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Abstract:

The goal of this paper is to evaluate, from a thermodynamic point of view first, and then constructive one, the
possibility of inserting a waste heat recovery system in a hybrid vehicle in mild-hybrid configuration. The vehicle
considered is a standard 1000 cc gasoline turbocharged ICE. The characteristic and proposed configuration
of the vehicle allows to mechanically separate the existing turbo-compressor unit and to couple them with the
respective electrical devices: electric motor and generator. This new architecture enables an electrical
generation that can be used to recharge the installed battery package. Moreover, thanks to the new
configuration of the turbine of the group, i.e. without the wastegate valve, the turbomachinery provides a high
gas flow rate at high temperature (about 380 °C). These exhaust gases can be used for a bottom ORC group,
with additional electricity generation. All these considerations permit to have an extra on-board recharge of the
batteries, to consequently increase the electric range of the vehicle (a sort of range extender) and to install a
battery group of limited size and power, with consequent advantages of payload and vehicle efficiency.
Besides, it allows to achieve the well know and inflated aspects (from a citation point of view) of the emissions
reduction.
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1. Introduction

The aim of the research is to verify the feasibility of an on-the-road prototype of a power train for a hybrid
propulsion vehicle. In detail, the project consists in the study and implementation of an innovative complex
energy plant for the ICE (900cc) of a city car [1-4]. The solution studied is to mechanically disconnect the
compressor/turbine complex, supporting the C compressor with a dedicated electric motor and connecting the
T turbine to a generator. Mechanical C/T decoupling allows both machines to be designed so that they operate
close to the maximum efficiency point for the maximum part of the expected real operating range. Specifically,
the turbine has a lower rotation speed than that of the original group and therefore is characterized by slightly
larger dimensions. The advantage is that in current supercharger units the surplus at high revs is discharged
through the waste-gate valve without expanding into the turbine. In the configuration proposed here, however,
all the energy of the gases is used by the turbine to generate electrical power, that can be used where required.
Finally, with a view to optimizing all energy flows, the turbine exhaust is used for a bottoming ORC group, for
electricity generation. The surplus of energy thus obtained can be used to power the auxiliaries, reducing both
fuel consumption and lengthening the time of use of the electrical part, via battery pack. The actions taken
were [5]:

a) Study a suitable configuration of a new turbocharging unit (hereinafter, "TC") for the specific thermal

engine chosen here (ICE 900 cc turbo = 66 kW), separating the compressor and the turbine and

realizing the two devices with ad hoc components;

b) Simulate the behavior of the new TC group over the entire operating range of the engine, possibly

making appropriate changes to the configuration originally chosen;

c) Design and implement a prototype configuration of the new C/T group (integrating the part relating

to the motorization/electric generation and test it in advance);

d) Simulate and design the submitted ORC group.

2. Compressor and Turbine design

Once the engine of the vehicle (999 cc) of the city car being searched was established, the existing group on
the vehicle was identified, the operational map of which is shown in figure 2.
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Figure 1. The electro-assisted configuration of the proposed turbocharging unit and the ORC group

Based on the ns/ds design theory [5-8], the geometric characteristics of the compressor shown in table 1 are
obtained. Obviously, the dimensions and speeds are established here based on the values provided by the
manufacturer of the installed compressor. The operating point was also fixed and derived since the maps of
the business model [5,6]. The operating specifications are as follows:

p=15

m’ = 0.02-0.06 kg/s

n = 140000-210000 rpm
the range includes operation at the minimum and maximum speeds assumed by the ICE (2000-5000 rpm)

Table 1. Compressor data designed

m[kgls] | 0.02 Weu [J/kg K] | 44652.74 | w2 1
B 1.4 Uz [mis] 211.3 vi 0
co[J/kg K] | 1004 r2[m] 0.014421 | 1 0.3

T1 [K] 293 AT [K] 22 @2 0.55
o[radls] | 14653 p1 [kg/m?] 1.20108 | 8 0.98

€ 0.42 Q1 [m¥s] 0.016652 | % 0.65
p1 [Pa] 101000 | r1e [m] 0.011005 | R, 0.5
T2[K] 337 ri[m] 0.007153 | (1-4?) | 0.5775

From the analysis of the data it can be noticed the correspondence to the existing model, installed in the
vehicle. The operation of the compressor at various speeds of the ICE engine was then evaluated and using
the previous map it was possible to fill in the following table and the figure shows the trend of the power
required by the compressor as the number of revolutions of the ICE changes.

Table 2. Compressor operation at different ICE speeds

rpm ICE m [kg/s] rpm Be Tin [K] Tout [K] P [W] n
2000 0.021 145000 1.42 298.4 344 920.71 0.68
3500 0.0408 180000 1.64 297.5 354 247439 0.8
5500 0.0619 210000 1.84 297.5 366.8 444496  0.82
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Figure 2. Compressor chart
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Figure 3. Compressor power required as a function of the ICE speed

Using the same procedure described above, the turbine was designed [9-15]. The main characteristics are

shown in Table 3.
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Table 3. Turbine data
m [kg/s] 0.021 Leu[J/kg K] | 103194 |y 0
B 1.4 Uz [m/s] 321.2 Wi 1
co[J/kg K] | 1397 r2[m] 0.051153 | ¢ 0.3
T1 [K] 980 AT [K] 34 o 0.4
o[radls] | 6280 p2 [kg/m?] 0.387992 | & 0.98
€ 0.23 Q2 [m¥s] 0.05412 |y 0.65
p2[Pa] 101000 | rse [m] 0.011159 | R, 0.5
T2[K] 907 r1i [m] 0.007253 | (1¢?) | 0.5775

From the analysis of the data, the correspondence to a turbine model available on the market is evident, whose
operational map is represented in figure 4. The operation of the turbine at various ICE engine speeds was then
evaluated using the map, so the turbine trend generation is reported in figure 5 and, as above, it is possible to
fill the following table, in function of ICE speed.

Table 4. Turbine operation at different ICE speeds

romICE  m[kg/s] rpm Be Tin [K] Tout [K] P [W] 1
2000 0.024 82170 1.2 954 922 780 0.87
3500 0.04 134483 1.6 1005 930 3510 0.86
5500 0.07 164002 2.00 1045 932 9500 0.81
1
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Figure 4. Turbine operational chart
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Figure 5. Turbine power output required as a function of the ICE speed
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3. Energy Recovery and Vehicle Energy Balance

Thanks to the proposed design changes, the new electrically assisted turbocharger offers extra power at all
engine speeds, except for about 2500 rpm and the power curve are shown in figure 6. It can be noted that the
reported values include mechanical and electrical efficiency. For any type of mission (ETC, EUDC, WVU and
NDC [17-21]), the engine energy balance is calculated by calculating the instantaneous power demand to the
wheels, adding transmission losses, adding the compressor power and subtracting it from the turbine power
and considering the battery charging efficiency. The effect of KERS has not been included in the simulations
at this time. For almost the entire mission, the turbocharger unit can deliver extra net power. This power will
be used mainly to recharge the battery pack and power the auxiliaries. When the power is negative (almost
always on restart and during braking operations) the compressor will draw the required power from the on-
board battery package. Since the vehicle is conceived as a mild hybrid, this battery pack is obviously much
smaller than in a common HEV [22-29]. In longer missions, the instantaneous surplus generated by the
turbocharger, minus the contributions sent to the auxiliaries, can lead to a condition in which the battery pack
has a SOC close to 100% and cannot accept further charges. In these circumstances, the extra power could
be used or sent to an auxiliary electric motor for additional propulsion.
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Figure 6. Power of the Turbine (orange curve) and the Compressor (blue) as a function of ICE rpm

The proposed solution, namely to physically decouple the compressor and turbine, using an electric motor for
the first and producing electricity from the second via electric generator, showed that the total energy recovered
on the simulated missions amounts to 1.01 kWh (compared to the 18 kWh of total energy required by the
vehicle), which means that a net saving of about 5.6% can be achieved by the installation of this new
turbocharger unit (figure 7).

4. The Bottoming ORC cycle

A further optimization of the considered system is to insert a bottoming ORC cycle. This possibility is
thermodynamically feasible because the outlet temperature of the exhaust gases from the turbine, which must
be remembered that it works without a wastegate valve, is about 800 K. The fluid used is an organic fluid
R245fa. In the worst case, the exhaust gas flow rate is 0.024 kg/s. This temperature is high for a typical ORC
application, especially for the required low power; this means that the energy content is too high and probably
the use of Rankine Cycle instead an ORC would be more efficient, nevertheless for a compact application an
organic fluid is more convenient, because the dimensions of the heat exchangers are smaller. Using
commercial software, the thermodynamic simulation of the ORC cycle was performed. Among the various
parameters to be set, the value of the maximum power that can be delivered, of about 2 kW, was chosen.
Since the power is not high, it is not convenient to design a sophisticated cycle with preheaters or re-heaters
commonly used in large-size plant. Thus, the cycle is very simple and only few components are required (Fig.
8) [30-35]:

1. Air Heat Recovery: it is a heat exchanger where the organic fluid warms up and changes its phase
from liquid to vapor. This transformation is considered isobaric and, in the phase, changing is also
isothermal.
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2. Expander: it operates between the pressure imposed upstream and downstream by the heat recovery

and the condenser.

3. Condenser: used to condensate the organic fluid with water. This transformation is considered isobaric

and isothermal during the phase changing.

4. Pump: it increases the pressure of the organic fluid, now liquid, up to the pressure inside the Air Heat

Recovery.
5. Flow Mixer: necessary to add the possible make up flow rate.
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Figure 7. Net energy supplied by the GT group during the mission
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Figure 8. ORC cycle layout
From the statement of the problem, the input constrains are:

e The output power from the turbine (flow 6): 2 kW

e The available mass flow rate of the exhaust gas (flows 3): 0,024 m®/s

Temperature of the exhaust gas (flows 3): 723 K (conservative set)
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The temperature of the inlet water is set to 293 K, hence, considering the finite dimensions of the condenser
and its losses, the organic fluid should condense at 301 K, because it cannot reach lower temperature. Thanks
to the thermodynamics properties, setting the condensation temperature means that the condensation
pressure is fixed. From the thermodynamics tables for R245fa, this fluid condenses at 301 K with a pressure
of 170 kPa. The expander efficiency has been underrated at 0.7 to be sure that the outlet power was at least
2 kW and the efficiency of the pump is fixed to 0,9. The results obtained by the process simulation indicates a
mass flow rate for the organic fluid of 0.13 kg/s.

In summary, thermodynamic feasibility of whole system is confirmed. The current state of research focuses on
the advisability of using a helical evaporator [36] for the ORC plant. For the study of the expander we will follow
the procedure described in previous papers [31-37], trying to define the more efficient device. Only the
condenser is under evaluation. First, the possibility of using the existing radiator of the car has been
considered, but due to the limited overall available dimensions a compact capacitor [38-42] is being studied.

Table 5. R245fa operating specifications

Mass flow rate [kg/s] 0.13
Evaporator inlet temperature [K] 301
Evaporator outlet temperature [K] 383
Condenser inlet temperature [K] 370
Condenser outlet temperature [K] 301
Condenser inlet pressure [Pa] 170000
Water inlet temperature [K] 293
Water outlet temperature [K] 301
Pump required power [W] 100
Power output [W] 2000

4.1. Condenser design procedure

The chosen configuration (Figure 9) is the “circular tube fin”. It has several advantages such as reduced weight,
better temperature control and easier transport. The type of tube is often chosen to reduce losses [28,29]. The
inner diameter of the tube is 8 mm, the fin length is 3 mm, the tube thickness is 1 mm and the distance between
two consecutive fins is 2 mm. The staggered arrangement is triangular, to avoid interference problems, and
the distance between each arrangement center is 17 mm (the distance will be called pt or pi if it is from tube to
tube or from tube to the outer shell). After the number of tubes is set, the width, thickness, and length are
defined. At this point, we must distinguish what happens in the mono-phase or the two-phase condensation.
The analysis will be conduclted for both the working fluid (inside) and the water (outside).

Figure 9. Reference scheme.

4.1.1 Monophasic Condensation

Working fluid side

The fluid characteristics (viscosity coefficient, thermal conductivity, etc.), were derived from the Coolprop
library. First, the enthalpy difference is calculated to compute the thermal exchange. Then, the LMTD is derived
with the HEM method. It is now necessary to compute the overall heat coefficient U to find the required
exchange area. To compute the coefficient U we have to introduce the basic dimensionless numbers:
Reynolds, Nusselt, Prandtl, and Froude. Once all quantities have been defined, the following procedure will
be used.

1. The Prandtl number is calculated, and secondly, the calculation of the fluid velocity inside the pipes is
evaluated, permitting the evaluation of the Reynolds number, which leads to the Nusselt numbers.
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2. After computing the Nusselt numbers, it is then possible to estimate the "hi" that is the heat transfer
coefficient.

3. Finally, it is necessary to introduce the areas. When the numbers of tubes are known, where Ns is the

number of pipes where the mass flow condensate, N: is the numbers of transits of the same bundle of

tubes, and the total number N, the geometrical properties can be calculated. The inner area of the pipes

is:

Ay = md; Ly N, (1
and the minimum free flow area is:
Ao =5md; Ny ()

Cooling fluid side

As previously mentioned, the characteristics of the fluids are derived from the Cool- prop library. The main
areas (external pipes side) are the Ap, the primary area, the fin area Ar and the heat transfer surface area Ao.
The primary area is the difference between the pipe surface area and the area blocked by the fins. The Ao is
the total heat transfer area, computed by the sum of the primary area and the fin area. Another important
parameter to determine is the minimum areas among the pipelines, where the water flows. If a triangular
configuration is chosen [29], it is possible to consider that surface, as a flat surface.

v
" t /’j/é’,/; %é 1 4
al t

Figure 10. Minimum area description of the condenser.

4.2. Biphasic Condensation

As the condensation process proceeds along the pipes, the working fluid velocity decreases. At first, the
condensation will occur on the wall of the pipes, then layer by layer, the liquid phase will increase. When the
fluid is condensing, its thermodynamic characteristics change. The same procedure for the mono-phase has
been adopted, introducing some necessary changes [40-44]. The evolution of the working fluid, from quality
“0” to quality “1”, has been divided into four-parts.

1. Part one, when the quality x is within 0 + 0.75.
2. Part two, when x = 0.75 + 0.5.

3. Part three, when x = 0.5 + 0.25.

4. Part four, when x = 0.25 + 0.

Similarly, for the cooling fluid side, there will be four corresponding stages. The four stages of the cooling water
have been computed, if every property is changing linearly. From the working fluid side, the Martinelli
parameter is introduced to compute the Nusselt number. The formulae used for the R245fa is:

Nu = 0.023Re®® Pro3 g(Xtt) (3)

4.2 Design results

The system geometry has been defined respecting the required constraints. A square configuration of the
condenser has been chosen. The previous Figure 10 represents the simulated condenser. Streams numbers
1 and 2 are the inlet and outlet of the working fluid, and streams 4 and 5 are the inlet and outlet of the cooling
fluid. Stream 3 is the refill of the fluid; in this case, it is not considered, but it is important to mention the fact
that this opportunity exists. Table 6 reports the operating specifications of the main streams. After numerous
iterations, the optimal solution has been found. The considered configuration is a compromise between a
reasonable pressure drop and the smallest area. All data and a representation of the condenser are,
respectively, reported in Table 7 and Figure 11
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Figure 11. The condenser’s chosen configuration. (a) actual disposition in the condenser assembling, (b)
triangular configuration characteristics, (c) finned pipe representation.

Table 6. Condenser Streams.

Stream n°1
Temperature (K) 383
Pressure (kPa) 610
Streamn’ 2
Temperature (K) 346
Pressure (kPa) 606
Streamn‘ 3
Temperature (K) 332
Pressure (kPa) 101.3
Streamn‘ 4
Temperature (K) 301.2
Pressure (kPa) 170.3

Table 7. The condenser’s main dimensions.

L1 0.22
L2 0.22
L3 0.18
di 0.007
dr 0.01
df 0.014
Pt 0.016
P 0.016
S (m) 0.002
tf (m) 0.0003
Nr 16
Ns 14

Ntot 16 x 14 =224

https://doi.org/10.52202/069564-0244 2722



PROCEEDINGS OF ECOS 2023 - THE 36™ INTERNATIONAL CONFERENCE ON
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS
25-30 JUNE, 2023, LAS PALMAS DE GRAN CANARIA, SPAIN

. 2

(| SO [

Figure 12. Condenser 3D assembled view.

Finally, the procedure adopted for the design is satisfactory. In fact, given that one of the constraints is the
limited space inside the vehicle (the design philosophy is, remember, not to modify the vehicle and to use,
when this is possible, all the existing devices and components), the exchanger obtained is small and can be
easily inserted inside the vehicle, as will be described in the following paragraph.

5. The On-Board configuration of ORC cycle

An empirical method has been used to demonstrate that the proposed ORC system can be mounted on a
vehicle. In the considered commercial vehicle, respecting the available spaces and volumes, the tank has been
replaced and modified. For the positioning in the vehicle, since the HRSG has not been measured (at present),
it has been assumed to be the same size as the condenser. It is known that the HRSG device is usually smaller
than the condenser. Figures 13 represent the possible plant configuration in a commercial vehicle. It is
important to remember that it is necessary to realize an auxiliary circuit forthe water cooling.

Figure 13. Proposed on-board ORC assembled plant configuration view.

Future Developments and Conclusions

The next steps in the realization of the vehicle and therefore for the completion of the project, the electrical
part is now testing. The compressor side tests have almost been completed and have given satisfactory results
and in line with what was assumed and chosen. On the turbine side, the test bench has been assembled,
which involves the use of a rechargeable battery of about 17 kWh, and once the electrical connections have
been completed, will be tested.

At the same time, the expander and evaporator for the ORC group will be designed, always trying to respect
the overall constraints imposed by the chosen vehicle. As far as the expander is concerned, we will opt for a
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compact solution and consequently the choice could fall on a dynamic expander or most likely on a rotary
volumetric, screw type. For the evaporator, the opportunity to create a helical heat exchanger coaxial to the
turbine exhaust pipe is being studied, to reduce the size as much as possible.

In conclusion, a very important and “innovative” aspect was the possibility of creating, as part of the
electrification process of the power train for the mild hybrid, a “direct coupling” between the electric motor and
compressor, and to optimize all waste energy fluxes of the vehicle. All these are thanks to the design of a new
electric motor, operating at high rotational speeds, which are characteristics of turbomachinery. The
redesigned turbine (now separated from the compressor) has confirmed to be less problematic than the
compressor. The turbine can now use all the enthalpy drop of the ICE exhaust gases and operate at lower
speeds. As a result, the connected electrical equipment is less complicated, compared to that designed and
built for the compressor. The tests - cold site - validate the design choices and the further turbine ones - in
case of positive results - confirm and "freeze" the electrical configuration. Then, thanks to the characteristic
configuration of the turbine (no wastegate valve), the total exhaust gases can be used for generate additional
energy by ORC plant. The bottoming ORC systems has to be completed, from a design point of view. Actually,
the condenser realization is "on going". Once realized, a "substitute" circuit will be realized to simulate the
operational conditions. The simultaneously design of expander and evaporator will conclude the design
process. Last step will be to implement all devices and test the vehicle on the road.

Nomenclature
C Compressor
EM Electric Motor
EG Electric Generator
ICE Internal Combustion Engine
m Mass flow rate [kg/s]
p Pressure [bar]
P Power [W], Pump, Pressure gauge
Q Volumetric flow rate [m%/s]
r Radius [m], Resistance [Q]
rpm Revolutions per minute
Rp Reaction degree
T Temperature [K], Turbine
Y Velocity

Greek Symbol

Compression ratio

Hub to shroud ratio
Blockage factor
Diameter ratio

Efficiency

Flow coefficient
Rotational speed Density
[kg/m?]

Load coefficient

€T g ™MS MmoXxX ™
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