of the exhaust duct is a rotary disk or a slider, which extends into the
upper part of the duct and serves to aerodynamically move the upper edge of the
exhaust duct downwards, which results in prolonged expansion and increased torque
at lower engine speeds. However, this is not a closure of the exhaust duct. Since the
given design does not allow one to increase the charging pressure, there are solutions
of diesel engines with an external source of compressed air, which is fed through the
intake ducts directly into the cylinder (not through the overflow channel through the
crankcase). These intake ducts are opened by a piston as well as overflow ducts, the
exhaust duct is replaced by a mechanically operated exhaust valve in the upper part
of the combustion chamber. The auxiliary valve reduces the output, because work is
required to open it. There are a number of design solutions described in detail in the
literature, which rely on, for example, conventional valve distribution and allow the
installation of sophisticated injection systems, such as GDI [3], or there are a number
of patents that have the same goal [4].

The present technical solution shown in Fig. 1 aims to create such a design of
the exhaust pipe closure, which would be structurally simple, efficient and easy to
control.
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Figure 1: A look at the concept of the developed supercharged two-stroke two-cylinder
engine

2. CONSTRUCTION SOLUTIONS

The presented technical solution achieves the above-mentioned object by
providing a rotating disk with an opening or recess on part of the circumference, or with
a protrusion on part of the circumference, this rotating disk extends through its
circumference into the exhaust duct so that the exhaust duct is completely closable
(see Fig. 2).

The subject of the innovation is, therefore, a two-stroke internal combustion
engine comprised of an engine housing comprising a crankcase in which a crankshaft
connected to a piston moving in a cylinder is located, the exhaust pipe leads out of the
cylinder space, which is open at the bottom dead centre of the crankshaft and closed
at the top dead centre of the crankshaft, the essence of which consists in that it further
comprises a rotating disk with an opening or recess on part of the circumference, or
with a protrusion on part of the circumference, this rotating disk extends into its
circumference into the exhaust duct so that the exhaust duct is completely lockable /
openable with a rotating disk. The term “close completely” means to close the entire
cross-sectional area of the exhaust duct. In detail, the engine contains a crankcase,
which is separated from the space above the piston, so the engine uses lossless
lubrication. The change of the working charge is ensured by the ducts (intake and
exhaust) located in the lower part of the cylinder. The arrangement of the intake and
exhaust ducts corresponds to the arrangement of the overflow and exhaust ducts in
some two-stroke engine designs. The suction ducts supply the fresh working charge
from an external pressure source, such as a mechanical (contemporary design) or an
electrified boosting solution (considered for some applications). In order to be able to
achieve over boosting, i.e., increase the boost pressure above atmospheric pressure,
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even if the exhaust duct is higher than the suction and the pressure would, thus,
escape into the exhaust duct, the exhaust duct, according to the presented solution, is
supplemented with a rotating disk. The rotating disk in the exhaust duct ensures its
closure so that the cylinder charge cannot escape. The closing must take place in good
time before the suction channels are closed by the piston, but late enough for the
charge from the suction channels to push the exhaust gas residue out of the cylinder
space, ideally beyond the position of the rotating disk, so that it is not stressed too
much.

The rotating disk is preferably placed as close as possible to the cylinder so that the
volume of the exhaust channel between the piston and the disk is as small as possible.
In some embodiments, the rotating disk may be substantially mounted perpendicular
to the cross section of the exhaust duct. This ensures that the area enclosed by the
disk is as small as possible, which makes it possible to minimise the size of the rotating
disk. The rotating disk has an axis on which it is mounted and about which it rotates,
located outside the exhaust duct. Since the exhaust gases can reach temperatures of
around 1000 ° C, it is necessary that the disk storage and the drive are shielded from
these temperatures. Possible embodiments of the rotating disk are schematically
shown in Fig. 3. Fig. 3a shows a rotating disk with a protrusion on part of the
circumference, Fig. 3b shows a rotating disk with a recess on part of the circumference,
and Fig. 3c shows a rotating disk with a hole in part of the circumference.
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\/

Figure 3: View of the rotating disks of the developed engine

The open part of the circumference of the rotating disk, i.e., the hole, the recess or the
part of the circumference without the protrusion, corresponds to the opening time of
the exhaust duct. The full part of the circumference of the rotating disk corresponds to
the closing time of the exhaust duct. The case of the rotating disk in Fig. 3a
corresponds to the angular section of the protrusion at the time of closing the exhaust
duct. The rotating disk is then arranged so that the exhaust duct is closed by a
protrusion from the moment when the piston is in the bottom dead centre area, which
means between 20° before the bottom dead centre and 20° after the bottom dead
centre (the intake ducts are still open and increase the charging pressure), at least until
the exhaust duct is closed by the piston moving to the top dead centre, and at the same
time that the exhaust duct is open (i.e., not closed by the rotating disk protrusion) when
the piston moving from the top dead centre opens the exhaust duct. In the case of the
rotating disks shown in Fig. 3b and 3c, the angular section of the orifice or recess
corresponds to the opening time of the exhaust duct, i.e., the time from the opening of
the exhaust duct by the piston on the way to the bottom dead centre alignment (which
is in the range of 20° before the bottom dead centre to 20° after the bottom dead centre)
so that after filling the exhaust duct with the full part of the edge of the disc, an increase
in the charging pressure can be achieved. The angular dimension of the section of the
hole, recess, resp. part of the circumference of the disc without the protrusion, is
directly proportional to the gear ratio between the crankshaft and the rotating disc (the
larger the gear, the larger the angle). The angular range also directly limits the gear
ratio. If the transmission between the crankshaft and the rotating disk is solved purely
mechanically, the meaningful values of the transmission ratio are 1; 2; 3, because a
lower gear ratio does not close the exhaust duct fast enough, and a higher gear ratio
requires too large of an angle section. The open portion of the circumference of the
rotating disk may have a dimension in the range of, for example, 30 to 330 angular
degrees, the dimension depending on the particular design as set forth herein. The
diameter of the disc depends on the dimensions of the drive used and the bearings
supporting its shaft. The rotating disk can be mounted directly on the crankshaft, or on
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the shatft itself, which is driven by the drive mechanism from the crankshaft. The drive
mechanism can be, for example, gears, a chain or a toothed belt. The purely
mechanical coupling of the crankshaft disc complicates the variable timing.
Alternatively, the rotating disk may be driven by an electric motor which rotates the disk
without any mechanical coupling to the crankshaft. One embodiment may be a
constant crankshaft and rotating disk speed. In other embodiments, the variable speed
transmission of the crankshaft and the rotating disk may even be the speed of the
rotating disk, which may be independent of the speed of the crankshaft (e.g., in the
case of a rotating disk driven by an electric motor). This is advantageous because for
different engine speeds as the appropriate moment of closing the exhaust duct can be
varied to achieve optimal cylinder filling. The variability of the gear ratio, i.e., the
variable timing of the exhaust duct closure, can significantly affect the operating
parameters of the engine. The drive of the rotating disk can also be provided by a
combination of the above options. The purpose of the rotating disk is to create
sufficiently large aerodynamic resistance in the exhaust duct so that the charging
pressure in the combustion chamber can be increased above atmospheric pressure.
This requires the rotating disc to close the exhaust duct when the exhaust gases are
already removed and the combustion chamber is purged, but, at the same time, the
intake duct is still open (crankshaft bottom dead centre area) and keeping the duct
closed until the exhaust duct is closed by the piston moving to the top dead centre.
The rotating disk is still rotating during the operation of the engine, i.e., it is more energy
efficient, and there is no need to expend the energy needed to compress the valve
spring, as is the case with currently designed engines. In order to minimise the
mechanical losses, the rotating disk can advantageously be mounted in the space of
the exhaust duct with clearance (i.e., it does not touch the walls), the choice of the
amount of clearance directly influences the maximum achievable cylinder charging
pressure.

3. CONCLUSION

The mentioned design solution of the distribution mechanism for the
supercharged two-stroke engine aims to bring simplicity and reliability while, at the
same time, good regulation and low energy losses. Applications for high-performance
electric generators and some special applications in aviation, including the military, are
intended. A prototype is currently being produced, with laboratory testing expected in
Q1 2022.
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