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Publishable Executive Summary

The objectives of QUIET areto reduce the energy neededfor cooling and heating the cabin of an electric
vehicleunder different driving conditions, by at least 30 % compared tothe Hondabaseline 2017 and aweight
reduction of about 20 % of vehicle components(e.g. doors, windshields, seats, heatingand air conditioning
isalso addressed. Theseeffortswill finally lead to aminimum of 25 % drivingrange increase under bot h hot
(+40 °C) andcold (-10 °C) weat her conditions.

Thisisachievedby exploitingthe synergiesof atechnology portfolioin the areasof :
user centric design with enhanced passenger comfort and safety
light weight materialswith enhanced thermal insulation properties
and optimizedvehicle energy management

T he developedtechnologieswill be integrated and qualified in a Honda B-segment electric vehiclevalidator.

Among these, a novel refrigerant for cooling, combined with an energy-saving heat pump operation for
heating, advanced thermal storages based on phase change materials and powerfilmsfor infrared radiative
heating of the cabin was developedand will be investigated. T hisnew concept promisesasmart and efficient
energy upply of the all related powert ran componentsandthe cabin, afast mode change between heating and
coolingwith the useof low amountsof refrigerant. All the here mentionedcomponents, which are usedin this
smart concept are part of work packageWP4, the actual statusand development parameesare describedin
the present report D4.1.

Detailedanaysisand assessment of the present statusof the donator vehicle(HondaFIT EV) and derivation
of reasonableoptionsfor re-design of thevehiclethermal management system (VT MS wasdoneasfirst step.
Extensive testincl. dataanalysisand assessment were donefor the entire vehicle, the passenger compartment
and single componentslike particular heat exchangers, HVAC blower, AC compressor, etc. Addtionally,
development, layout, design andfirst simulationsof anewHVAC / vehiclethermal management system ind.
heat pump, and the choice of stitable componentswere done. An investigation of the donator vehicle
geometrical situation, for laterintegration of the newVT M Ssystem was performedaswell.

Based on the geometrical invegigation / packaging assessment, the statusevaluation of the donator vehide
and on the results of the system simulation, the AC circuit and the coolant circuitsincl. al hea exchangas
valves, hosesetc. were designed, specifiedand part swere ordered for build-up at the AC system testbed.

Soecia developed componentsare necessary for an efficient usageof theaternaiverefrigerant, which alows
to heat up the cabinviaan energy-efficient heat pump aso for really coldconditions. In the present reporting
periodaspecial compressor andaspecial electronic expanson valve (EXV) were developedfor that ref rigerant
andtested assingle componentsto derive datafor later usage of these partsin mobile AC system andto endde
theentire VT MScalibration. Therefore, bot h partswent through adetailed component testing phase. They will
be used for testbed measurementsin late summer 2019 to proof their ability to improvethe overall sydem
efficiency with aternative refrigerant. For the used refrigerant, a special safety / security concept, which is
required, were developed. T hissafety / security conceptincludesa new and a safe way for the passenger and
the environmentin caseof asecurity aert.

For improving the passenger comfort by still saving energy, radiation heating surfaces will finally be

implement edin the vehicle. The geometrical dtuation insidethe passenger compart ment wasinvestigatedto
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identify possible position of radiation heating elements. At the beginning of the current investigationsa
coupled 3D-1D simulation of passenger comfort and an efficiency calculation for usage of the powerfilms/
radiation heating elementswere done. Theresultsare presented here aswell. Theradiation heating elements
and their applicationto particular partsof the vehicleint erior are shown aswell.

For storageof heat / energy by meansof phase changematerials(PCM), andlater usage of thisheat for e.g
defrosting of the vehiclefront endcondenser athermal storagetankisplannedfor the vehicle set-up. Within
the reporting period evaluation of the different implementations of PCM and start first testswith PCM-
auminium foam compositeswere done. The resultslook promisingandare presentedin thisreport. Althouwh
new aluminium foam composites are currently in purchasing for further improvement of the energy storage
charging and discharging.
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Abbreviationsand Nomenclature

Table 1: List of Abbreviationsand Nomenclature.

Symbol or Shortname | Description
EV Electric Vehicle
WP Work Package
HVAC Heating, Ventilation and Air Conditioning
WLTP WorldHarmonizedLight Vehicle T est Procedure
PI Polyimid
ECU Electric Control Unit
GUI Graphical User Interface
RHS Radiant Heating System
HTC Heat transfer coefficient
MET Metabolic equivalent of task
PMV Predicted mean votelndex
MAC Mobile Air Condition
PRV Pressure Relief Vave
VTMS Vehicle T herma Management System
COP Coefficient of Performance
EER Energy Efficiency Ratio
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1. Introduction

T he abjectivesof the QUIET project are to reduce the energy neededfor cooling and heating the cabin of an
electric vehicleunder different driving conditions, by at least 30 % comparedto the Hondabaseline 2017 and
a weight reduction of about 20 % of vehicle components (e.g. doors, windshields, seats, heating and air
conditioning) isalso addressed. T heseeffortswill finally lead to aminimum of 25 % driving range increase
under bot h hot (+40 °C) and cold(-10 °C) weat her conditions.

Thisisachievedby exploitingthe synergiesof atechnology portfolioin the areasof :
user centric design with enhanced passenger comfort and safety
light weight materialswith enhanced thermal insulation properties
and optimizedvehicle energy management

T he developedtechnologieswill be integratedand qualified in a HondaB-segment electric vehiclevalidator.

Among these, a novel refrigerant for cooling, combined with an energy-saving heat pump operation for
heating, advanced thermal storages based on phase change materials and powerfilmsfor infrared radiative
heating of the cabinwill be investigated. All the here mentioned componentsare part of work pack age WP4,
the actual statusand development parametersare describedin the present deliverablereport D4.1.

Detailed analysisand assesament of the present statusof the donator vehicle (HondaFIT EV) and derivation
of reasonableoptionsfor re-design of thevehiclethermal management system (VT MS wasdoneasfirst step.
Extensive testincl. dataanalysisand assessment were donefor the entire vehicle, the passenger compartment
and single componentslike particular heat exchangers, HVAC blower, AC compressor, etc. Addtionally,
development, layout, design andfirst simulationsof anewHVAC / vehicletherma management system ind.
heat pump, and the choice of suitable componentswere done. An investigation of the donator vehicle
geometrical situation, for laterintegration of the new VT M Ssystem was perf ormed aswell.

Based on the geometrical invegsigation / packaging assessment, the statusevaluation of the donator vehide
andon the resultsof the systam layout, the AC circuit andthe coolant circuitsincl. all heat exchangers, valves
hosesetc. were designed and part swere procured for build-up at the AC system testbed.

Soecial adapted componentsare necessary for anefficient usage of R290 asref rigerant. In thepresent reporting
period a special compressor and a special electronic expansionvalve (EXV) were developed andtested as
single componentsto derive datafor later usage of these partsin the AC circuit andto enable AC system
caibration. Both partswent through a detailed component testing phase. T hey will be used for testbed
measurementsin late summer / autumn 2019 to proof their ability to improveoverall system efficiency with
refrigerant R290.

For the used refrigerant R290 (Propane), even in small portions, aspecial safety/ security concept isrequired
Thissafety / security concept, incl. anew shut-of f valve (PRV) and a safe way for Propane dumpingin case
of asecurity alert were developed.

For improving the passenger comfort by still saving energy, radiation heating surfaces will finally be
implementedin the vehicle. The geometrical stuation insidethe passenger compart ment wasinvestigatedto
identify possible position of radiation heating elements. At the beginning of the current investigations a
coupled 3D-1D simulation of passenger comfort and an efficiency calculation for usage of the powerfilms/
radiation heating elementswere done. Theresultsare presented here aswell. T heradiation heatingelements
and their applicationto particular partsof the vehicleint erior are shown aswell.
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For storageof heat / energy by meansof phase change materials(PCM), and later usage of this heat for e.g
defrosting of the vehiclefront end condenser athermal storagetankisplannedfor the vehicle set-up. Within
the reporting period evaluation of the different implement ations of PCM and start first testswith PCM-
auminium foam compositeswere done. The resultslook promisingandare presentedin thisreport. Althouh

new aluminium foam compositesare currentlyin purchasingfor improvement of the energy sorage charging
and discharging.

1.1. Descriptionof thedeliverable-- Goals

T he deliverabledeals with theinnovative system and componentsfor compressor andvalve (EXV & SRV),
for Propane (R290) based AC-System, for infrared heating elements & for advanced PCM thermd storage
modules. It isasociatedwith task: T4.4. Thisreport describesthe layout and devel opment of those components
and gives further information regarding their properties. Finaly, information regarding testbed build-up and
actual measurement scheduleis given.
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2. Powerfilmsfor infrar ed radiative and convective heating(ATT)

The ATT related part in this project isthe development of an energy saving interior heating concept. Here,
radiative heating elementsshouldbe placed insidethe vehicle on suitableinterior partsto obtain the same levd
of comfort while convective heating power isreduced.

Tasks:
Comfort simulation
Definition of suitableinterior partsthat can be heated
Design of heating elements
Production of heating elementsandcontrol unit
Integration and optimizationof ECU parameters

2.1. ComfortSimulation

Due to the fact, that ATT did not receive stitable and not enough datafor simulating the desired vehicle
another, comparable vehiclewas chosen. Therefore, al parametersand graphs of chapter 2.1 (Comfort
dmulation) as well as chapter 2.2 (Efficiency Smulation), are not referring to the donator vehicle. All
calculated and simulated values can be taken asan indicator for the desired vehicle.

2.1.1.General Information

For the comfort ssimulationthefollowing simulation toolswere used:
OpenFOAM

TheseusFE[1], [2]

A tailor-made workflow for comfort simulation was elaborated and specific interf aces were programmed
Therefore, it was posshle to interconned the simulation tools. T he simulation workflow for the comfort
simulation isdisplayed in Figure 1.
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Figure 1. Simulation workflow for comfort simulation
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2.1.2.Simul ation M odel

2.1.2.1. Carmodel

For the simulation the most suited surfaces were selected. In Table 2 the material parameters can be seen.
Following part swere chosen to be heatedin the smulation model:

Door Cover upper (both sdes)
Door Cover lower (both Sdes)
Armrest door (both sdes)
unvisor (both sdes)

Armrest

Footwell Driver

Footwell Passenger

Tabl e 2: Material parametersfor the thermal simulation model [3]

Material A & P
[W/mK] [J/kgK] [kg /m3]
Glas Foam 0,033 1100 910
Decor (hd) 0,15 960 1380
ESG Glass 0,9 800 2535
W ood wool 0,15 1300 600
PU-foam II 0,033 1100 1100
Fleece +board 0,04 1200 60
Blank sheet 46 460 7860
Rubber hair 0,026 1005 30
PU-foam (I1d) 0,033 1100 70
Fabric 0,07 1300 430
PVC (1d) 0,15 960 1100
PU-foam (Id I1) 0,035 1140 66
PU + EPDM 0,16 1420 1000
Carpet 0,07 1300 167
PU-foam (hd) 0,033 1100 700
PU-foam (md) 0,033 1100 175
EPDM 0,16 1420 1600
Greenglass-G90 0,9 800 2563
PVB 0,2 1200 1100
PUR film 0,033 100 40
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Fleece 0,04 1200 58
Bitumen 0,16 1420 1500

PVC +PE-foam 0,033 1100 140
Air 0,027 1000 1,3
Synthetic rubber 0,06 2300 1500
Hard rubber 0,16 1420 1150

PU-foam +fleece 0,035 1140 66
Fibregl. +Poly.+Fabric 0,07 1300 910
Aluminium 238 945 2700
Polypropylen PP-T20 0,22 1700 1050
Leather 0,135 1490 850

2.1.2.2. Thermal Manikin

T he Thermal Manikin isathermal model representingahuman body. A virtual thermal manikin model FIALA-
FE is implemented in T heseusFE. With this model not only the human thermophysical mechanisms can be
simulated but also the human thermal comfort can be evaluated. T he model includesthe following body parts
(in bracketsare the number of different areasof the body part):

Head (2)

Face (1)

Neck (2)

Shoulder left / right (1)

Thorax (8)

Abdomen (4)

Armsleft /right (6)

Hands left /right (2)

Legsleft /right (6)

Feet left /right (2)

T he thermal manikin isdisplayedin Figure 2 with the dff eent mentionedareas. For all these areasitisposste
to dmulatethe specific comfort.
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Figure 2: Manikin with the coloured body areas

Further it is necessary to specify an activity level. The metabolic equivalent of task (MET) isthe objective
measure of the ratio of therate at which aperson expendsenergy, relative tothe massof that person, while
performing some specific physical activity comparedto aref erence, set by convention at 3.5ml of oxygen per
kilogram per minute, which isroughly equivalent to the energy expendedwhen stting quietly.

T he following paramet erswere applied:

Activity level: 1.2

Radiation model: active
Thermal regulation: active
Clothing: Winter (see T able3)

Table 3: Clothingvaluesfor winter [4]
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For the activity level the valueof 1.2 waschosen, because drivinga car isin general not exhausting. T ypicd
values can be seenin T able4.

Table 4: Different activitiesandtheir correspondingMET [5]
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dnce the dynamic simulation of theflowfieldis expensivein time and resources, the simulation was adapt ed
sothat therewasjust onestatic flowfield. T hiswouldlead to amuch too high heatingpower inthestart phase
T o eliminatethese problems, theinlet temperatureswere adaptedin away that the heating powersare the same
asthe measured ones.

Theinlet temperaturesfor the simulation and the measured onesare displayedin Figure 3.

2.1.2.3. Boundary Conditions
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Figure 3: Measured and simulated air temperatures

In addition, the following paramet erswere used:
Ambient T emperatureof -12,5°C
Sarting T emperature of -12,5°C
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In Table5 the mass flows are listed for the two simulations. Baseline is the simulation without heating
elements, the secondsimulation isdonewith areduced massflow andwith activated radiant heating elements

Table 5: Mass flows of the different inlets[6]

Baseline With radiant heatingelements
mp = 320 kg/h mp = 240 kg/h
Inlet Percental volume flow Percental volume flow
Defrost 28 37
Middle Inlets front& rear 0 0
Side inlets front 18 16
Footwell front 30 26
Footwellrear 24 21

Thetotd airflow of the defrost staysthe same for thebaseline andthe system with the RHS T hisis since the
defrost function cannot be adopted by the RHS T he total massflowis reduced with the RHS because the

overall power gaysthe same, the differencein air vent power isshiftedto the RHS

T he simulation wasdonewith thesetwo settingsandthe resultswere compared. T he evaluation of the datais
donein chapter 2.2.

T he heating elementshave constant heating power up to 60°Candare reduced to no power at 70°C. T hiswill
simulatethe controller of the heating elements.
2.1.3.Data analysis and assessment

Most of the datawasreceiveddirectly from the simulation, such ascomfort against timeor power consumption.
Thisdatais shown in chapter 2.2. Other datawhich required further calculations are mentioned in chaoter
2.2.3, with the mathematical equationsfor the operation.

2.1.31. PMV- Index

Thefirst smulatedvalueisthe PMV-Index[7] for both, driver and passenger with andwithout radiant heating
system. T he PMV, i.e. Predicted mean vote I ndex, isaglobal Index referring to the whole body. Following
numbers describe the PMV — Index:

+3  hot

+2 warm

+1  dightly warm
0 neutrd

-1 dightly cool

-2 cool

-3 cold
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The PMV target valueisO which meansenjoyable. T he graphfor thePMV Index isdepictedin Figure 4. The
simulation with the Powerfilm reachesthetarget valuefaster thantheonewithout heating elements.
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Figure 4: PMV Index for driver and passenger with and without heating elements

2.1.3.2. Local ComfortIndex

The Loca Comfort Index [7] islike the PMV adobal index. T hetarget valueis 3, which meansneutral. In
Figure 5the IS0 Loca Comfort isdiglayed. The simulation with the radiant heating system reachesthe
neutral level faster than the onewithout.
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Figure 5: 1ISO Local Comfort for driver and passenger with and without heating elements
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2.1.33. Zhang Thermal Sensation Index

Zhang's local thermal comfort predictionis based on a huge number of human climate chamber tests at
the University of Berkley, California. Based on regression analysisHui Zhang developedin [8] a powerful
mathematical framework for the predictionof thelocal thermal sensation and comfort.

In Figure 6 the Zhang T hermal Sensation Index isdisplayed. Thetarget valueis 0. T here cannot be seen any
bigger differencesbetween the versions.
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Figure 6: Thermal Sensation Index for driver and passenger with and without heating elements

2.1.34. HeatingPower

In Figure 7 the power output of the heaing elementsisdisplayed. T he heating power stays constant in the
beginning and get s reduced after aspecifictime until the steady stateisreached.
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Figure 7: Heating Power for the heating elements
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In Figure 8 the power entry of the convectiveheatingsystem can be seen for the baseline and t he combined

heating system.
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Figure 8: Heating Power Output of baseline, Radiant Heating System (RHS), and total power comparison

2.1.35. Energy consumption

In Figure 9 the energy consumption of the baseline andthe RHSis displayed. After 10 minutesthe RHShas

an energetical advantage. T heenergy calculation isgivenin (1)
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Figure 9: Power consumption over time
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2.1.3.6. Heatingsystem efficiency
For the efficiency calculationtheinlet energy aswell asthe outlet energy are conddered, since these quantities
aretime dependent also the efficiency istime dependent. Especialyin thefirg 10 minutesthe gap in efficiency
ishig, after thistime the gap staysconstant, theefficiency of the RHSis always better than the conventiond
heating system. T he time dependent efficienciescan be seen in Figure 10, the calculation of the efficiency is
givenin(2).

= (2)
140 T T
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Figure 10: Efficiency overtime

2.2. HEfficiency Simulation

2.2.1.General information

Thissimulation aimsto calculatethe efficiency of heatingelementsplaced on either the surface facingto the
passenger (called A-side), or the opposite suface (called B-side). In addtion, different thicknesses of
insulation were taken into consideration.

2.2.2.Simulation Modell

In Figure 11 the simulation model is digplayed. Herethe heater position ison the A-side (shown in pink).
When the heat e isplaced on the B-side, the heater ispositioned between the 3 mm ABSandthe insulation.
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Figure 11: Efficiency calculation model

Themodel parametasaregivenin T able6.

Table 6: Modell parameter for the efficiency calculation [3]

Parameter Value
ThicknessABS 3 mm
Heat Capacity ABS 1400 J/ kgK
He at Capacity Foam 1500 J/ kgK
Heat Conductivity ABS 0,17 W/ mK
Heat Conductivity ABS 0,035 W/ mK
Density ABS 1040 kg/m?
Density Foam 17 kg/md
Emissivity outer 0,92
Emissivity inner 0,92
Outer tem perature 0°C
Inner temperature 20°C
HTC outer 2,5W/mK
HTC inner 5W/ mK
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T he temperature profilesof different insulationthicknessesare given in Figure 12. T he colorsof thelines
refer to the simulated temperatures. Y ellow: 80°C; Green: 60°C; Blue: 40°C

'®

2.2.3.Simulation Results
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Figure 12: Temperature profiles of differentinsulation thicknesses (the colours of the lines refer to the simulated
temperatures: Yellow: 80°C; Green: 60°C; Blue: 40°C)

Thetota efficiency dependson the outer temperature. T heefficiency profilesfor dff erent set-upsare given
inFigure 13.
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Figure 13: Efficiency graphs (left: A-Side, right: B-Side) for different set-ups for a heater temperature of 60°C
and an inner temperature of 20°C

2.3. Technical design of Powerfilms

Different interior componentshave been sent to ATT. Following part saround the front passengersof the car
have been identified as suitable part swhere heating elementscan be applied:
- 2heating elementsat each door (8)
2 aunvisors(2)
Footwell driver (1)
Footwell passenger (1)
Roof (4, above each passenger)

Intotal, 16 heating foilsare goingto beappliedinside the car.
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For poweringand control of the Radiant Heating System (RHS an Electronic Control Unit (ECU, Figure 14)
for cugom-made control of the heating foils has been developed by ATT. In addition, a Graphical User
Interface (GUI) alows an on-line monitoring of all relevant telemery data of the heating foils, such asthe
(mean) temperature, voltage and power consumption of each foil. Each of the 16 heaters can be accessed
separately andcontralledindividually. T he electronicsof the control unit autonomously adjuststhe power wnit
to providethe power per area[W / m?], defined by the user in the GUI.

2.3.1.Electronic Control Unit(ECU)

The ECU itself getsthe power directly from the supply voltage of the car. Sncethe ECU andthe heatingfoils
are designed for apower of 48V, aDC/DC converte (400Vto 48 V) isinterposed.

Here, the control of the heatingfoilsisnot given viatheGUI. T he cugomer controlsthe ECU through itsown
software viathe CAN interface. The necessary CAN IDsandthe structure of the dataframeswill be provided
by ATT. T he correct contral of the control unit isensured by the customer viathe CAN communication.

However, the control unit isprot ected against the entry of incorrect datathat would endanger the operationd
safety.

Copper bushars

Figure 14: ECU Assembly

The ECU ‘sfirmware complieswith the following functionalities:
§ Control of the heatingfoils
- Power control
§ Curent draw and voltagelevel
CAN communication
§ Read-out of calibration values

wn
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2.3.2.Positions, design and simulation of infrared heating foils

The ATT design processisshown hereinafter at theexampleof the sunvisor.

At first, the contour of the heatingfoil is selected from the CAD data (shown in Figure 15). T he surfaceis
checked in the CAD program with aspecific tool, to avoid excessive distortions when unwinding the aress
from 3D to 2D data. If the distortionreachesavalue above ~2 %, small cutsaround the contour must be mack

T hesecutsallow higher flexihility of the heating foil.

Figure 15: CAD data of the sunvisor with selected geometry for the heating foil (left),
contacting tab on the back side of an interior part (right)

For subseguent connection to the ECU, a contactingtab is attached to the geometry of the heatingfoil. This
tabcan be placed at any position around of thefoil. Thetabis(if possble) insertedthrough the componat on
the back, which isshown in Figure 15 on theright side. After thegeometry with the contactingtabisfinished
the contour of thefoil iscut from any materia by alaser to placeit on the physica part of the car (Figure 16)
to detect any deviationsof thegeometry from theinterior part.

Contactingtab

Figure 16: Geometry of the heating foil of the sunvisor with contacting tab, cut by a laser
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Here, the heating power for thefoilsisassumed with avalue of about 1500 W / m2. T hisheating power can ke
adjusted through the digance between the electrodes and the mixture of the used carbon ink. The electrodss
are split into 2typesof electrodes:

Main electrodes

Sde electrodes

Themain electrodesare thoseon the outsideregionsof the contour. Thewidth of the electrodescan be easily
calculated if the voltage and the parameters of the copper are known. The side electrodes are the electrodss
inside the geometry. The distance between these electrodesisthe main paamee of thepower density. For
the assumed heating power of 1500 W / m? andthe usedcarbon ink, adistance of 5 mm between the electrods
is given. T he arrangement of main and side electrodes is shown in Figure 18. Cableswill be applied on the
contactsof theelectrodesviasoldering. T he cablesare directly attachedtothe ECU.

| CONt ACtS

Contacts | =" u

for Sensor

Main electrodes Yde electrodes

Figure 17: Typesof electrodes and details of a contacting tab

T he copper electrodesare producedin asubtractive etching process. T he carbon ink, where the heating power
is produced (shownin Figure 18), isapplied by screen printing. T he curing processof the carbon ink isgiven
for 60 minutesat 140 °Cin abox oven.
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Figure 18: Carbon ink
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Figure 19: Sensor meander on the back side of the heating foil

A sensor meander (shown in Figure 19) isaddtionally etchedon the back side of the heatingfoil. The meande
of each heatingfoil is calibrat ed using a developedfirmware. T he temperature of the heatingfoil can then be
calculatedin real-time by the ECU through measuring the current andvoltage of the meander.

T he contactsof themeander are on the front and on the back sideof thefoil. T he cablesare attachedthrouh

soldering on the front side. An eyelet ispressedthrough the contact padsandthereby givesthe contact on the
back side of the heatingfoil.

The design of each heating foil as well as the heating power can be checked by using a self-programmed
simulation script. For avoltageof 48 V the heatingfoil of the sunvisor will have following specifications:
Redstance: 42 Ohm
Heating power carbon ink: ~2300 W / m?
Heating power: 1500 W/m2 & 53 W
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Figure 20: Simulated heating power for sunvisor

Figure 20 shows the simulated heating power for the sunvisor.

Thelayer gructure of the heating foil isshown in Figure 21. Polyimid (P1) with athicknessof 25 pum will be
used as substrate. Thismaterial isnot only stableat high temperat ures, with thislow thicknessit is also very
flexible. For the protection of thecarbon ink on the top side, athermal curing protective coating isalso applied
through ascreen-printing process. With a special adhesive, the heating foils can be attached easily on the
desired interior parts. The material andthicknessesof theselayersare givenin T able7.

Table 7: Layer sructure with proper material andthickness

Layer Material Thickness[um]
Protective Coating T hermic curing, solvent basedlacquer 10
Active Layer Carbon ink 8
Electrodes Top Copper (etched) 18
Substrate Polyimid 25
ElectrodesBottom Copper (etched) 18
Adhesive Tape Fleece with double-sided polyacrylate adhesive 160
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Figure 21: Layer structure of heating foil

T he heating foilsthat will be applied to the demonstrator vehicle, together with their area, resigance and
power, arelisted in T able8.
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Table 8: List of heatingfoilswith properly area, electrical resistance and power

Position Area [cm?] Resistance [Q] Power [W]
Sunvisor 353 42,25 54
Footwell Driver 485 33,56 68
Footwe Il Passenger 656 23,62 98
Roof Front 1045 13,25 174
Roof Back 788 17,67 130
Door Back 1 1047 13,69 168
Door Back 2 745 19,72 117
Door Front 1 1159 12,50 184
Door Front 2 600 27,13 85
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2.3.21. Sunvisor

Component Top Side

R = 4225 Ohm i
L |

it

EE
i
fi

Power Density Distribution Bottom Side (Sensor)

Figure 22: Illustrative summing up of the sunvisor properties / implementation

Area= 353 cm?
Power =53 W
Resstance=42Q
Curent=1,1A

Thi s proj ect has received funding from the European Union’ s Horizon 2020 research and innovation programme under grant agreenmat

No. 769826. The content of this publication is the soe responsibility of the Consortium partners listed herein and does not necessaily
represent the view of the European Commissi on or its services

D4.1: System and componentsfor more efficient heating (infrared), cooling (propanebased AC-System and
thermal management (PCM techniques) (PU)
QUIET 769826 Page 35 Version 2019-09-06




'H

|II=

-
(1#]
—

2.3.2.2. Footwell Driver

) o= P
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Power Density Distribution Bottom Side (Sensor)

Figure 23: Hlustrative summing up of the footwell driver properties / implementation

Area= 485 cm?
Power = 68 W
Resstance=33Q
Curent=1,4A
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2.3.23.  Footwell Passenger
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Figure 24: Ilustrative summing up of the footwell passenger properties / implementation

Area= 656 cm?
Power =98 W
Resstance=23Q
Curent=2 A
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2.3.24. Door Back 1

Power Density Distribution Bottom Side (Sensor)

Figure 25: lllustrative summing up of the door back 1 properties / implementation

Area= 1047 cm?
Power = 168 W
Resstance=13Q
Curent=3,5A
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2.3.25. Door Back 2
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Figure 26: Hlustrative summing up of the door back 2 properties / implementation

Area= 745 cm?
Power=117W
Resstance=19Q
Curent=2,4A
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2.3.2.6. Door Front 1
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Figure 27: lllustrative summing up of the door front 1 properties / implementation

Area= 1159 cm?
Power =184 W
Redstance=12Q
Curent=3,8A
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2.3.2.7. Door Front 2
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Figure 28: Hlustrative summing up of the door front 2 properties / implementation

Area= 600 cm?
Power =85W
Resstance=27Q
Curent=1,77 A
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2.3.2.8. Roof Front

Component

R =13.25 Ohm

Power Density Distribution

Top Side
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Figure 29: Hlustrative summing up of the roof front properties / implementation

Area= 1045 cm?2
Power=174W
Resstance=13 Q
Curent =3,63 A
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2.3.29. Roof Rear
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Figure 30: Hlustrative summing up of the roof rear properties / implementation

Area= 788 cm?
Power = 130 W
Resstance=17Q
Curent=2,71 A
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3. Compressorfor usage of refrigerant R290 (OBRIST)

For usage of R290 (Propane) a new compressor is necessary. Development and prototype manufacturing of
thispart wasdoneby OBRIST . Based on the known specificationsfrom OEM’ sthe compressor envelope wes
elaborated and adoptedfor Propane (R290) in order to fulfil all current and prospective operation conditions
Theenvelopecan beseenin Figure 31.

R290 AC/HP Envelope
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Figure 31: R290 envelope incl. all AC and HP operation conditions from several OEM’s

Asnext step the Basic 3D concept of the compressor wasworkedout. T he ideabehind the concept isto kegp
the widespread VDA compliant mounting concept (3-point mounting) and dimensions. Thishasthe advantage
that the compressor isready for mass production and usable in a wide range of applications. Moreover, a
concept study of the subdivision of the individual assembliesand componentswasfigured out. T he concept of
a*“ short rearhead” isselected asthis concept hasonly onesealing element totheambienceandaheat trander
from the hot refrigerant ontherearhead (discharge side) isrestrained by agasket. T he conceptisshownin
Figure 32.
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Figure 32: Compressor concept “shortrearhead”

Next step of the compressor development was the design, construction and ssimulation. In order to fulfil
requirements of standards (e.g. SAE J 639) the max. operation conditionson the high pressure and low
pressure side were predefinedby AVL/QPD and can be foundin T able9.

Table 9: Max. operation conditionson the high pressure and low pressure Sde

Pressure in bar
High Pressure Sde 45
Low Pressure Sde 18,663

Based on the limitsthe housing of the compressor was designed. During the design processsevera partswere
calculatedand simulated:

Sroll Geometry with OBRIST internd - Shaft deflection

<eroll T ool - Bending of centerplate
Dischargevalves - Rearhead

Gaskets - Compliance mechanismtolerances
Bolts - Drivepinforces

Durability of the bearings

Sedlings

Compliance mechanism

eMotor stator pressfit

Balancing
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In several optimization loopsthe components have been selected and optimizedin order to fulfil strengh
requirements.
The 3D detaileddesign of the compressor can beseen in Figure 33.

Figure 33: R290 eScroll Compressor 3D design

For illustration of the design processand optimization loop the FEA Calculation of themotorhousingisshown
inFigure 34.
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Figure 34: Equivalent Stress of motorhousing under max. design / burst pressure (38 bar)

As a next step afor the refrigerant R290 optimized contour and geometry of the scrollswas designed and
simulated with the OBRinternal Scroll Smulation T ool. T he Svept Volume of the compressor is27 cmé.
T he Fixed and Orbiting Sroll can be found in Figure 35.
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Figure 35: Fixed and Orbiting Scroll of the OBR R290 eScroll

As an example of the designed Scroll the pressure curvefor 4,84/30 bar operation point isshown in Figure 36.
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Figure 36: Pressure curve for 4,84/30 bar operation point
T heresultsof the OBR Scroll tool are used to calculate e.g. bearing lifetime, required complianceforcesand
moment sandshaft torque. Asnext stepthe partsand componentswere designed and 2D drawings were done
Based on the made drawings the part sare ordered by approved suppliers, check ed and assembled.

After thisinitial assembly the compressor istested on test rig. Thecompressor mountedon thetest rig can ke
seenin Figure 37.
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Figure 37: Compressor mounted attest rig forinitial testing

As anext step the compressor got tested under several operation conditions and the compliance mechanisn
will be adjusted. After thisfirst seriesof teststhe compressor wasdisassembled, andall part swere checkedin
order to examine any abnormalities, wear anddamage. T he firstresultsof theinitial testingand comparison to
the baselineHonda FIT EV (Denso ESA27C) compressor can be seen in Figure 38. | n equivalent operaion
conditionsthe for R290devel oped/optimized compressor runson average about 10 % better thanthe baseline
COMPressor.
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Figure 38: Overall efficiency for OE eR290 01-01 (solid lines) vs. Denso ESA27C (dashed lines)
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4, Electronic Expansion Valve for usage of refrigerant R290 (VENTREX)

4.1. Requirements

To create a high flexible valve which can be implemented at different positionsat the air-condition unit,
VENT REX Automotivedevelopedavalve which can handleahigrange of orifice diameters. Thismodulaity
was necessary to be able to react very fast because the system andtheref orethe requirementswere not fixed
at the beginning. T herefore, the valveisdivided into three subassemblieswhich were developed separately:

Actuator with amotor andatransmission,
electronic with software andasensor conceptanda
mechanical subassembly.

In order to findthe best suited concept andto beableto deliver in time, three parallel topicswere considered
at the sametime. First of all, many sateof the art technologiesand benchmark swere analyzedto define the
main requirementswhich was the base for further actions. During that time a specification was defined and
reviewed with QPD. In that document, the main requirementslike burst pressure, range of orifice diamete,
electrical consumption, type of contral strategy, type of ail, internal and external leakage and roughly the
dimension are defined. With that data, diff erent conceptswere considered, and the decision was made with a
structured use-value anaysis
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Figure 39: Final concept and boundaries

Asshown in Figure 39 the mechanical subassembly consistsof a plunger which regulates the massflow and
therefore the expansion. T he force needed for movement is delivered by a stepper motor including a
transmission. T hat combination of technologies delivers the flexibility which is necessary to achieve all
boundary requirementson the left sidetheorifice dameterandto ensure that thetransmission ratio can change
in awide range. T o improve the accuracy, a sensor system isintegrated which measures the paosition of the
piston. Additionally, the valve can send and receive messages for controlling and sensing its status using
standard automotive datatransmission protocols. T herefore, a cusomized PCB (printed circuit board) is
designed which communicatesviaLIN-Bus(L ocal Interconned Network). It controlsthe motor andanaly ss
the signal from the measuring system. Finally, to minimize the electronic consumption the valveis able to
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remain stationary without electrical current during operation. T o create such a product, it is necessary to
combine smulation with real test data.

4.2. Correlation between piston geometry and product properties

T o creat eacorrel ation between piston geometry andmassflow characteristicsasimulationtool wasdevel oped
T he program either calculates an expected mass flow characteristic according a defined piston geometry,
medium and physical conditions, or the ot her way around. T hat meansthe massflow characteristic actsasan
input parameter and the geometry as an output parameter. Another helpful featureisto convert a mass flow
characteristicin adifferent medium likeair to propane. S, it isposshbleto convert theinhousetest datalike
mass flow into an expected propane mass flow. In Figure 40 the user interface, which provides a valve
geometry accordingto adefined massflow, is shown.
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Figure 40: Simulation tool

T herefore, to provide enough datafor thesimulationtool andtotest firgsprototypes, atest benchwasdesigned
and developed. A slitable testbed should be able to handle bot h subassemblies, the act uat or including stepper
motor, transmisson and electronic and the mechanical subassembly which provide the massflow, internd

leak age, pressure drop, hy steresisetc. Only by usage of such a testbedit is possbleto focusandto accelerae
the development content.
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4.3. Pneumatictestbench for expansion val ves

To test the mechanical subassemblies, the test bench should be able to deliver data regarding mass flow,
internal leakage, maximum operating pressure difference, travel time, hy steresisandfirst life cycletes. To
test different development stages it should be ableto control the mechanical subassembly with an externd
high-perf ormance stepper motor from National Instrument or test prototypeswith direct connection tothe
actuator or test the prototypewith integrat ed electronic and software via LIN Communication. Addtional it is
posshbleto operatethe prototypeswith different mediumslike air for mass flow, pressure drop and helium to
do externa andinternal leakagetests. Figure 33 shows on the left side the setup to test the mechanicd
subassembly. T his setup consists of a high-performance stepper motor, atorque measurement shaft and the
test object in the front. Additional different presaure levels can be set on theinlet andoutlet of thetest object.

Figure 41: Test bench for the mechanical subassembly

InFigure 42 the setup to test the actuator subassembly is shown. T hat setup isable to evaluate stepper motor

with andwithout atransmission in different ambient temperatures. T herefore, thetest object isconnectedto
ahysteresishrakeandto aloadcell.
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Figure 42: Schematic design of the actuator test bench
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Development approach and separ at e consideration of subassemblies:
With that possihilities to create data with prototypes VENT REX decided to develop the subassemblies
independently. T hefocusduring development of the mechanica subassembly was on:

two sage massflow characteristics

pressure drop

internal leakageandthe

repeat ability

T hefirst two requirementswere solvedwith asimulation test cycle. Virtual piston andvalve body geometries
were virtual analyzed, internal machinedandtested. VENT REX repeatedthat procedure with different orifice
diameter and diff erent massflow characteristicsto findthe most efficient geometry for the upcoming systam.
T o fulfil the interna leak age requirementsthe main challengeisto reach the target by minimum required
torque. To findthat most efficient point, theimpact of diff erent parameter wereinvestigated by adefined tet
plan by design of experience. Theimpact of each parameter to another oneisshown in Figure 43. Parameters
like different sealing angels, surface roughness and material pairings were considered. Additional, to enare
thereliableoperation overthe entirelife time,aspecial low-friction axial bearingisint egrated separatingthe
mechanical subassembly from the actuator. Finally,to improvethe efficiency of the system, it isimportant to
guarantee atight tolerance of the massflow characteristic which means to deliver a high repeatability. Tha
requires that thevalveisbeableto deliver alway sthe same massflowin each position of the piston. Therefore
VENT REX did ahuge number of testswith different prototypesto definethe neededtol erancesbetween esch
part. T hat correlation between orifice diameter, needed piston movement, mass flow and needed tor que was
the basiswhich is necessary to definethe act uator design.

Fiow " & s S
o irssilan ~

Pizsoure

®
hER WA
-
-
-
m & Ta
EIR R
Ll ad L

1]
[

X
('

" “Liplfige
Alarrater

Wl b il G o Lo

Figure 43: Interaction of parameters with DoE

T o fulfil the tough external leak age requirement, a semi hermetic system was necessary. Because of tha,
VENT REX decided to useastepper motor which providesthe option to separate the stator fromtherotor. That
gives the flexihility to integrate a capsule between that two componentsto seal the product with a static O
ring. Thisprincipal isshown in Figure 44. T he grey part illugratesthe stator and blue the rotor which is
separatedwith acapsuleshown indark grey. T ohave ahigh flexibility according transmission ratio aplangary
gearbox is considered. T hat special gearbox, which isshown in green offersawide rangeby same installation
requirements.
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Figure 44: Actuator test object

With that test objectsit waspossbleto combine the right componentsto achievediff erent torque requirements
depending on the orifice damete. Therefore, diff erent windingswith changedresistance andtheimpat of the
increased airgap were investigated. T he aim was to increase the torque by lower frequency which is used to
close the valve and provide enough torqueto move fast enough under operating conditions. Figure 45 shows
acomparison of the charad eisticsof thetwo variants.

Faniprany My

Teaupuie [Min|

Aipee A
d
[ ]
A
i
}
‘ |
I
]
A

Perfirmmie e (W]

- Eﬂql.u..urf [Hz)
Figure 45: Influence of the winding resistance, comparison of the two variants

During intensive discussons with QPD and sharing knowledge about the system and the needed opening
geometric area over time, VENT REX chose a stitable orifice diameter and correspondingly the correct
transmission ratio. T hat kind of valve will be tested inhouse according to typical requirementsandwill be
testedat the system under real condition. T hefollowing Figure 46 shows the requirementswhich VENT REX
received from QPD from the system simulation. T he required opening areais compared with the simulaed
mass flow characteristic on theright side. To increase the efficiency during system validation, VENTREX
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provided two valveswith different massflow characteristicsto AVL to findthe best fitted solution for the
system.
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Figure 46: Comparison between needed opening area and mass flow characteristic

5. Safety Relief Valve - Pressure ReliefVValve for usage of refrigerant R290 (VENTREX)

5.1. Assessmentof R290 as refrigerant

Asone potential sourcefor energy savingsR290 (Propane) hasbeen chosen asrefrigerant for the AC systan
to bedevelopedwithin the present project [9],[10]. R290 meetsnearly all requrementsfor an ideal refrigaarnt,
which are:

No ozonedepleting potential (ODP)

Low global warming potentid (GWP)

Chemically stableover awide temperature range

Compatibility with the system’ smaterials (metals,el astomeres, il)

Notoxicity

No flammability

High refrigerating capacity

Low cost

Availability

Sife handling
Exception are the point of flammability andresulting out of thisthe point of safe handling.

Table 10 gives a good overview of thermodynamic parameters of refrigerants, comparingcommonly used
refrigerantswith R290.

Table 10: T hermodynamic Propertiesof Refrigerants[11]
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It isremarkableisthat R290isclassifiedas Sfety Class A3, which meansthat it hasavery high flammability,
ascanbeseenin Tablell.

Table 11: Safety Groups[12],[13]
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The fact that R290 is classified like that is one of the biggest issues companies face when thinking about
manufacturing MA Cs (M obile Air Conditions) using R290 as arefrigerant. But the issue does not come as
much from itspotential of beinghigh flanmableasit comesfrom the fact that there are no standardsand/or
regulationswhich could give guidelines when companiesintendtoregister MACsusing R290 asaref rigerant.
After talks, meetings and correspondences with numerous experts on MACS, refrigerants aswell as people
who work for registration institutes, a possible ‘ roadmap’ toregiger MACs using R290 as arefrigerant wes
defined.

T he central point of thisroadmap iscomparingR290’ s(flammable) propertieswith the onesof R1234yf, as
canbeseenin Tablel2.

Table 12: R1234yf vs. R290[14],[15]

I 7T was

Fiash Point Mot applicabieto gasss ana gas mixiurss =104 1C
Fiammability (solid, gas) Fismmabiz GEs
Flammability Limit - Upper (%) 123960 10.8 %)
Flammability Limit - Lower (%) B2 S0V 1.7 W)
Altgignition Temperatiure 405 °C e Bies
Mimimum ignition snergy 5-404 0,25mJd

Hazardous Combustion Products I invoived n-a firs e fofowing foxic andior incomplete Combustion may

comeaive fumes may e produced oy EXHLEQASH MAnRiIaS
thermial decompasition Carton oiides
hydrogen fluarids

Snce R1234yf isan established and registered refrigerant for the usein MACs, the process of successful
registration of aR290-MAC should be orientated on the existing process of the regisration of a R1234yf-

MAC.
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Sandards and reguationshandlingthoseregistrationsare (extract):

ISO 13043: Road vehicles — Refrigerant systems used in mobile air conditioning systems(MAQ) —
SHfety requirements

DIRECTIVE 2007/46/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL:
establishing a framework for the approval of motor vehiclesand their trailers, and of systems
componentsand separ atetechnical unitsintendedfor such vehicles

DIRECTIVE 2006/40/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL:
relatingto emissionsfrom air-conditioning systemsin motor vehiclesandamending Council Directive
70/156/EEC

COMMISSION REGULATION (EC) No 706/2007: laying down, pursuant to Directive
2006/40/EC of theEuropean Parliament and of the Council, administrative provisionsfor the EC type
approval of vehicles, and a harmonisedtest for measuring leakages from certain air conditioning
systems

SAEJ639: Safety Sandardsfor Motor Vehicle Refrigerant Vapor Compression Systems

Nevertheless R290 as a refrigerant for MACs is still only used in prototypes or test benches, and a
commercialization assuch is—mainly due to the enormouseff ort —not expected to happenany timesoon.

Unfortunately, Propane applicationsin MACsneedto meet far more sringent safety requirementscompaed
to approvedones, such ascannedheat sourcesfor gascookers[16],[17].

5.2. Safety Concept— Pressure ReliefValve

dncefor thisproject R290 was chosen to bethe MAC' srefrigerant, VENT REX’ contributionis, in addition
to providingthe EXV as component, toensure asufficient level of safety when dealing with thisrefrigerant.
T 0 do 50, two solutionshave been provided which were found accordingto Figure 47.

Regulations for the use of R290 in MACs
(not available)

Regulations and standards for MACs Potential Hazards
&
Correspondance with experts
&
Papers about R290

Safety Valve Concepts

Figure 47: Process of Safety Concept Finding

Thelack of dataon regulationsfor the useof R290 ledto aliterature study, which evaluat esthe consequences
of an AC'sleak using R290 asarefrigerant with the helpof numerical and ex perimental methods[16].
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T he experimental parameterswere:
Charge quantity: 200 g, 300 gand350¢g

Leakageholediameter: 0,5 mm, 1 mm and4,37 mm

Main conclusions:

Charge quantity has amajor influence on the R290 concentration digribution in the room. Higher
R290 charge & more extensive combustible zone andlonger residencetime in the room.

A larger holedoesn’t necessarily leadto alonger combustible zone’ sresidencetime

Avoidpotential ignition sourcesunderneat h theevaporator asit isthe most probablezoneto suffer a

leakage.

Especially item 1 ledto the decision to reducetheMAC' scharge quantity below 150 g, which isalso the limit
for stationary AC's where, according to DIN EN 378 (which is no automotive regulation), no specid
requirementsfor installation needto befulfilledif morethan 4 m* of free volume are present [17]. The resson
is that the lowest flammability concentration for R290 is 38g/m°. For a maximum volume of 150 g per
refrigerant circuit aflammable concentration cannot develop at any time.

T he second solution reactstoasudden increase of pressure/temperaure inthe coolingsystem itself. Before
the pressure inthe coolingcycle getstoo critical, refrigerant will bereleased viaVENT REX’ Pressure Relief
Valve (PRV). A sketch can beseenin Figure 48.
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Figure 48: Sketch of Operation of Pressure Regulating Valve

T he PRV can be mount ed anywhere in the cycle, although it makessenseto implementit inthe codling cycles
high pressure side — after the compressor.
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The release of refrigerant by the PRV istriggered viaa spring which gets compressed at a desired pressure
level and opensapath for the refrigerant. For thisproject, thetriggering pressure isset to beat 35 +2 bar but
can be easily adapted by changing the PRV's spring pre-load for small adjustments. For major triggering
pressure adjustment sthe springitself hasto bereplaced by astronger/weaker one. Also, insidethe connection
geometry, ameshis makingsure that no dirt or whatever isgettingin contact with the sealingwhich is pre-
loaded by the spring. T hisisespecialy important for the sealing stightnessafter the PRV has already bemn
triggered.

When releasingrefrigerant itisimportant tolead the dischar ged gasaway from any potential sourceof ignition.
For thiscase, apiping can be attachedat the outlet side of the valve. This, together with the connection t hreed
aswell asthe PRV'slength isdisplayed in Figure 49.
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Figure 49: VENTREX Pressure Regulating Valve

Before sending out the PRVs, they get internally testedat VENT REX toprovideinformation andto be secure
concerning the correct triggering pressure and the tight ness, especially after the PRV has been triggered.
VENT REX’ test bench can beseenin Figure 50.
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Figure 50: VENTREX Test Bench for Pressure Regulating Valves (PRVSs)

Two pressure sensors detect the pressure before and after the PRV. Abovethe PRV, at itsoutlet, a Helium
detection sensor isplaced, asthe testsare performedwith amixture of 10% Heliumand Air. When testingthe
triggering pressure, the point of time(andthe pressure) when the PRV opensup can be determined by det ecting
any release of Helium. T he same procedure, of course, isbeing used for external leakagetests.
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6.  Advanced thermal storage technology based on phase change material — construction and
development of a PCM heat storage (RUBITHERM)

6.1. Specifications:

Around 500W of hea shouldbe disspatedfor aperiodof 5 minutes(42Wh minimum capacity). The maximun
storagesizeincluding insulation is: 490 x 275 x 80 mm. T he usabletemperature range of the storage medium
needsto be between 15 °Cand 20 °C.

6.2. Challenge:

T he paraffin-based PCM RT 18HC with alatent heat of approx. 230 kJ/kg (64 Wh/kg) andanarrow melting/
solidification rangearound 18 °Cis suitableto sore42 Wh of heat between 15 and 20 °C.

Previousapplicationsfor PCM inair- or water-guided heat exchangersallow charging and discharging times
between 2h and8h. T he heat transfer rae of these systemsisbetween 0.1 and 0.5W output per Whheat storage
capacity. Dueto the specificationsof the project, the heat transfer mug beincreasedto 12 W per Wh (f actor
25-100!).

6.3. Pretests:

At the beginning of the project, different heat exchanger systemswere tested: 1. a convectional wat er/weter
plate heat exchanger in which water was replaced by PCM in one part, 2. a graphite PCM mixture with
integrated Cu coil and 3. Aluminium (Al) foamsfilled with PCM and integrated Al pipes. Only the Al foams
achievedthe required heat transfer ratesandrequired power levels.

6.4. Implementationinstorage size:

In order to integrate the necessary amount of PCM in the given dimensions, 4 Al foam bodies were ordered
after consultation with the manufacturer (IFAM). T he8 Al-pipes(needing 16 connections) containedtheran
would allow a good flow of coolant andlow pressure loss. Asthesefoamscouldnot be supplied yet, only the
26 smaller unitssupplied previously — each of them containing one pipe—were used so far. Combiningall of
them to one storagerequires 52 connectionsleadingto several design difficulties: 1. All connectionshaveto
bewater tight. 2. T he tightening shouldnot influencethe inner dameter of the pipesleadingto pressure loss
3. The space neededfor the number of connectionstake up too much roomin the limited space available.

6.5. Filling of Al Foam Units with PC M:

The Al foamsare easy to fill with low-viscosity liquids, but have littleret ention capacity. For thisreason, the
initial testswere carried out with asealedtank, with al pipe connections at thetop and connectedtheretoeach
other. The problem with thistest design was that the many tight bendsin the connecting hosesincreasedthe
pressure loss. T hermal measurementscould be made, but the water flow hadto beforcedthrough. T he pressure
loss was reduced to acertain extent by connectingthe pipesin parallel. However, unif orm flow could not be
guarant eed.

To avoid leaking on the part of the PCM the Al foams are now filled with thickened PCM usng multigep
vacuum infiltration. Thefoamsfilledthisway are wrapped in aluminium foil and can thus be installedleak-
proof. T here aredifferent degrees of PCM filling. After several filling attempts this could be traced back to
dightly different porositiesof the foams. On average, the weight of the empty Al foam unitswas 90g. After
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filling, the weight was 150g. T he 60gPCM consist of 90% RT 18HC and 10% thickener resultingin 54g PCM
per unit. With 26 piecesthisaddsup to 1.4kgRT 18HCin the storage. Thelatent heat storage capacity isthus
approx. 90Wh. In order to achievethe required perf ormancewithin the specified timeframe, overcgpacity mut
be available. A further consequence of the many small componentsisthe somewhat unfavourable use of space
(Figure 51). Asaconsequencetheinsulation layer implemented hasonly athicknessof 10mm. T he melamine
resin foam usedhasadensity of about 20kg/m?3 andathermal conductivity of about 0.02W/m* K. Despite theee
shortcomingsacompact box couldbe manufactured (Figure 52) whosedimensionsand connectionscouldbe
adaptedto the specifications (Figure 53).

Figure 51: Al Foam Units Stacked and Connected

Figure 52: Top View of the Closed Storage Unit
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Figure 53: Connectors to the Coolant System, Possible Mounting for Installation Purposes in the Vehicle

6.6. Performance Test of the PC M Storage

Pressure loss testing:
First the pressure lossbehaviour of thebox wasdetermined (Figure 54). At all/minuteflowthelossis20mtxr,
at 1.7l/minute 200mbar. Afterwardstestswere carried out with athermostat, whereby the pump installed there

does not deliver morethan 1 - 1.2 1/minute However, thiswas sufficient for the trander of the desired heat
quantities.

T
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Figure 54: Pressure L oss versus Flow Rate
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Charging with Warm Water:

The PCM in the storagewasmelted using atemperat ure reservoir of 28°C but the systemtemperature wasstill
lower at the start of documentation. Theflowrateusedwas 1.1 I/minute. Thewat er temperature was measured
at the entranceandexit of thestorage (in, outin (Figure 55)). Using thesedatathe power upt akeof the storage
was determined (Figure 56), andthe stored heat quantity at any time during the charging process deduced
(Figure 57). T he experiment wasrepeat ed several timestocheck forcyclestability.
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Figure 55: Charging of the Storage, in: T-Water before the Storage, out: T-Water after the Storage
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Figure 56: Power Inputinto the Storage
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Figure 57: Stored Heat Quantity

Discharging with Cold Water:

Smilar to the charging the dischar ging was perf ormed usingawater reservoir with atemperat ure of 8°C. The
flowrateusedwas 1.0 [/minute. T he experiment wasrepeat ed several timesto check for cyclestability.
Thewater temperature wasmeasured at the entrance andexit of the storage(seein, outin Figure 58) and the
power output determined (Figure 59). In Figure 60 the heat quantity transferredto the water isshown which
provesthat thisstoragetank provides morethan the required amount of heat (at least 42Wh) within the
specified5 minutes.
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Figure 58: Discharging of the Storage, in: T-Water before the Storage, out: T-Water after the Storage
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Figure 60: Delivered Heat Q uantity

6.7. Conclusions

RUBIT HERM succeeded to design a heat accumulator that meetst he specified perf ormance criteriaregarding
power, capacity and temperature range. The increasedheat conduction allowing thesehigh power levelsisdue
to the novel Al foam suppliedby IFAM. Thefillingwith leak-proof PCM wasdevelopedat RUBIT HERM to
such an extent that application-safe componentscan be madein small numbers. T he singleunit sare combined
to form aheat accumulator that reactswith unprecedented speed for PCM applications. The storagetank still
needsimprovement regarding useof space. T he sofar installed 10mm insulation layer should be replaced by
a20mm layer to reducelossesin hot and cold environmentsnot testedyet. An improved arrangement and size
of the Al foamswill lead to less spatial needs and also further reduce pressure losses thus making its
performance aso moreint erestingfor abroader range of applications.
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7. System evaluation for efficient heatingand cooling of passenger compartment(QPD, AVL)

To be able to assess the behaviour of the donator vehicle, and as baseline for the improvement and
corresponding development of energy efficient technologies, measurement data supplied by Honda R&D
Germany (HRE-G) were screened and assessed. T hese measurementswere performedon aconditioned dyno
for summer andwinter cases. It was found that the HVAC system has got significant influence on driving
range. The following Figure 61 showsthe reduction of driving rangein WorldHarmonized Light VehicleTet
Procedure (WLT P) caused by the HVAC system. Asto seethere isremarkablepotential forthe improvemeant
of driving range by means of energy efficient HYAC components, incl. usage of a heat pump and
corresponding smart control strategies.

g ]
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Figure 61: Reduction of driving range due to usage of HVAC system in summer/ winter time
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The existing VT MSof that baseline vehicle includes asimple cooling loop of the powertrain, asingle-stap
AC system using R134aandaheater core heatedby awater PT Cfor the HVAC (see Figure 63). T he battay
iscondition viaair.

In termsof passenger compartment comf ort these measurementscontainedalot of datafor theair flow ou of
different louvresandtempord development of local temperatures(see T able 13 and Figure 62):

Table 13: Sgnal list for local air temperat ure measurement inside passenger compartment

Category| Signal Description

AirOulet | T_DEF Air temperat ure in DEFROST vent

AirOulet [ T HEAT FR Airtemperatureinfront HEAT vent
AirOulet [ T_ HEAT RR Air temperature inrear HEAT vent
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AirOulet [ T_SDE Air temperat ure in SDE vent

Air Oulet [ T_VENT Air temperature in VENT vent

Cabin . . . .

Temp T_Chin_FR Air temperat ure at Chin point of front passenger
Cabin . . . .

Temp T_Chin_RR Air temperat ure at Chin point of rear passenger
Cabin . .

Temp T Foot FR L Air temperat ure at |eft foot point of front passenger
Cabin , . .

Temp T Foot FR R Air temperat ure at right foot point of front passenger
Cabin : .

Temp T Foot RR L Air temperat ure at left foot point of rear passenger
Cabin : . .

Temp T Foot RR R Air temperat ure at right foot point of rear passenger
Cabin Air temperat ure at left shoulder point of front

Temp T_Shoulder_ FR L 0 ger

Cabin Air temperat ure at right shoulder point of front
Temp T_Shoulder_FR_R passenger

Cabin Air temperat ure at left shoulder point of rear

Temp T_Shoulder_RR L passenger

Cabin T Shouder RR R Air temperat ure at right shoulder point of rear
Temp - - = passenger

'(IEZrhn?) T Wast FR L Air temperat ure at left waist point of front passenger
Cabin . . . . .

Temp T Wast FR R Air temperat ure at right waist point of front passenger
Cabin T Wai . | : int of

Temp _Waist RR L Air temperat ure at left waist point of rear passenger
Cabin . : . . .

Temp T Wast RR R Air temperat ure at right waist point of rear passenger
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Figure 62: Outlet positions of local air temperature measurements inside passenger compartment

For amoredetailedinvestigation of possibleimprovements andfor later calibratingthe 1D simulation mocH
to be set-up, additional measurement data was needed. T hese measurementswere on avehiclelevel again
performedby HondaR& D Europe (Deutschland (HRE-G). Special component testswere doneby AVL on the
AC system testbed. T he necessary additiona sensorsand measurementswere defined by AVL, whereby the
measurement matrix (see T able14) wasset-up in agreement with HRE-G.

Table 14 : Measurement matrix for additional testson road/ on conditioneddyno

No Speed [kph] HVACBlower T ambient rh_ambient HyACTemp AL Windows caTime [min] Raditor Fan Klappenstellu ng
1 vmax 7 10 90 max off closed 15 max 100% FuRaus tromer + 100% durch HWT
2 vmax 7 10 90 max off closed 15 off 100% FuBaus tromer + 100% durch HWT
3 vmax 5 10 90 max off closed 15 max 100% FuBaus tromer + 100% durch HWT
4 vmax 3 10 90 max off closed 15 max 100% FuBaus tromer + 100% durdh HWT
5 vmax 0 10 90 max off closed 15 max 100% FuBaus tromer + 100% durch HWT
6 0 7 10 90 max off closed 5 max 100% FuBRaustromer + 100% durch HWT
7 0 7 -10 90 max off closed 5 off 100% FuBaus tromer + 100% durch HWT
8 30 7 10 90 max off closed 5 max 100% FuBaus tromer + 100% durch HWT
9 30 7 10 90 max off closed 5 off 100% FuBaus tromer + 100% durch HWT
10 60 7 10 90 max off closed 5 max 100% FuBaus tromer + 100% durcdh HWT
11 60 7 -10 90 max off closed 5 off 100% FuBaus tromer + 100% durch HWT
12 100 7 10 90 max off closed 5 max 100% FuRaus tromer + 100% durch HWT
13 100 7 10 90 max off closed 5 off 100% FuBaus tromer + 100% durch HWT
14 100 7 20 40 min on closed 15 max 100% FuRaustromer
15 100 7 0 40 min on closed 15 max 100% Pers onenaustromer

16 60 7 20 40 min on closed 15 max VENT

17 60 7 0 40 min on closed 15 off VENT

18 60 4 0 40 min on closed 15 max VENT

19 60 4 0 40 min on closed 15 off VENT

20 60 1 20 40 min on closed 15 max VENT

21 60 1 20 40 min on closed 15 off VENT

22 60 Auto Q0 40 22AUTO  on closed bis T _Kabine stationar auto VENT

23 60 Auto 20 40 22AUTO  on closed bis T Kabine stationar off VENT

24 60 6 Q0 40 22AUTO  on closed bis T_Kabine stationar max VENT

25 60 2 0 40 22AUTO  on closed bis T Kabine stationar off VENT

26 WLTP auto -10 90 22AUTO of closed Zy K usdauer auto HEAT/CEF openSi de Vent

27 WLTP auto 0 60 22AUTO of closed Zy K usdauer auto HEAT/CEF openSide Vent

28 WLTP 7 -10 90 22AUTO of closed Zy K usdauer auto HEAT/CEF openSi de Vent

29 WLTP 7 0 60 22AUTO of closed Zy K usdauer auto HEAT/CEF openSi de Vent
30 WLTP 3 -10 90 22AUTO of closed Zy K usdauer auto HEAT/CEF openSide Vent
il WLTP B 0 60 22AUTO of closed Zy K usdauer auto HEAT/CEF openSi de Vent

Especially data of the so-called under-hood flow, which isthe air volume flow through vehiclefront grill /
main radiator, but also the air volume flow of the HVAC blower, and temperat ure level of the heater corein
the HVAC were necessary (see Figure 63). Not every sensor that would be required was applicable. So, for

Thi s proj ect has recei ved funding from the European Union’ sHorizon 2020 research and innovation programunder grant agreenmat
No. 769826. The content of this publication is the soe responsibility of the Consortium partners listed herein and does not necessaily
represent the view of the European Commissi on or its services

D4.1: System and componentsfor more efficient heating (infrared), cooling (propanebased AC-System and

thermal management (PCM techniques) (PU)
QUIET 769826 Page 68 Version 2019-09-06




-

= @yjer

instancetheair flowover themainradiator hadtobe determinedby calculation of theair 9deandcoolant sidce
energy balance.
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Figure 63: Additional measurements performed on vehicle level

Vehicletestson theroadwere donefor diff erent ambient temperaturesand driving speeds. Addtionally, it wes
measured with and without fan operation. In Figure 64 the air flow over main radiator, derived from
measurementsandsupportedby air and coolant sideenergy balancing, is shown. It can be concluded that the
relatively high air massflow has apositive influence on the low pressurelevel of the Micro-ACcircuit in the
heat pump mode, when ambient air isusedas heat source andfurther on the coefficient of performance (COP)
of the system. On the other hand fan energy consumption should be as low as possble, sothe interfaceto
vehicleaerodynamicsshall not beforgottenin later development.

e Real driving test 1/25°C
1* Real driving test 2 f 25 °C
> * Dyno Test 'Fanoff' / -10°C
£ |
% d -
A fan
2
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0 25 50 125 150
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Figure 64: Air mass flow through main radiator
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From the dyno testsdataof blower air flowand behavior andresulting temperaturesat ventilation duct outlets
were derived (see Figure 65). It was found that e.g. for a cold start @ -10°C ambient the cabin target ar
temperature is reached after 24 minutes, which is an averaged value for vehicles of the same segment. The
system behavior shows the close relation to HVAC systemsin conventionally powered cars. T he coolant
temperature saysconstantly at high level, which explainsthe high energy requirement of the PTC heater. By
usage of a smart heat pump system, thisenergy demand will be decreased. The heat input tothe cabin is
controlledby varyingthe air massflow of the blower. As a consegquence of the high coolant temperature, the
air temperaturesare quite high. T okeepthisconcept for the future demonstrator vehiclewould have anegative
influenceonto thecoefficient of performance(COP) of the planned heat pump system.

Heat up test case "Cold start -10 "C" Honda Fit
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Figure 65: Measurement data of the HVAC blower and temperatures at ventilation louvres
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Figure 66: Local air temperatures inside passenger compartment, derived from dyno test
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Corresponding measurementsof air temperaturesat diff erent positionsinsidethe passenger compartment (sse
Figure 66) showthat relatively high air temperaturesare required for a cabin target temperature of 22°C. For

the demonstrator vehicleitisplannedtoreducethesehigh air temperatures, andthe corresponding high energy
demand by application of radiation heating surf aces (infrared heating plates).

In Figure 67 resultsfrom the component testsof the heder core at the AC system testbed are shown. It ean
depicted, that the heater core has got a high rate of performance. For areduction of the coolant temperatue
levels, which is recommended for usage of a heat pump, the air mass flow towards the cabin should be

increasedin order to keep heat input constant. Again, thisisasign that application of radiation heating surf aces
is recommended.

Heater core performance
T
T s o w000
& Cociphf Poe Fald 13 Livme 1
TOL

heater core capacity (kW)
18]

l:' L L] L ] L i

0 50 100 150 200 250 300 350
air flow rate [mYh]

Figure 67: Heater core performance, derived from component test
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8. First-level assessment of technologies for enhanced energy efficiency and comfort(AVL)

8.1. Choiceof refrigerantand basic circuitlayout:

Based on the findings from the measurementsof the donator vehicleaconcept assessment of optionsfor the
future VT MS of the demonstrator vehicle was done. The smart VT MSwill include a reversible AC circuit,
which can also be used in heat pump mode. It was decided to use an AC circuit is considered as an indirect
AC system, which means externally switchable instead of an internally switchable system. The major

advantagesare low amount of refrigerant, which isespecially important for the usage of R290 (Propane), and
lesssafety issues.

As refrigerant thestandard medium R134a and R290 (Propane) were compared. Figure 68 showsthe decision
matrix usedto determine which refrigerantisbetter for future applicaion in the demonstrator vehicle.

GWP 1430 3
AC-Power J J
HP-Power K J
Efficiency K J

(COP/EER)
Flameable J L

Figure 68: Decision matrix for usage of refrigerant

Comparedto R134athe natural refrigerant R290 has amuch lower Goba Warming Potential (GWP). Dweto
itsthermo dynamical properties propane suited much better for high heat pump operational mode shows better
COP (see (3)) comparedto R134a or the new R1234yf, particular for cold ambient conditions, as shown in
Figure 69. For the same conditionsandthe same swept volume of the compressor Propanegivesthe poss bility
to use ahigher heat power based on the fact that R290 hasahigher volumetrically heat power. The operaion
of aheat pump usng R1234yf, ismostly limited by ambient temperatures below — 5 or - 10°C (depends on
system design) based on the low pressure level. Propaneof fersthepossbility to heat the cabin with the more
efficient heat pump modeinstead of aPT Cheater also for ambient temperaturesbelow— 10°C.

= —= (3)

(4)
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Figure 69: COP and heat power for different ambient conditions using R1234yf or Propane at the same heat sink

temperature (equal swept volume)

Thisis based on the lower boiling temperat ure of R290, asshown in Figure 70. For AC mode operationit is
similar to R134ain termsof efficiency (Energy Efficiency Ratio: EER, asgiven in (4)). Only in terms of

flammability R290 showsdisadvant ages By only usingasmall amount of Propane andasmart safety conomt,
it isnot expectedto leadto aproblem for the vehicle or human beings. Based on thesefactsit wasdecided to

use Propane (R290) asrefrigerant for the AC system of the VT MSto be developed.

1 Rl

1 mjigd

Figure 70: Thedifferenceof boiling temperature of R290 and R1234yf shown in the T,s —-diagrams

Furthermore R290 can be useful to overcometherisk with Trifluoroaceic Acid (T FA) which isgiven by using

R1234yf [18].Accordingto thisarticle, for R1234yf an atmosphericlifetime of about 2 week sis assumed. In
the atmosphereR1234yf transformsitself mainly into TFA . T hisextremely wet er-soluble and algae-toxic add
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is registered with the precipitation in the waters, it is considered persistent and extremely difficult to
decompose. General refrigerant circuit andheat pump functionality layout.

In terms of heat sourcesto be usedalso adecision matrix was set up (see Figure 71). It turned out thd, in
addition to usage of ambient air, the usage of component waste heat, i.e. thewaste heat of e-motor and power
electronics, showsmost advantages It ison sufficient temperaturelevel, isableto deliver enough power, and
iseasy to integrate. Only inin thetemporal avalahility it showsamedium value. It wasdecided to useambiant
air asmajor heat source for heat pump mode, andwaste heat of the electrical powert ran componentsas support
when the availability isgiven.

Ambientheat L J J J
Component
waste heat J J K J
BATTERY K K L K
Cabine
exhaust air J J K L

Figure 71: Decision matrix for heat source to be used

Asafirst step for the choiceof the future VT MSthe present system of thedonator vehiclewasinvestigated
It containsno heat pump functionality inthe ACcircuit, the waste heat of the e-powertrain iscooled away to
ambient andawater PT Cisused to heat up the cabin heater circuit.

Two possble new conceptswere found (see Figure 72), bot h allowing waste heat usage from e-powertrain and
applying a coolant-refrigerant heat exchanger in the refrigerant circuit and an coolant-air tube fin hea
exchanger in the HVAC box instead of an refrigerant-air heat exchanger for safety reasons. T hey were
evaluated using the following criteria:

Fitting to components, especially e-motor

Packaging

Costs

Efficiency

Transient behaviour

Control behaviour
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Figure 72: Two different possibilities for future VTMS

The system with three different temperature levelsin the coolant circuitsis easier / better to control and
additionally hasgot the advantage of split in temperature levds between e-powertrain components and heat
pump. Based on thisassessment it was decided to useit for the present development andfor later integraion
into the future demonstrator vehicle.

T he newsystem (see Figure 73) consistsof following coolant loops:

Powertrain coolant loop ( )

Heating coolant loop (red)

Cooling ¢ coolant loop (light blue)

Refrigerant circuit (dark blue)

Radiator coolant loop (can usethe ambience asheat sink or heat source) ( )

Whereby the particular loopscover following functions:

T he powertrain coolant loop containsthe EM and PCU, acontrollableelectrical coolant pump, asmart themo
valve, an accumulator and frontal radiator aswell asaplateheat exchanger for thewaste heat use. With that
coolant loop thewaste heat can bergject to the ambienceor even allowto usethe waste heat asa heat source
for the heat pump. Withasmart contradl strategy, the coldstart behaviour can beimprovedfor the powertran.

T he so-called heating coolant loop containsalso acontrollableelectrical coolant pump, awet PT C, aniCond
and a heater corein the HVAC box, aswell asan accumulator andfrontal radiator. T hiscoolant loop can ke
connectedto theradiator coolant loop over asmart control valve for rejectingwaste heat of the ACcircuit in
the coolingmodeto the ambience.

T he so-called cooling coolant loop containsalso a controllable electrical coolant pump, a chiller and atue
fineheat exchanger inthe HVAC box, which isused as “ evaporator”. T hiscoolant loop can be connectedto
the radiator coolant loop overasmart control valve for absorbing waste heat of the powertran circuit or from
the ambiencefor heating applications.
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The refrigerant circuit is self uses a controllable scroll compressor an iCond, a chiller, an interna hed

exchanger (IHX), aReceiverandan EXV. No refrigerant snitchingvalve isneededto change between cooling
or heating mode.

Via the so-called radiator coolant loop the system can reject or absorb heat to or for the ambience, viatwo
coolant-air tubefin heat exchangersin an efficient way .

G
Valve 1
[}

Figure 73: Schematics of the entire VT MS system

Figure 74 shows the circuit logic for all different required operational modesthat are necessary for a such
smart VT MSandthat will be posdble for the final system (boldlines mark the schematic andflow directions
of each particular mode). The corresponding control strategy isdevelopedin parallel andwill be implemented
in WP5, Task 5.2.
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Figure 74: Control logic for all different operational modes of the chosen smart VTMS

8.2. 1D Simulationsfor circuits and components layout

For development of subsystemsand component specification adetailed 1D simulation model wasset up in 1D
simulation tool (see). It contains all coolant circuitsincl. the Micro-AC and uses air temperatures and flow
ratesasinput. In alater sagethe VT MScontrol will be implement ed assub-model aswell. Inthe Micro-AC
subsystem isentropic and volumetric efficiendes of the compressor are currently assumed, if later particuar
datawill be availablethiswill beimplement edaswell.

Using the 1D simulation modd first an investigation of COP and EER of the ACcircuit in heat pump or AC

mode under different boundary conditionswasdone. For the present situation aCOP of approx. 1.8 seemsto
be achievable.

Beddes other components the condenser and chiller were dimensioned by means of 1D simulation
(heat pump mode @ -10°C ambient / 4.5 kW cabin heating). T he following findingsand t echnology
datawere taken into account (seeFigure 75):High COP

Packaging

Avoidingoil separation
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Figure 75: Dimensioning of condenserand chiller

After the specification and the dimensioning was done the purchasing of the iCond and chiller were started
Both were delivered by June 2019 andwill be used for build-up of the AC circuit on the AC system testbed.

Based on the envelop of the compressor, suppliedby OBRIST , the ability of the AC system for usage of hest
pump mode under different boundary conditionswasinvestigated (Figure 76). It wasfound that it most likdy
will not be posshleto operatethe heat pump at low ambient temperatureswithout additional support from the
electric PT C. Below-10°Csuch an operationwithout PTC wouldlead to too lowvaluesin the high pressure
part of the system. Sncethisassessment isdone by meansof simulation andavailable data, afina statement
can only be made after the AC system measurementson the AC system testbed.

R290 AC/HPJBL Envelope

_.—-—"-"_'_

Figure 76: Operation of heat pump under different boundary conditions
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Aninvestigation of thetransient behavior of the VT MSsystem wasdoneby 1D simulation aswell. Figure 77
shows that for heating @-10°Cambient, aswell as for cooling @ 40°C ambient, it will takeapprox. 6 to 10
minutesto reach the target temperaturesin the HYAC box . Asaconclusion it can be saidthat the control neets
to beoptimizedto beable to shortenthesedurations.

Figure 77: Temporal development of HVAC target temperatures.
Heating mode @ -10°C ambient, max. Cooling mode @ 40°C ambient
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8.3. Componentsselected forfuture FIT-EV thermal management system (AVL)

Based on the above described development andlayout procurement wasstart edfor all components necessry
for the build-up of the therma management system. Except the hoses for the coolant side and the coolant
pumps, all partsof the set-up were delivered up to now. For the missang hoses purchasing takes very long
T here are all toget her 36 hosesnhecessary to connect al parts, each of themof different shape. Manufacturing
of the cores necessary for hoses production isa labour and time extensive process. All mising hoses are
expectedto bedeliveredin September 2019.

T he following describes and shows thesecomponents.

8.3.1.Com pressor

T he compressor was developed by OBRIST (cp. Figure 78) and provided for usage a the testbed. For more
detailed information on thispart please seechapter 3. Addtionally, the corresponding .dbc-file was provided
for control of the compressor via CAN protocol.

Figure 78: Compressor for usage with R290, provided by OBRIST
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8.3.2.Hectronic Expansion Valve (EXV)
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T he electronic expansionsvalve was developedby VENT REX (cp. Figure 79) and providedfor usage at the
testbed. For more detailedinformationon thispart please seechapter 4. Addtionally, the corresponding .1df-
file was providedfor control of thecompressor viaLIN protocol.
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Figure 79: EXV for usage with R290, provided by VENTREX

8.3.3.Pressure Relief Valve

The pressurerelief valve (PRV) was developed by VENT REX (cp. Figure 80) and providedfor usage at the
testbed. For more detailedinformation onthispart please seechapter 5.

Thredad: & 18 KPT LEngTh: KN rvm

Conngcton 10 ooling nu;[rJ )
!
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Figure 80: PRV for usage with R290, provided by VENTREX
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8.3.4.Chiller

Thelayout of thechiller wasdonebased on the simulationsperformedby QPD. For usage on the testbed, and
later in the demonstrator vehicle, a sufficient type was chosen from SWEP (brand, cp. Figure 81). It was
delivered in June 2019 and implementedint o the test bed build-up.

Heal exchangnr: B10TeiD
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Figure 81: Chiller for usage in QUIET micro AC system set-up

8.3.5.1Cond

The layout of the condenser (ICond) was done based on the simulations performed by QPD. Findly, a
sufficient typewas chosen from SVEP (cp. Figure 82). It was delivered in June 2019 andimplement edinto
the testbed build-up.

Heat exchanger: B10Tw0
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Figure 82: Condenserfor usagein QUIET micro AC system set-up

8.3.6.Receiver

Thereceiver (cp. Figure 83) was designed and manufactured accordingto the 1D layout simulation done by
QPD. It was ddivered in Jly 2019 andimplementedint o the testbed build-up.

rl l;J

Figure 83: Receiver for usagein QUIET micro AC system set-up
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Theinternd heat exchanger was developed and manufactured according to the layout simulations done by
QPD (cp. Figure 84). It isincludedin the piping of the high pressure side of the microAC circuit anddelivered
in July 2019. After receiptit wasimplementedint o the tes bed set-up.

8.3.7.Internal heatexchanger (IWT)

Figure 84: Internal heat exchanger (IWT) for usage in QUIET micro AC system set-up

8.3.8.Hoses and pipes:

T he hosesand pipeswere designed accordingto 1D smulationsperformedat QPD. T he aluminium pipesof
the micro ACcircuit were procuredas an assembly in connectionwith condenser, chiller, IWT and collector.
For this purpose the mentioned chiller and condenser were, after their delivery from the heat exchange
manufacturer, sent to the company which manufactured the piping. There connectionswere adapt ed, they were
welded / soldered together and supplied as two separate assemblies.

dnce the delivery times are very long for coolant hoses, these partsare actually in procurement and are
expectedto be delivered in Sptember 2019. T he followingtable(included in Figure 85) describes the inner
diameter andlength of all the hoses.
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s T B Hose No. Length [mm] Inn er diameter Materi al:
O E LN : e
J.-,..-,.._ii',l,l i'@ o= | | 3 351 20mm EPDM
=l ™ '3 4 114 20mm EPDM
| L i : 5 13 20mm EPDM
| E ii "."_"_'1'" 6 117 20mm EPDM
! H g 7 107 20mm EPDM
1 “' 4 T 8 249 20mm EPDM
] Iy - 9 31 20mm EPDM
i "H I ? 'ﬂ : E 10 574 20mm EPDM
= = [ n 282 20mm EPDM
- R 2 1034 20mm EPDM
- S— 13 1% 20mm EPDM
] 1“4 126 20mm EPDM
;e * 5 1008 20mm EPDM
16 228 20mm EPDM
k= 7 3% 20mm EPDM
=3 18 104 20mm EPDM
19 28 20mm EPDM
F 500 20mm EPDM
" 2 175 20mm EPDM
L 2 276 20mm EPDM
3 880 20mm EPDM
2% 439 20mm EPDM
5 831 20mm EPDM
% 719 20mm EPDM
2 178 20mm EPDM
2 67 20mm EPDM
2 15 20mm EPDM
D 191 20mm EPDM
3L 502 20mm EPDM
2 479 20mm EPDM
B 360 20mm EPDM
% 304 20mm EPDM
E3 362 20mm EPDM
3] 304 20mm EPDM

Figure 85: Dimensions of coolant hoses of QUIET thermal management system set-up

8.3.9.SwitchingValves:

T helayout of the switching valveswasdone based on the simulationsperf ormed by QPD. Finally, asufficient
type(cp. Figure 86) was chosen and procured. T hese partswerereceivedin late June 2019.

Figure 86: Switching valves to be used in QUIET thermal management system set-up
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Thelayout of the coolant pumpswas donebased on the ssimulationsperformedby QPD. Finaly, asufficient
typewaschosen andiscurrently in procurement. The chosentype isPierburg-CWA 150 (cp. Figure 87), which
is able to provide the necessary pressure increase/ mass flow and also is capable of being controlled the
necessary way. T he necessary number of pumpswas procured from MSMotorservice International GmbH.
T he partswere deliveredend of Juy 2019.

8.3.10. CoolantPumps:

Figure 87: Coolant pump to be used in QUIET thermal management system set-up
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T he coolant-coolant heat exchanger wasdevel oped accordingto the 1D layout simulationsdoneby QPD. In
agreement with the derived specificationsit waschosen asB10T Hx20/1P-SN-S3x Hose 20 and procured

from SNVEP (cp. Figure 88). T he part wasdelivered in June 2019, it will be implement edint othe testbed set-
up as soon asthe coolant hoseswill be delivered.

8.3.11.  Coolant-coolant heat exchanger:

Figure 88: Coolant-coolant heat exchanger for QUIET thermal management system set-up
8.3.12. Main Radiator 1:

Themain radiator 1 usedfor the testbed build-up and the demonstrator vehiclewill be carriedover from the
baseline vehicle. It wasalready provided by HRE-G (cp. Figure 89).

Figure 89: Main radiator 1 for usage in QUIET thermal management system set-up
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Asmain radiator 2, used for the testbed build-up and the demonstrator vehicle,acomponent of adifferent
HONDA model was selectedout of the rangeof HONDA spareparts. It wasalready providedby HRE-G
(cp. Figure 90).

8.3.13. Main Radiator 2:

Figure 90: Main radiator 2 for usage in QUIET thermal management system set-up

8.3.14.  Secondary Radiator:
For the secondary radiator the same part asfor main radiator 2 will be used for the testbed build-up and the
demonstrat or vehicle. It isthereforealso takenfromthe range of availableoriginal HRE-Gparts.

8.3.15. HV-PTC:
T he same HV-PT Casin the baseline / donator vehiclewill be used. It currently isin procurement andwill be
supplied by HRE-G.

8.3.16. NewHeat Exchanger in HVAC unit:

For the newheat exchanger insidethe HVAC unit (instead of the former evaporaor) usedfor the testbed
build-up and the demonstrator vehicle, acomponent of adifferent HONDA model was selected out of the

rangeof HONDA spareparts. It wasalready providedby HRE-G.
8.3.17.  Cabin Heater in HVAC unit:
T he cabin heater insidethe HVAC unit used for the testbed build-up andthe demonstrator vehiclewill be
carried over from the baseline vehicle. It isincludedin the HVAC unit already provided by HRE-G.
8.3.18.  Thermal Storage tank:

Thethermd storagetank will be providedby RUBIT HERM, it isexpectedto bedeliveredin September
2019. For more detailedinf ormation on thispart please seechapter 6.
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T hispart waslayouted accordingto the needsof the system, currently thispart isin procurement. Delivery is
expectedfor September 2019.

8.3.19. Equalizing Tank:

8.3.20. HVAC unitand blower unit:

The HVAC unit and the corresponding blower unit (cp. Figure 91) used for the testbed build-up and the
demonstrat or vehiclewill be carried over from the baseline vehicle, someregionswill be modified/ reworked
T hese part swere aready provided by HRE-G.

Figure 91: HVAC and Blower units for QUIET thermal management system set-up

8.4. Packaging Investigation and CAD design of components, hoses, etc. (QPD / AVL-D)

T he packaging of theexistingHondaFIT EV vehiclewasanalysedin CAD. Based on geometrical inf ormetion
from OBRIST and VENT REX the placement of theMicro-ACcircuit in the vehiclewasdefined as shown in
Figure 92.

Figure 92: Placement of Micro-AC circuit in the demonstrator vehicle
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Considering the geometrical demand of RUBITHERM the position of the thermal storage tank was derived
(seeFigure 93).

Figure 93: Placement of Thermal Storage Tank in the demonstrator vehicle

Based on the given pack aging, the aready known dimensionsof particular components, the geometrical and
thermodynamical demands of the system, the hoses, aluminium lines etc. of the Micro-AC circuit were
designed. Figure 94 showsthe Micro-ACcircuit asit will beimplement edint othe demonstrator vehicle. Here
theinitial layoutisshown, modificationsof the orientation of the hea exchangers might be necessary to enabe
the de-airation of thewater circuitsandthe AC-ail returnto the compressor.

Figure 94: Micro-AC circuit for testbed and demonstrator vehicle

Smilar to the AC circuit, componentsfor the coolant circuits, incl. heat exchangers, pumps, valvesetc. weare
either designed or chosen from existing hardware by AVL.
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8.5. Procurementof parts, necessary sensors, te stoed build-up and measurementplanning:

Most of the parts and components necessary for testbed build-up have aready been delivered, only coolant
hoses and coolant pumps are missing. Addtionally, the condenser of the micro AC circuit needed to be
procured again because the part delivered first did not fulfil the specifications. T he missing parts shall be
delivered in late August or in September 2019 to be used for the build-up of the system on the AC sygem
testbed.

Measurementson the AC system testbedwill be donein two seps. Asstep 1 only the ACcircuit will be built
up, the two coolant circuitsconnected viaref rigerant-cool ant plate heat exchanger will be represented by two
separate conditioning units. Asstep 2 theentire VT MSsystem, including all coolant circuits, coolant fan, €c,
will be build-up. Herethe waste heat of e-powertrain will be representedby conditioningunit aswell.

T heinstrumentation will bedone by ahigh number of pressure and temperature sensors/ devicesimplemented
into therefrigerant and coolant circuits(see Figure 95 and Figure 96). T hiswill be doneto be able to derive
al measurement dat anecessary for assessment of the system performance and control development. Inthe AC
circuit a Coriolisdevice will be used for measurement of refrigerant massflow. T he oil concentration presnt
in the system will be measured by meansof an OCR device (supplier Anton Paar). In order to deliver corredt
datathe OCR needsto be calibrat ed to the present combination of Propane and a particular compressor oil.
Thetypeof oil tobe usedwas definedby OBRIST based on their compressor tests. According to thisdefinition
provision of necessary calibration curvewasdone. T hiscalibration curve wasdeliveredin late June 2019 and
hasalready been implementedintothe OCRdevice of the testbed system.

Water conditioning unit (Cooling):
Cooling max. 10 kW
Temperature Inletbetween 20°C and 65°C
Temperature Outlet between 25°C and 70°C
Mass flow = 0,05 - 0,4 kg/s

W ater- V_dot1 Turb.
Ethylengycol (Turbine: 241/
50:50 - T min)
V_dot 1MID

(MID: 241/min)

Toutl
(3

ICond poutl HV =280V

Power max. 3kw

T2,p.2 AN
Comunication

Speed
Me asurement

. ElecticP over
g Me asurement
N

T_7.p7 Tin2
(ﬁ)z V_dot 2MID V_dot2Turb.
| P (MID:40V/min) (Tur bire : 401/
I min)

pou2 S~ Water-

Connedo rfor

manua oilprobe  fem
sampling

Propane-Qil

EXV - Manual tuning
LIN Communication

] E th ylenglycol
Water conditioning unit (Heating): 5050
Heating max. 6 kW
Temperature Inletbetween -15°C and 25°C —_AC
Temperature Outlet between -15°C and 5°C —HeatLoop

|
Mass flow=0,1-0,5 kg/s Coolant

Figure 95: Instrumentation of testbed build-up step 1 (Micro-AC circuit)
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Figure 96: Instrumentation of testbed build-up step 2 (entire VTMS)

T he provision of all necessary measurement equipment is finished. Delivery of all sensors, CAN cases, €c.
for 2ep 1 andfor 2ep 2 the measurement equipment took placein July 2019.

T he build-up of the system step 1 (only AC system, coolant circuitsrepresented by two conditioningunits) is
done (cp. Figure 97). It was realized that one of the refrigerant-coolant heat exchangers does not fulfil the
required specification. Accordingly, it was necessary to proaure it again. The delivery is now schedued for
late August 2019. Sncecommissoning of the set-up cannat be donewithout thiscomponent, commissoning
is planned to be finished in CW36-2019. Corresponding measurements shall be done from CW37-2019 to
CW38-2019.
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Figure 97: Build-up of QUIET micro AC incl. measurement devices

For system measurement step 2 (entireVT MS incl. dl circuits) the build-up and commissoningiscurrently
planned for CW40-2019 to CW41/42-2019, of course depending on the delivery schedule of the necessry
coolant hoses. If manufacturinganddelivery of thesehoseswould takeeven longer, it iscurrently seen asan
option to aubstitutethe original hosesby handcrafted ones. Thisisof course only fallback solution andshall
be avoided. Associated commissoning and measurements are planned to be performedfrom 43-2019 to
CW45/CW46-2019. Asmentioned abovethe build-up andtesting scheduleisof course dependent on delivery
of all necessary parts.

8.6. Controlstrategyfor the vehicle thermal management system (VTMS):

In paralel to the provision of partsa control strategy for the vehicle thermal management system was
developed. It containsall the necessary sensorsandvalvesto be controlledfor proper andsmart operation of
the VTMS All operational modes possible are included, to guarant ee desired passenger comfort and enegy
efficient operaion of the entire VT MS which coversall required functions like cooling, re-heating, heating
the cabinwith or without waste heat, de-icingthe front radiator aswell astake care of the windscreen defrog
mode. Furthermore, also astrat egy improvingthe coldstart behaviour of the powertrainwas also developed
aswell asthe posshility that we can use as much waste heat from the powertrainin winter aspossible. Figure
98 gives an impression of the complexity of the systam. The I/Os and the communication with the different
control unitsin the vehicle have been clarified. T he existingHVAC box will be used and for that reason the
same sensorsin the cabin which influencethe HVAC control forthe blower speed or the air mixing flapswill
be re-used. However, the control strategy aswell asthe control parametersfor all the electrical actuatorswill
be parametrised by the use of simulation, which will reduce in vehicle parametrisation eff ort. Therefore, using
the aready existing 1D simulation plant model amodel based control will be developed and evaluated, like
e.g. multiple input multiple output (MiMo). Thiswill significantly increase efficency and enhance improve

the useable driving range of thevehicle. T o avoidaoscillation of the entire system the necessary hysteress
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curves need to be adapted. T he final development and optimization of the control strategy will be donein
cooperation by the project partne University of Zagreb (UOZ).

- =l

—_— L

Figure 98: VTMS control strategy (Cabin Cooling incl. Re-Heat)
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For all the componentsof the innovative thermal management systemlayout/ definition and development wes
done. T he part shavebeen manufactured and pre-tested. W here parts existing on the market have been chosn
they were procured. Unfortunately, currently the hoses for the coolant circuits are still not delivered dweto
longmanufacturinganddelivery time schedules. T he delivery isscheduled for late September 2019.

9. Conclusions

ATT layout the radiation heat surfaces and did corresponding comfort and efficiency simulations. OBRIST
developed and delivered the new compressor for usagewith R290. VENT REX developed and delivered the
new electronic expansion valve (EXV) for R290 and the pressure relief valve (PRV) for safe usage of this
refrigerant. RUBIT HERM didthe development of thethermal storage basedon PCM. Here still work isgoing
on dueto spatial problemsinsidethe thermal storagetank. An improved arrangement andsize of the Al foams
will lead to lessspatia needsand also further reduce pressure losses thus makingits perf ormance al'so more
interesting for abroader range of applications.

QPD and AVL (former QPA) have donelayout of the entirethermal management system, incl. procurement
of partsand build-up of thefirst stageof the system for testbed measurements. Additionaly, afirst layout of
the control strategy wasdeveloped. It was handed over to the project partner University of Zagreb (UOZ) for
further optimization.

Accordingly, the micro AC circuit incl. conditioning units at the two heat exchangers (iCond and Chiller),
which are in connectionwith the coolant circuits, wasbuild-up. It hasbeen equippedwith measurement devices
andwill becommisdoned in early September 2019. Afterwards the measurements will be done. Assoon &
the missng hoseswill be available also the full system including the two coolant circuitswill be build-up,
commissoned and measured.
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