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Executive Summary

An overview of the deliverable objectives, link to relevant tasks and to the fulfilment of objectives. In
case of deviations (content, time) plegsrovide a full justification and an assessment of impacts to
linked tasks and to overall project implementation.

The purpose of the deliverable is to provide information about the basic design of the cooling circuit
and the preliminary evaluations cadieut in order to identify the basic layout will be presented.

This deliverable is linked to Task 5.1 Development of cooling circuit concept, which is aimed at
addressing the development of the basic concept of the vehicle cooling circuit on the Hasis of
vehicle platform provided by NEVS. The baseline vehicle platform includes cooling circuit
components and functionalities to which the new IDMs must be adapted.

The work carried out within this Task dealt with a preliminary analysis of the coolirepgyaimed

at the sizing of the coolant pumphe work has been divided into four main steps:

1. Data gathering from NEVS on the existing cooling circuit from the baseline vehicle;
understanding of constraints;
2. Evaluation of need/possibility of improvementslanodifications for the cooling circuit

of the demo vehicle;
3. Data gathering from SEMIKRON and AVL for a rough estimation of the pressure drops
and thermal loads of the components of the IDM;
4, Proposal of different solutions for the cooling circuit.
All partners of this work package contributed to it by providing information useful for the definition
of the basic layout, connections and requirements of the cooling of the specific component.

Attainment of the objectives and if applicable, explanation of
deviations

The deliverableeports the decision made about the basic design of the cooling circuit. One possible
final layout has been identified as a tranfEbetween different solutions, attaining the objective of

the deliverable itself, perfectly in timEonetheless, refinements will be carried out at the end of the
second Task (Task 5.2 Data collection from other WPs) as soon as more reliable data will be gathered
from the other partners, while the final cooling circuit design definition and sizing withé
objective of Task 5.3 Cooling circuit layout definition and sizing.

- This project has received funRIVEMODE

Horizon 2020 research and innovation programme under grant agreemen
N°769989



D5.1 Documentationf the basic concept of the cooling circuit 4

Table of content

R [ 0 0T [ o 10 o PSPPSR 5
2. Background..........ccoouiiiiiiiie e 6
3. Preliminary ANalySiS.......ccuuiiiiiiiiiiie e cceern e 9
Layout n.1: Cooling With EGL MIXIUIE .......cccoeiiiiiiiieeeiiiieeme e 10
Layout N.2: COOlING WIth O .....eeiiiiiiiiiiiiieee e 10
Layout n.3: Cooling with OIL and EGL MIXIUIe ..........ceiiiiiiieeeeieiiieeeice e eeeeeeeaveeee 11
4. BasiC CONCEPL DESIGN.....viiiiiiiii vt e et e eneen e 13
Sensitivity analysis on hoses inNer diameter............cooooiiiiiiiiiccce e 15
(O TSI I ST L J TP 16
CASE 2. RESUITS.....ceeeeieieiitiiii et e e e e e e e e e e aeeea s s s e e e e e e e e e e eeeeeeeaeestnnneeeeeeeeeeeeesssnsnnnnns 17
Sensitivity analysis on propulsion cooling circuit [ayouLt..............cccoevviiiiiieeee e, 18
5. CONCIUSIONS.....coei e errre e e 21
T AN o]0 T=7 o [0 | S 22
List Of @DDreVIatioNS .........oevviii e 22
ST (=T (=] L0 =P 23

List of Tables

Table 1. Preliminary requirements for the cooling CirCUIL................uvvuiiccireieeiiieeee e 9
Table 2. Pressure drops VS flOW Fale............ooovviiiiiirieeeeeeee e e e e e 17
Table 3. Flow rates at maximum speed for @aCh VEISION..............uuuririmmmiuiiiiiiiiriieeeeeeeeeeeeas 20

List of Figures

Figure 1. Schematic of propulSion COOlING CIFCUIL...........coiiiiiiiiiii e 6
Figure 2: Specification of existing coolant pump (Pressure vs Flow Rate @ various. RPM).7
Figure 3: Pressure Drop vs Flow Rate of entire cooling 10Qp............uvvvviiiiiccciiiiiiiiiiiiiiieee 1.
Figure 4: Pressur@rop vs Flow Rate at individual components of cooling loop..................... 8.
Figure 5. Schematic of cooling With EGL...........coooiiiiiiiic e 10
Figure 6. Schematic of cooling With OlL............oumiiiiiiiiiee e 10
Figure 7. Schematic oboling with OIL and EGL...........ccccuuiiiiiiiiii e 11
Figure 8. SWOT analysis of 0il VS EGL..........ccoooiiiiiiiiieee s 12
Figure 9. Final schematic of propulSion COOlNG CIrCUIL..........cciiiiiiiiiiieie e 14
Figure 10. Overall cooling CIFCUIt AraWinG .......cccoeeeeeeeiiiiiiieeeie e eeeeeeeeeee e e e e 15
Figure 11. Propulsion circuit model in GAUIE............ooiiiiiiiiiiiieeee e 16
Figure 12. Flow rate vs diameter of hoses of common branch.............ccccoovceeiiiiii . 16
Figure 13. Pressure drops vs diameter of hoses of comranahb...................eeevviiiveeiiiiiiienenn. 17
Figure 14. Maximum pressure rise @ analyzed volumetric flow rates with the existing .purh
Figure 15. Different versions of the selected LayOuL.n.d............ccuvviiiieeneeniniiiiieee e 19
- This project has received funRIVEMODE

Horizon 2020 research and innovation programme under grant agreemen
N°769989



D5.1 Documentationf the basic concept of the cooling circuit 5

1. Introduct ion

The aim of this work package (WP5) is to design and evaluate the cooling circuit performance of the
integrated vehicle system. One of the goals of this WP is to use the minimum number of cooling
elements, in order to design a single cooling circuiafodevices.

Task 5.1 Development of cooling circuit concept addressed the development of the basic concept of
the vehicle cooling circuit on the basis of the vehicle platform provided by NEVS. Since the existing
vehicle platform already includes coolingicuit components and functionalities, the new IDM must

be adapted to them, since guaranteeing interfacing with other car systems is one of the project
technical objectives

Therefore, moderate changes in the existing system are possible, if neeted#&iet of modularity,
easiness of integration and reduction of overall costs, but in this casefdtaert components

should be selected to ensure esf$ectiveness of the overall system.

The requirements for the IDM have been identified in D2€lifdimary design of modular drivetrain
system, related Task 2.1 of WP2, which has been submitted on April 2018. Therefore, requirements
are known and fixed. Since, the IDM will be used as a module, four different layouts have been
defined to attain differ® powertrains for different vehicle classes, which vary in terms of total torque
and total power output (i.e. vehicle class requirements), while scalability of the IDM itself is not
considered. For the demonstration vehicle F2 layout has been selectin dolbwing analyses

will consider only this configuration.

The specifications of the demo vehicle have been identified in D2.2 System specification of
prototype, related Task 2.2 of WP2, which has been submitted on November 2018. The objective of
thisTask was the definition of performance requirements of subsystems including the cooling system,
and to define interfaces among the subsystems being developed based on prevalent automotive
industrial standards.

The starting point for this Task is therefahe existing cooling system, which will be presented in
Section Background.
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2. Background

The schematic diagram of the existing propulsion cooling system is shdwguine 1.
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Figurel. Scrematic of propulsion cooling circuit

Main components of the circuit are:

1 Coolant: to cool down the propulsion components the coolant is circulated around the coolant
system by the pump. The coolant consists of water mixed with ethylene glycol, bafiéally 5
water + 50% glycol. The addition of glycol is needed to reduce freezing point temperature,
improve corrosion resistance and raise up the boiling point temperature.

91 Pipes and hoses: used to connect different parts of the coolant circuit and to trensfer
coolant mixture between these parts. Pipes and hoses inner diameter is of 19 mm, locally 18
mm in Quick Connectors.

1 The pump: used to force the coolant to circulate through all the components. The existing
pump is an electric pump whose operation attarsstics are shown iRigure?2.

1 The coolant tank: used in the existing vehicle as accumulator and surge tank, it has a volume
of 1.5 liter, while coolant fluid volume is 1.1 liter. Extra volume of tank is needed t
accommodate for fluid volume expansion.
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1 The electric fan: used to suck air in and increase the air through both the propulsion radiator,
condenser and RESS radiator

91 The propulsion radiator: used to cool down the coolant which passes through the gnopulsi
components. The existing radiator is quite oversized as it is derived from a conventional
internal combustion engine powered vehicle.

1 The condenser: heat exchanger used for AC circuit. The coolant flowing through this heat
exchanger is different fronthe coolant of the propulsion loop, but fan serves also this
component.

1 The RESS radiator: heat exchanger used for the battery cooling circuit. The coolant flowing
through this heat exchanger is different from the coolant of the propulsion loop, buts se
also this component.
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Figure3: Pressure Drop vs Flow Rate of entire cooling loop
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Simulated trend of pressure drops against coolant volumetric flow rate of the overall cooling loop in
the existing vehicle shown Figure3 and those of each component of the coolimgplare shown in
Figure4.
The simulation has been carried out by NEVS under the following assumptions:

A Pump is running on five different speeds, covering the entire range

A Constant coolant temperature aP@3Coolantemperature kept constant at 23°C

Radiator pressure drop DCDC pressure drop
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Figure4. Pressure Drop vs Flow Rate at individual components of cooling loop.
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3. Preliminary Analysis

Data available from the existing vehicle and presented in the previous section have been integrated
with preliminary data available from the components. Basically, these data are assumptobns whi
have yet to be verified both with simulations and experimental measurements.

Data provided by the partners are summarizeihinie 1.

Tablel. Preliminary requirements for the cooling citcui

e-Motor

T (inlet) <65°C

Pressure Drop < 500 mbar (to be verified) @ 10 I/min
Vol. flow rate > 10 I/min @ maximum power
Inverter

T (inlet) < 65°C (TBD)

Pressure Drop 130 mbar or 300 mbar @ 10 I/min
Vol. flow rate > 10 I/min (TBD)@ maximum power

The constraint on the minimum volumetric flow rate imposes to use two pumps, one for each module.
This has been found coherent with the modularity requirement of the overall project, since each
module comes with its own pump.

In addtion to this, oil cooling has been proposed as a solution to improvertiodoe cooling and

thus increase the componentds performance, I n
4kW/kg with oil cooling of windings, even if there is almost rifee if oil is used for the jacket.
Additional reason for investigating this solution is the evaluation of possibility of using in the loop
the gearbox lubricating oil, as coolant medium, to increase the level of modularity. On the other hand,
oil coolinghas been considered not beneficial for the inverter. Moreover, the use of oil cooling for e
motor will require an additional heat exchanger and of an oil pump to be sized and designed in order
to cool down the oil itself and to guarantee the proper fonictg of the component.

Starting from the basic layout presented so far, three alternatives for the cooling circuit have thus
been proposed:

1. Layout n.1:Cooling with EGL mixture

2. Layout n.2:Cooling with OIL

3. Layout n.3:Cooling with OIL and EGL mixture

This project has received funRIVEMODE
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Layout n.1: Cooling with EGL mixture

The schematic of this first layout is providedRigure5. This is the simplest layout as only one
coolant type (i.e. EGL) circulates in the overall circuit. This layout is comgance motor and
inverter can be cooled in series by the same coolant flow and a minimum number of components is

required.
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Figure5. Schematic of cooling with EGL

Layout n.2: Cooling with OIL

The schematic of this second layasitprovided inFigure 6. This layout uses oil for components
cooling and needs EGL for the cooling of the oil, since the propulsion radiator cannot be used to cool
it down. This layout may guarantee higher powersdgrfor the emotor, but decreases inverter
performance and requires two more components, namely the oil cooler and the oil pump. On the other
hand, only one pump is required for the EGL, in contrast with the first layout.
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Propulsion Radater
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Figure6. Schematic of cooling with OIL
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Layout n.3: Cooling with OIL and EGL mixture

The schematic of this third layout is providedrigure?7. This layout uses oil for theraotor cooling

and uses EGL both for the caadi of the oil and the cooling of the inverter. Since the circuit is split
into two subcircuits, one for the-enotor and one for the inverter, this layout is the one that allows
for the highest level of optimization among all the alternatives proposeddrnts of individual
component performance, but still requires two more components, namely the oil cooler and the oil

pump.
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Figure7. Schematic of cooling with OIL and EGL

A SWOT analysis for the use of oil or EGL as cooling madis proposed ifigure8. Briefly, the

most important opportunities of using oil are: increased power densitynfiote and optimization

of both design and strategy of the cooling circuit, in spite of additcmmaponents which affect space

and costs and worsening of inverter performance.

On the other hand, if EGL is used, design is faster,-afésttive, less spaesonsuming, and
interfacing with other car systerasvhich is another project technical objectiwkthe project is

ensured. Moreover, the use in the electric and the electronic components of the same oil that passes
through the gearbox is not recommended since slivers from the gearbox may damagmtiie e

and/or the inverter.

Therefore, the layat selected for the cooling circuit is the first one.

- This project has received funBRIVEMODE

Horizon 2020 research and innovation programme under grant agreemen
N°769989



12

D5.1 Documentatioof the basic concept of the cooling circuit

uSsop
a3 3o jou Inq () LSajens

a1 jo uonezmundQ) «

speany,

souewwropad

iojowr  jo  JUTUISION .

(soFessed
mews Sop 10 Loedes
funooco jo ssof B asned
pue P8 KLew sayeds)
uorsouod Judadad jou op

Ao “zo3iquyur ue INOHIAY

sassawyeam

IDpDAUL

30 durunoyad 3 .
sdwiod [eUOIPPE ON «
paambaz 20eds 5597 .«
uSrsIp wise

sonsst aFexed] oN .

sonmunmizoddo

JATDIPD W], «

Kyoedes yeay oywads PYITH .
fuanonpuod [euuaty PYIH .
deay) .

Mo jdug .«

AJISODSIA IDMOT

sqiduang

0$-0€ 'TOd

SJUR[O0D JUDIAPIP JO PRAN »

oureuopad
I2U2AUT JO SUTUISION, «
sdwng MaN A35rens pue
XH [CUOnIppy « udrsap jo uonezmundQ «
Surumsuod-s0edg « I010W-D 10§
sanss1 AT » Aysuap amod paseanuy .«
SAR[(T »
resodsicy «
Aoeded jeay oywads 1Mo « Kysuap 1248 .
AJADONPUOD [BULIAY) I2MOT » (uoisorIod
antsuadxy « $$31) HauUT APUAIAYU] .
Lrxapdwod paseanuy . Surpesdap /Surmo;
1500514 YTTH » 0} duoid ssa7 «

Figure8. SWOT analysis of oil vs EGL

., DRIVEMODE

Horizon 2020 research and innovation programme under grant agreemen

N°769989

project has received

Thi s



D5.1 Documentationf the basic concept of the cooling circuit 13

4. Basic Concept Design

Basic specifications regarding cooling of the propulsion system in the demonstration vehicle can thus
be summarizedhithe following list:

1 Cooling method for the inverter: Direct liquid cooling of the pin fin module
Cooling method for the emotor: Trapezoidal channels on the stator housing
Coolant used: 50% water + 50% glycol

Max Coolant temperature: 65°C

Min Flow rate@ maximum power10 I/min for each IDM

Number of pumps: one for each IDM

= =4 4 A A

A complete schematic of the circuit is provided Rigure 9, while the overall circuit three
dimensional drawing is shown Figure10.

- This project has received funRIVEMODE

Horizon 2020 research and innovation programme under grant agreemen
N°769989



D5.1 Documentatioof the basic concept of the cooling circuit 14

Propulsion coolant loop

Refrigerant loop
HVAC coalant loop

separatar

ﬁ Burge Lank

&)
</

e

Drive train - Right side
o rain - Loft side

“br

Coalanl

Pumg B
Caoolant
Pump B

Air
separabar

Coalant temp
sEnsor

PRI UDS|N0U

Figure9. Final schematic of propulsion cooling circuit
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Figure10. Overall cooling circuit drawing

On this final layout some sensitivity analyses have been performéteawverall circuit pressure
drops to check if the capability of the existing pump is suitable for the circuit. The sensitivity analyses
have been performed by using data of the existing components within the first proposed layout. Both
the effect of pipesaand hoses diameters and OBC and DC/DC location in the circuit have been
investigated.

Sensitivity analysis on hoses inner diameter

A design study on the inner diameter for the cooling hoses in the common branches of the
propulsion circuit has been perfaned. All the components data are the ones of ti¢EVS 93 EV
project.

With reference toFigure 11, parts under investigation are those belonging to the branch in red,
whose common diameter has been varied with arim increment.

The parallel hoses diameters (shown in yellow) have been kept constant, equal to 19 mm.
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Figurell Propulsion circuit model in GBuite
Two cases have been simulated:

1. Constant speed of the pumps, equal to the maximu(5610 rpm)
2. Constant flow rate through the pumps (9.5 I/min)

Case 1: Results

Flow rate vs common diameter

[y
[}
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Figure12. Flow rate vs diameter of hoses of common branch

In Figurel2the volumetric flow rate through the moos is provided. As it is possible to note, having
a diameter larger than 17 mm does not improve the flow rate noticeably and the maximum flow rate
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that can be reached is ~9.5 I/min. This implies that the hoses diameters in the common branches can
be redged to 17 mm without any notable effect on the volumetric flow rate.

Case 2: Results

System pressure dl’Op vs common diameter
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Figure13. Pressure drops vs diameter of hoses of common branch

In Figure13the overall circuit pressumrops are provided against a variation of the inner diameter

of the hoses in the common branch. These are the pressure drops obtained for an imposed flow rate
of 9.5 I/min for each pump, which is achieved with a diameter slightly lower than 17 mm,rmspne
expect, only due to convergence reasons (i.e. tolerance of the solver). As one can note, again, the
pressure drops do not decrease significantly as the diameter increases, therefore increasing the
diameter of the hoses is not beneficial to fit the peaypacity.

Table2. Pressure drops vs flow rate

Pressure dr Hoses Inverter Motor Radiator Total
FIl ow rate |

10 179.8 263.5 311.6 78.0 832.9
12 242.2 364.7 406.7 96.4 1110.0
15 356.5 547.7 577.6 125.7 1607.5

Since the preliminary constraint on the minimum flow rate has been set to 10 I/min, other simulations
have been performed to evaluate the pressure drops at 10 I/min, 12 I/min and 15 I/min and results are
provided inTable2. The column ATotalo (i.e. the last o
given in the other columns, which does not correspond to the total pressure drops of the system. Hoses
in these simulations have 8-inm diameter.
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Figure14. Maximum pressure rise @ analyzed volumetric flow rates with the existing pump

From Figure 14 it is possible to note that the existing pump is not able to meet this constraint.
Running the system i NEVS 93 EVcomponents gives a maximum flow rate of ~9.5 I/min,
which does not fulfil the requirements, with a reduction of ~2.5 I/min compared B8 93

EV circuit.

Sensitivity analysis on propulsion cooling circuit layout

In order to further nderstand if the existing pump can be used in the demonstration vehicle, so as to
avoid time and resourceslated delays, another sensitivity analysis has been carried out by varying
the location of the cdboard charger and DC/DC converters, within thgdia n.1 of the cooling
circuit, which is kept frozen corresponding to the one shoviigare9.
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Figure15. Different versions of the selected Layout n.1

Simulations have been performed with the pump at the maximum speed and a coolant initial
temperature of 20°C. Results are providedable3.
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