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This project report serves as a continuation and finalization of an overall experience with the
design process including working on the development of system components, working with
automotive industry leaders, suppliers and dealing with the aspects of business and production
feasibility. The development of a dual level cooling concept to apply Centro Richerche Fiat
established components on a Chrysler Group vehicle application was the foundation of the
design project completed in December 2012 by Matt Cutler and Mitch Zajac. The development
of this system aimed to decrease overall vehicle power consumption, minimize overall system
packaging space, and to increase vehicle performance and fuel economy. This project builds on
that design and development work by way of component implementation, experimental testing,
and system feasibility analysis. Through collaborative work with Chrysler Group and their
facilities, this project exemplifies an engineer’s ability to design, implement, test, and complete
analysis for success on an industry applicable system. This is done through start-to-finish, proof-
of-concept design and delivery of the new dual level cooling powertrain thermal management
system.
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Introduction/Description

During the 21% century, a nationwide initiative has been established in order to achieve a
greener planet by reducing the “carbon footprint” of our society. Actions have been taken by
numerous companies including appliance manufactures, home builders, and companies within
the automotive industry. All actions are aimed to meet standards set by governmental agencies,
namely the Department of Energy (DOE). The aim of companies around the nation is to produce
more efficient products, thus, reducing the amount of energy needed to operate each product.
Also, with the onset of heightened energy costs, consumers are looking to purchase products
which will cost them less to operate. This also makes producing more energy efficient products
attractive to manufactures.

In the automotive industry, the energy needed to operate a given vehicle can be measured by
the fuel economy of the vehicle while driven through standardized drive cycles. This requires
vehicle components and systems (engines, transmissions, cooling systems, electrical systems,
etc.) to be optimizing the trade-off between maximum vehicle performance and overall vehicle
fuel consumption. Many innovative concepts and designs have arisen over the past 15 years to
reach fuel economy standards set by the DOE. Examples of these concepts include flex-fuel
vehicles that can run on ethanol and gasoline, hybrid-electric vehicles which supply drivetrain
power from a combination of gasoline and electricity, and increasing existing vehicle through
the application of performance add-on products such as exhaust systems, turbochargers, and
cold-air intake systems. However, another area of focus for auto manufactures is the powertrain
thermal management system; managing the heat generated by drivetrain and cabin cooling
components. This system is known to consume roughly one-third of the available power
delivered from the fuel while another one-third is used to transition into actual vehicle
movement (Kashyap 2007).

This report investigates the re-design of the powertrain thermal management system (TMS) for
the Dodge® Dart. With the recent merge of Chrysler and Fiat, Chrysler has begun to investigate
many of the creative concepts that Fiat has used to increase the fuel economy of their vehicles.
Of these concepts available for investigation is a system known as Dual Level Cooling. This
project involves the implementation, including a validated simulation model, of a 1.4L Turbo
powertrain with a liquid cooled charge air cooler and AC condenser in place of the conventional
cooling components. Working in conjunction with Chrysler, a dual level powertrain cooling
system was designed and analyzed for reduction in fuel economy and decreased packaging
space.



Completed Work

Below is a summary of the work completed by the author on this project. The work described in
this report involves numerical analysis along with a large portion of entire project management,
coordination, and application of existing technology on current production hardware.

Project Management/Coordination is outlined in the facilities and Personnel sections as well as
Software, Flowmaster, AVL Cruise, Inca, Intecrio, MiniTab 16, Teamcenter/NX, Baseline
Instrumentation Dual Cooling Instrumentation, Testing, and ETS. In order for this project to be
successful, it was vital to learn the ins-and-outs of each of the above stated software. Each is
described in its respective section. Without the coordination of use of resources in different
facilities as well as personnel, this project would have been at a standstill. Because of this, these
two categories were important parts of the thesis work.

Application of existing technology is outlined and included in the areas of System Comparison,
Charged Air Cooler, Condenser, and Front Cooling Module.

Finally, numerical and statistical analysis’ were completed in Baseline Testing Validation:
Comparison with production testing results and Statistical Analysis, Dual Level Cooling Results,
Dual Level Cooling Testing Validation: Statistical Analysis, System Comparison, Experimental
Results Comparison, Effectiveness Study, Simulation Results ComparisonPackaging Study,
Charged Air Cooler, Condenser, Front Cooling Module, and Volume and Weight Improvements.
In each section, the details of the work cannot be disclosed, however, at the end of each section
there exists a table of equations that were used including a brief description of the way in which
those equations were used. See each individual section for details about the analysis and
mathematical solutions applied.

Heat transfer and heat rejection calculations were completed using the general heat transfer
equation as well as the convection heat transfer equation where the convection heat transfer
coefficient was calculated at the design point load condition for the charge air cooler and at the
maximum AC heat rejection condition for the AC condenser in order to achieve optimized
results during the standardized AC system tests (6525i, CD25i, and USCTY.)

System pressure drops were analyzed, as a contribution of each component to the overall
system pressure drop in order to verify and size the system pump; this was completed after
system sizing as described above in the Design Process. This was done using assumptions for line
lengths and bends as well as supplier information about each heat exchanger. The purpose of
this was to ensure the 100W system pump was adequate and was done using an 1-D analysis
similar to that utilized in the Flowmaster model.

Simulation work was completed using Flowmaster and AVL Cruise. These simulations were
preliminary to estimate the FE and performance benefits of the system based on a calculated
effect on time to boost using the decreased intake line air volume. These simulation programs
require understanding of multiple degrees of freedom. Flowmaster is 1D and requires



understanding of system input parameters as well as system pressure drops and performance
curves. AVL Cruise requires understanding of how the entire vehicle powertrain
interacts...relying on powertrain component performance maps and system efficiencies.

The entire vehicle was wired by the author. This included analysis of electrical system resistance,
loading, and understanding instrumentation, signal conversion, and data management. This
portion of the project alone required 80+ hours of labor in the physical wiring and an additional
40 hours of time spent familiarizing with the Chrysler instrumentation. Specific additional
training was required in order to operate the data acquisition system effectively and, because of
such training, the author was then able to teach other members of the authors group how to
operate the same system.

Statistical analysis of results was completed using MiniTab16 using basic F and 2-T-Sample tests
as well as Monte Carlo simulations for multi-vehicle performances under the same mean and
standard deviation as obtained from the experimental test data.

The control scheme was defined and realized by the author. It utilizes a new scheme and overall
simplification of controlling system components using ETAS hardware and Intecrio rapid
prototyping software. The logic for the control scheme is as follow:

ELECTRIC WATER PUMP

— Feed-Forward,cac

— Using preferred final ACT, back solve for mye,
— Feed-Backcac

— Read current ACT, solve for difference in HT and apply change in mye,
— Feed-Forward,conp

— Using linear regression equation for HT with ideal compressor discharge
pressure, back solve for mgye

- FEEd'BaCkLCOND

— Read current compressor discharge pressure, solve for difference in HT and
apply change in myq;

CAC FLOW CONTROL

— Feed-Forward,cac — Using preferred final ACT, back solve for my,,

— Feed-Backcac — Read current ACT, solve for difference in HT and apply
change n my;



LTR BYPASS VALVE

Feed-Forward, 15

— Using preferred final LCAC inlet coolant temp and LTR inlet temp, back solve
for myet

Feed-Backrr

— Read current LCAC inlet coolant temp and LTR inlet temp, solve for difference
in HT and apply change in myq;

PWM COOLING FAN CONTROL

AGS CONTROL

Standard ECU Control + Additional RP Software

— Intecrio software chooses maximum requested value for fan speed set point.
The system chooses if the ECU is commanding a higher fan set point based on
ECT, EOT, TOT, and Trans Vapor Setpoint OR if the LT coolant temperature is
requesting the fan to turn on.

Standard ECU Control + Additional RP Software

— Intecrio software chooses maximum requested value for AGS set point. The
system chooses if the ECU is commanding a higher fan set point based on ECT,
EOT, TOT, and Trans Vapor Setpoint OR if the LT coolant temperature is
requesting the AGS to open. This logic occurs before the fan turns on in order to
limit power consumption.

In validating the control scheme, a 150 DOE was generated to test system pressure drops and
flow rates at various valve and pump flow rate conditions. These pressures and flows were used

to validate system performance maps and to utilize error based gains in controlling system

feedback within the drivers in this system.



Project Resources

Facilities
The following facilities will be utilized for the duration of this project in the capacity for which

they are respectively described:

Chrysler Technical Center (CTC)
Auburn Hills, M|

CTC will be the location of the majority of our senior design project. Here, an internship
position will be held and access will be had to all necessary labs and vehicles. Chrysler
simulation software, like Flowmaster, a one-dimensional system used to evaluate
system operating parameters, Chrysler labs, and Chrysler computer systems will be
accessible at CTC. Climate testing and experimental data analysis will take place at CTC
as well.

Chrysler Amrhein Road Center (Livonia)
Livonia, Ml

Livonia will be the primary location used for vehicle instrumentation for both baseline
and prototype configurations.

Chrysler Proving Grounds (CPG)
Chelsea, M|

CPG will be the primary location for vehicle fuel economy and performance testing for
both baseline and prototype runs.

Western Michigan University (WMU)
College of Engineering & Applied Sciences (CEAS)
Kalamazoo, Ml

CEAS will be utilized for data compilation, analysis, and report building.



Personnel

The following personnel will be utilized for the duration of this project in the capacity for which

they are respectively described:

Mitch Zajac
WMU Student/Chrysler Engineer
Lead Design

Dr. Ho Sung Lee

WMU Professor of Mechanical Engineering

Heat Transfer
Faculty Mentor

Dan Hornback

Chrysler Engineer

Powertrain Thermal Management
Industry Mentor

Kevin Laboe

Chrysler Engineer

Powertrain Thermal Management
Project Supervisor

Matt Cutler
Stryker
Resource

Harry Chen

Chrysler Engineer

Powertrain Thermal Management
Simulation Specialist

Sudhi Uppuluri
Contract Employee
Simulation Specialist

Timothy Scott
University of Virginia

Professor of Mechanical Engineering

Heat Exchangers
Consultant

Ethan Bayer
Chrysler Engineer
Advanced Controls

Sangeeta Theru
Chrysler Engineer
Advanced Controls

Danny Nakhle
Chrysler Engineer
Advanced Controls

Carloandrea Malvicino
CRF Project Management
CRF component and technology consultant

Daniela Magnetto
CRF Project Management
Responsible for dual cooling project at CRF

Jeff Foor
Chrysler FE, Coast down, & Performance Testing
Supervisor responsible for vehicle testing at CPG

Curt Potvin
Chrysler FE, Coast down, & Performance Testing
Test Engineer - CPG

Ron Lasovage
Chrysler Shop Foreman at CPG
Vehicle build-up

John Green
Chrysler Shop Foreman at Livonia
Vehicle build-up

David Schmidt
Chrysler Chief Engineer 1.4L FIRE
FIRE Components and Parameters

Mike Rinaldi
Chrysler HVAC Manager

Rick Amaral
Chrysler HVAC Engineer
Climate Testing

Brad Szkrybalo
Chrysler HVAC Engineer
Climate Testing

John Nigro
Chrysler VP Systems and Components
Career Mentor



Software

Software programs are important parts of all engineering programs, particularly when
implementing new technology into existing vehicle systems. In order to successfully complete
this thesis project, more than 50 hours were spent developing the skills necessary in order to be
able to effectively use the below mentioned software programs. Beyond those 50 hours of
learning how to use these programs, more than 400 hours were actually spent using the
programs in order to successfully develop, test and analyze the Dual Level Cooling vehicle
system.

Flowmaster

Flowmaster is a platform for developing one-dimensional calculations and models that
represent actual vehicle hydraulic circuits. To do this, elements of the Flowmaster model are
comprised of multiple libraries, including performance maps, of components that make up the
overall vehicle hydraulic circuits. In the case of the 1.4L Turbo PF model, some of these
important components are mechanical and electric pumps, all heat exchangers (i.e. Radiators,
Condensers, Charge Air Coolers, etc.), hoses, valves, and system control components. Figure 1
shows a basic layout of the baseline Flowmaster Model.

Figure 1 - Flowmaster Flow Layout Schematic

Using the theories of conservation of mass and energy to solve temperature and pressure
calculations, the characteristics of each component is based on its specific performance map. In
terms of pressure specifically, pressure losses are derived from a standard loss coefficient as
calculated from those specific performance maps. The maps that are used in these models have
information relating the flow rate of both side fluids, temperature gradients based on the
dominant cooling fluid, they give heat rejection characteristics, and pressures at various flow
rates. While the data in these performance maps are characterized based on steady state
conditions, Flowmaster allows for transient situations to be calculated by imposing changing



boundary conditions for the components, and entire system, versus time. These types of
imposed boundary conditions include flows, temperatures, and heat addition.

In terms of setting up the vehicle thermal model for the engine, there is an assumption that is
made to ensure ease of calculation in the model. This assumption says that there are three
sources of heat in the engine; the Block, Crank, and the Sump. The Block is cooled by the coolant
and contains all of the passages. Because of this, the temperature of the coolant coming out of
the block is said to be the average block temperature. The Crank is considered to contain the
crankshaft, pistons, connecting rods, main bearings, and supporting structure. The Sump is the
oil reservoir and oil pan. In a similar fashion to the way in which individual thermal circuit
components are modeled, so too are the heat exchanging and pumping components of the
engine. Because of this, the pressure loss and thermal characteristics can be individually
modeled using supplier component maps. The interactions of the different fluids are modeled
by Flowmaster using implemented equations for convection and conduction heat transfer based
on the coefficients provided by supplier data.

The engine model takes into consideration various boundary conditions like velocity, engine
torque, and engine speed versus time. Generally, these conditions versus time datasets are
traces for time for particular vehicle drive cycles. For example, the instantaneous combustion
heat, frictional heat, coolant and oil flow rates are found using engine RPM and torque by the
engine thermal model. These are also used to calculate the temperatures in various sub-
systems. The key outputs of the model are the transient temperatures of the coolant, engine oil
and transmission oil in addition to the thermal performance of individual components such as
the radiator, engine oil cooler, etc.

AVL Cruise

AVL Cruise is a vehicle and driveline system analysis software used for evaluating vehicle
powertrain, fuel economy, and performance. AVL Cruise is combined with the vehicle
Flowmaster model as part of a larger vehicle energy balance model (VehEbalance) as the main
source of data that are explained in the simulation results portion of this report. The AVL Cruise
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is shown in Figure 2 below.

As seen in the figure above, and much like the Flowmaster scheme, AVL Cruise incorporates the
idea of deriving a one dimensional equation from multi-degree-of-freedom component
performance maps. These maps are connected in such a way that the successive maps reference
those in which they interact physically with in real automobiles.

To run these tests, certain specific configurations are required beyond the compilation of
specific component data. For the purpose of this test vehicle, the model of powertrain was
already created in order to match previous, unique vehicle tests. The vehicle test configuration
for this project included the use of transient fuel economy and performance tests. To configure
the fuel economy tests, it was necessary to input a specific speed, rpm, and torque trace for the
simulation model vehicle. Doing this allowed accurate modeling for each specific test by
ensuring exact alignment between the model and vehicle dynamics. The performance tests
require manipulation of the model transmission and vehicle starting speeds in order to ensure
symmetry between the vehicle model performance and actual vehicle performance. This was
not completed as a part of this project because of the requirement of in-depth understanding
and manipulation of the vehicle AVL Cruise model.

The outputs of this simulation model include heat rejections, warm-up times, and other physical
characteristics about the vehicle powertrain. The most important piece of information for the
purpose of this project is the fuel economy data. In the results portion of this report, specific
data is discussed as well as the creation of the model calibration coefficients for each test, in
order to validate Dual Level Cooling fuel economy results.

Inca

INCA MDA

[

Figure 3 - ETAS System



INCA is a data acquisition system that is created by ETAS. In Figure 3 shown above, INCA and
MDA (Measure Data Analyzer) combine to make a system that allows for readily accessible, real
time vehicle data information. These two paired with the unique approach to instrumentation of
this vehicle, as described later in this report, combine to make data acquisition efficient and
readily accessible. INCA allows for ETAS equipment to be attached by Ethernet to a laptop and
to connect the laptop to the engine controller by used of an ETK. The ETK is, in a sense, a
parasitic element that attaches directly to the ecu control board and allows INCA to spy on the
controller as well as, real-time, modify all engine calibrations contained on the controller. The
left portion of the figure below shows a shot of the INCA system where each channel is written
on the screen. The right portion shows MDA with a graph and table for specific read channels.
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Intecrio

Intecrio is another system created by ETAS used to add additional controls to an existing engine
controller. Rather than having to modify base engine code, Intecrio provides either
supplemental control to parameters not currently on the base engine controller OR adds
additional logic to existing vehicle components. Intecrio requires additional hardware (ES 910
and 930) for control of any new devices, as well as prototype code that delivers logic to new
devices or adds to existing controller logic.

MiniTab 16

MiniTab 16 is a software used for completing the statistical data analysis on a given set of data.
Functioning much like excel, it is possible for the standard statistical comparisons, such as mean,
median, mode, variance, and standard deviation. This tool also has capability to easily plot box
plot comparison data to evaluate the improvement of one set of data over another. With these
box plots, the program also allows for more advanced statistical analysis like linear and

owu_n
z

polynomial regression, one- and two-sample “t” tests, tests, and more.

This is an important program because it allows for the engineer to clean up the samples of data
and compare non sequential test runs. This clean-up is an important part of data acquisition
process because much of the data is comprised of points creating higher standard deviations
based on test cell, driver, and environmental inconsistencies. Figure 4, shown above, is the
environment of the Minitab 16 statistical analysis software program.

Teamcenter/NX

Teamcenter is the system used for viewing vehicle
CAD models. Using this software, it is possible for
dimension and weight analysis. The other important
aspect of this software, aside from showing the
location of components in space, is the fact that this
program allows for viewing ONLY the components,
in space, which are desired. This allows for visual

understanding of system packaging, shown in Figure

5. Beyond the ease of understanding for the

. ] . ] i ) Figure 5 - Teamcenter
engineer, a major part of this thesis project is the
development of the “Powertrain Thermal Management Instrumentation ‘Best Practice’ build
document.” This document is explained later in this report. It is important to note, however,
that by use of Teamcenter, the engineer is able to explicitly demonstrate the location of desired

instrumentation and vehicle configuration changes.
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ETS

ETS is short of “Emissions Test Systems” and is an environment used for developing and
reviewing vehicle test requests. The test request development process requires that the
engineer have a profound understanding of not only the specific vehicle tests that are being
requested, but also a deep understanding and appreciation for the vehicle configuration and the
way in which each vehicle must be input into the testing system. These appreciations are
important because without accurately inputting vehicles into the testing system and aligning the
right test configurations for each vehicle and test, testing itself will not accurately conclude with
the desired results. The system also allows for vehicle tracking and vehicle test results review,
along with the test procedure development itself. Figure 6 shows the multiple screens of ETS for
vehicle test request creation, test review, and vehicle tracking.
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Figure 6 - ETS (Emissions Test Systems)
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Powertrain Thermal Management System (TMS) Background

In any transportation unit (car, truck, bus, ATV, etc.) that is powered by an internal combustion
engine (ICE), high temperatures from the combustion of fuel are produced within the engine
and exhaust systems. High temperatures within the transmission are also present due to the
contact between each of the gears during vehicle movement. These high temperatures can
hinder the performance of the vehicles powertrain for a number of reasons and could even
result in complete failure of powertrain components (engine and transmission). To control the
high temperatures experienced by the powertrain, a powertrain cooling system must be
integrated as a part of the powertrain. Along with servicing the extreme temperatures within
the engine, the

The cooling system of an automobile plays a vital role in the operation of the engine. As the
engine begins to output power to the transmission, heat is generated due to the inefficiency of
the engine. After a period of time, this heat will lead to increased engine temperatures which
further restrict the efficiency of the engine. To maintain the engine block at optimal

temperatures, the cooling system is required Pressure Upper Hose
L . Ca|
to remove the excess heat. This is achieved G \p Thermostat /

by pumping coolant through the engine = '{

. Heater Core—-';:(% )

block, where heat is transferred to the s |
e

coolant causing an increase in coolant

temperature  while  decreasing  the \<, % N

temperature of the engine. As the coolant is i
. . . . . Reserve Tank ==

exits the engine block it continues to what is
Susyation provided Dy the Natonal

known as the high temperature radiator Awaive Sy o fwetrinion %
Lower Hose E|

(HTR) where, by forced convection via a fan

and vehicle ram air, the coolant is cooled Figure 7 - Conventional automotive cooling system
and the heat gain experience from within Source: sundevilauto.com

the engine block is dissipated to the ambient environment. A conventional engine cooling
system can be found in Figure 7. This also shows some of the main components found in a
conventional engine cooling system. The temperature distribution at different points within the
system, shown in blue versus red, represent the cool to warm temperature gradient

experienced across the system.
Components

Due to the complexity of today’s automobiles, the list of thermal management system
components has become very extensive to satisfy the needs for all of the vehicles sub-system
cooling requirements. The components within a system also vary depending on engine and
transmission type, powertrain add-ons, vehicle cabin size, and more. In a standard vehicle
thermal management system, cooling power must be supplied to the engine, transmission, and
air-conditioning systems, while heat is provided to the cabin heater core as a part of the cabin
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heating system. However, with the addition of performance parts, such as a turbo charger,
additional components need to be incorporated into the structure due to the cooling demand of
these added performance parts.

Each of the components within the cooling system varies in size and specific purpose, but many
of the components are similar in the fashion that they serve as a certain type of heat exchanger.
A heat exchanger is a device that transfers heat from one fluid medium to another. This report
focuses on heat exchangers for fluid mediums; common for automotive applications. Figure 8
shows how heat is transferred from one fluid to another within this type of device.

Heat Exchanger

Fluid 1 Fluid 1
Outlet < < 6@ Inlet

Fluid 2 Fluid 2
Inlet > ) 9 ) Outlet

Figure 8 - The process of a heat exchanger (blue are cool temperatures; red are hot
temperatures)

The amount of heat transferred from one fluid to another in heat exchangers for fluid mediums

can be calculated by the relationship found in Error! Reference source not found.. In an automotive
hermal management system, understanding this process is essential to effectively design for the
heat rejection demands of the system.

Q = mcyAT Equation 1
Where:
Q = Heat transfer
m = Fluid mass flow rate
Cp = Fluid heat transfer coefficient
AT = Temperature difference between two fluids

In the following sections, each of the main components and modes of heat transfer comprising
an automotive thermal management system will be described. These components and modes
will include those that are needed for proper operation of a vehicle which uses a turbocharger
for fuel economy purposes.
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Radiator

Coolam

The radiator is an example of a commonly

Louver ' Tulbx

known automotive heat exchanger. Coolant
within the radiator travels from the radiator
where it is at a relatively cool temperature
and flows through the engine, where it
gains heat. After the engine is warmed up to
operable temperatures, this coolant will
flow back to the radiator. At the radiator
the coolant (fluid 1) flows through tubes

) that are traversed by ram air flow and fan
forced convection (fluid 2) from the vehicles
forward movement and a certain Pulse
Width Modulated (PWM) signal sent to the
fan based on thermal conditions. . Forced

Figure 9 - Louver fin type plate-fin heat exchanger
(Lee 2010) convection by the radiator fan allows for

heat to be dissipated at the back side of the
radiator; capitalizing on the full component geometry and optimum temperature difference
between the two heat exchanging fluids. This type of convection is preferred to natural
convection because of the amount of heat that is required to be removed from the system.
Forced convection allows for a much more rapid heat exchange between the two fluids.
Radiator design uses a heat exchanger concept of the louver fin type plate-fin to pass coolant
through vertical tubes that are cooled by forced airflow over the louver fins in the direction
traversing the tubes. The louver fin type plate-fin exchanger is shown in Figure 9. This
component is often referred to as the radiator or radiator core. It can either be arranged in the
orientation shown or oriented so that the coolant tubes are horizontal in nature. For the
radiator core to provide sufficient heat dissipation, air is forced over the louver fins by means of
forced convection as described above. Small openings at the front of the radiator in the car body
allow a passage for airflow to the radiator. When needed, the fan is either powered by the
engine, through a belt driven power transmission, or by means of electrical power; a common
practice today with manufacturers.

Water Pump

The coolant that is supplied throughout the system requires a volumetric flow rate that
is proportional to the amount of engine block cooling required. A centrifugal water pump is
installed between the output line of the radiator and the engine block. This pump obtains its
pumping power from the engine; a belt drive is connected between the crankshaft and pump.
The pumping must be sufficient enough to overcome the total amount of head losses created by
each of the cooling system components.
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Valves

Valves play an important role in the amount of cooling power that is delivered to each
component after coolant leaves the radiator. A three way valve is a device that has one input
port and two output port locations. The valve can direct a percentage of the input flow to the
desired output branch and is done so to provide cooling to certain cooling components
constructed in either branch. The percentage of opening in the valve is controlled by a control
system which calculates the components that are in need of more cooling power.

Thermostat

The amount of coolant flow from the radiator to the engine block can be controlled by
the use of a thermostat. The objective of the thermostat is to allow quick engine warm-up and
then maintain the engine at a constant temperature. At low temperatures, the output of the
thermostat is completely blocked, recirculating all the coolant back through the engine.
However, as the temperature of the coolant increases with engine warm-up, the thermostat
begins to allow more and more coolant to be passed through its outlet.

Charged Air Cooler

A charged air cooler is in common automotive language, an intercooler. A charged air cooler is a
part of the turbocharger system and is very important to making the system work the way it
does. It is used to cool intake air after it has been compressed, thus heated, by the turbo but
before it reaches the engine air intake manifold. The need for cooling comes from the rise in
intake air temperature due to the compression of a gaseous volume (air). As air is pressurized
within the turbo it rises in pressure (rise in density) and temperature, continues to the charged
air cooler where it loses heat and increases its density once again. The air then flows to the
intake manifold before it is eventually combined with the fuel to be used for crankshaft work;
through internal combustion.

The charged air cooler is simply a heat exchanger that exchanges heat between a fluid medium
and the intake air. The most common fluid medium that is used in the automotive industry
today is air, which will be referred to as an Air-Air charger air cooler (CAC). However, this project
is aimed to investigate the advantages of using water or coolant as the traversing fluid medium.
A device working in the fashion will be referred to as a Liquid-Air charged air cooler (LCAC).

Air-Air

The fluid medium most commonly used in industry today for providing cooling to the intake are
is ambient air, by means of ram air. In a fashion similar to that of radiator cooling by ambient
ram air, charged intake air travels through the charged air cooler where it is traversed by cooler
ram air. Based on the concept of a heat exchanger, the warmer charged intake air is cooled by
the ram air. For this reason, the CAC is typically located at the front of the vehicle to have an
abundant supply of ram air.
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Liquid-Air

This type of charged air cooler replaces the ram air with liquid as the fluid medium. Due to this
process, the charged air cooler is no longer need to be placed at the front of the vehicle.
Instead, it can be placed near the intake manifold of the engine. The liquid that is traversed over
the intake air is then needed to be cooled to provide a temperature drop to the intake air. This
requires that the coolant flow through another heat exchanger, commonly another radiator,
which is located at the front of the vehicle and cooled by ram air

Air-Conditioning System

The air conditioning (AC) system provides internal cabin Paasenger Comperment
temperatures which are set by passengers. This feature
of an automobile has become very popular with
consumers over the years. Therefore, its design is a
necessity. To provide the proper functioning of this
system, power is required from the engine. By using

certain devices, the pressure and temperature of the

coolant within the system is constantly changing. Figure
High side

10 shows the low and high pressure sides of an air Tap

conditioning circuit. The following sections will detail

each component and their function.

Receiver
Dryer

Evaporator

Front of Car
v

The evaporator, which is a heat exchanger, is the device

which absorbs heat from the ambient cabin air. As the Figure 10 - Pressure distributions for a
typical automotive air conditioning

circuit (Bede 2012)

coolant of the AC system passes through the
evaporator, it traverses cabin air and the cooler coolant,
is warmed by the warmer cabin air. The evaporator is usually located in the cabin of the vehicle
underneath the dash board.

AC Condenser

The condenser is the location where coolant heat dissipation occurs within the AC system. It is
also another example of a heat exchanger because of its heat dissipation function. Warm
compressed coolant, which is a product of the evaporator and the compressor, is traversed by a
cooler fluid medium within the condenser; this causes the coolant to lose heat. Once the
coolant becomes cool again, it can be delivered back to the evaporator again to provide cooling
to cabin air.

Just like the charged air cooler, the condenser can also provide cooling by two different fluid
mediums. Typically an Air-Air condenser (COND) is used to provide heat dissipation of the
coolant. The condenser is normally located at the front of the vehicle to have access to ram air
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(the cooling medium) and looks similar to the radiator. Alternatively, a Liquid-Air condenser
(LCOND) can be used to cool the passing coolant. This requires for the liquid cooling medium to
lose its gained heat (at the condenser) somewhere else. Just like the LCAC, the LCOND will have
to be placed in a loop with a radiator which provides cooling to the liquid medium.

Compressor

The compressor is known as the heart of the AC system. Although it is termed “compressor”, it
is simply a pump that moves coolant through the AC circuit. This is the device that splits the
system into its high and low pressure sides. The compressor is located between the evaporator
and condenser and allows for the hot gases (formed in the evaporator) to be compressed into a
liquid to allow for maximum heat dissipation at the condenser. The compressor is normally
located near the engine and derives its power via a belt connection to the crankshaft.

Transmission Oil Cooler

The transmission cooler is similar to the radiator used to cool engine coolant, the
difference being that transmission oil is the medium to be cooled versus engine coolant. The
gears of the transmission create heat and friction when transmitting engine power to the axles.
With the transmission filled with a fluid medium, most namely oil, the temperature of the
transmission components can be controlled and the wear due to friction can be decreased. The
transmission cooler offers the need heat dissipation of the oil to keep the transmission running
within an optimal temperature range.

Cabin Heater Core

The cabin heater core is a device that is a simple heat exchanger. Its purpose is to heat cool
cabin air through heat exchanging by hot engine coolant after the coolant has left the engine
block. Coolant from the engine is always flowing to the cabin heater core but the cabin air may
not be. During times when the cabin is desired to be heated, the cabin air will pass through the
cabin heater core where it is warmed. If no heating is required the cabin air bypasses the cabin
heater core.
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Conventional TMS Design

The conventional thermal management system is what can be found in most present day
automobiles. A thermal management system is a combination of multiple fluid loops that each
serve to provide cooling to certain vehicle components within each loop. Each loop typically
contains one or several heat exchangers, a pump, and a variety of valves. The two typical loops
that can be found on a vehicle are the engine coolant loop and the air-conditioning loop.
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coolant and air-

Engine

= Refrigerant
Coolant

conditioning loops, a
fluid is pumped through Figure 11 — Conventional TMS for a turbo charged vehicle
the system to provide cooling to components within each loop. As the fluid passes through the
components in which cooling is supplied, the fluid gains thermal energy through the process of
heat exchanging. As the fluid exits the component, it returns to another heat exchanger located
at the front of the vehicle where it is traversed with vehicle ram air. At this point, the thermal
energy that is gained by the fluid is dissipated to ambient air and the fluid returns to a

temperature that is suitable to provide cooling to the components within each loop.

The specific function of the engine coolant loop is to provide cooling to the engine block. The
engine block requires cooling because of the temperature increase caused from internal
combustion within each cylinder of the engine. Coolant at a low temperature is pumped from
the radiator to engine block where it gains thermal energy. As the coolant leaves the engine
block it returns to the radiator where is dissipates the gained thermal energy by means of
traversing cooler ram air to the ambient.

The air-condition loop serves to provide cooling to the evaporator, which allows for cooling of
cabin air. This is done in a similar fashion to the cooling of the engine block. Refrigerant, the
loop’s fluid medium, is pumped at a low temperature from the condenser to the evaporator. As
the refrigerant enters the evaporator, it gains thermal energy from exchanging heat with
traversing cabin air. The refrigerant leaves the evaporator and returns to the condenser where it
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is cooled by ambient ram air. The refrigerant loses the gained thermal energy and can then
return to the evaporator where the process is repeated.

The turbo-charging loop serves to provide cooling to the compressed intake air. As ambient air
enters the turbo intake port, it passes through the turbocharger which compresses the air and
becomes “charged”. This air, although at a high pressure, is not at the temperature that allows
for maximum power output at the engine. Figure 12 shows the effect that charged intake air
temperature has on the amount of torque output of the engine. In general, the lower the
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Figure 12 - Effect of air intake temperature on engine torque output

charged air is
traversed by ambient ram air at the CAC and upon exiting the CAC has experienced a
temperature drop that will provide for a higher vehicle power and torque output.

In the conventional TMS, each component that cools the loop’s fluid medium (the radiator,
condenser, and charged air cooler) is all classified as an Air-Air heat exchanger. This means that
each component cools the fluid medium by traversing vehicle ram air across the internal fluid
medium. These three components will be further referenced at the front module or vehicle
cooling module.

Dodge Dart TMS

The thermal management system that is employed on the Dodge® Dart operates in the same
fashion that is stated above; it contains three different fluid loops previously mentioned. The
schematic shown in Figure 11 is the schematic for the thermal management system of the Dart.
Figure 13 shows the engine bay layout of the Dodge® Dart. Although it is hard to see each of the
fluid loops within the TMS, callouts have been used to signal the general vicinity in which each is
located.
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Figure 13 - Engine bay layout of Dodge Dart
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Dual Level TMS Concept

The Dual Level TMS will introduce three new main components and a variety of additional
components that are needed to make the total package operable. The engine coolant loop will
remain the same as it was described in the baseline configuration. The air-condition loop and
turbocharger loop will be the two loops that are changed. Each loop will see the addition of a
new component and removal of one. Due to the implementation of new components, the
overall layout of the two loops will change as well. However, due to the confidentiality of this
project, only the general idea and layout of the system can be discussed.
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Figure 14 - Dual Level TMS schematic

The Dual Level TMS utilizes the addition of a low temperature radiator (LTR) that will supply
cooling to a liquid cooled condenser (LCOND) and liquid cooled charged air cooler (LCAC). The
LTR will be placed in front of the HTR and replace the space that was previously occupied by the
ACAC and ACOND. Figure 14 is the schematic for the proposed Dual Level TMS. The schematic
depicts how the LCAC and LCOND will be placed in the same loop as the LTR. Although both the
LCAC and LCOND will be placed inside a new loop, they will both still provide the same function
to their respective loops. That is, the LCAC will still provide cooling to compressed intake air and
the LCOND will still provide cooling the evaporator for cooling of cabin air.

Current Examples

This type of automotive cooling system is in its very early stages of development. This system
design initiative is a product of the joint efforts between Fiat and Chrysler. Fiat has recently
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investigated this type of cooling system integration into one of their passenger vehicles. For this
reason, they will serve as the standard for design. From their thermal management system
design, they showed a slight increase of fuel economy and a positive impact on air conditioning
cooling performance (Malvicino 2012). It also has allowed for the simplification and
standardization of the front end module.

Benefits

A dual level cooling concepts offers many benefits to the manufacturer and consumer. Due to
the transfer from an air-air cooling concept to a liquid to air cooling concept, each component
can provide the same amount of cooling (as compared to the conventional design) with an
overall decrease in power consumption. This results from the heat capacity of the desired liquid
being greater than that of air. In other words, a smaller volume of liquid will provide the same
amount of cooling as a greater volume of air. Since a smaller volume of liquid is achievable, the
total size of the condenser and CAC can also be reduced.

The consumer sees the benefits of the decrease in power consumption by the increased fuel
economy of the vehicle. The increased fuel economy also offers Chrysler a gain from the
marketing perspective because consumers are more likely to purchase fuel efficient vehicles.
The reduction of component sizing is also a plus for Chrysler because it offers more available
engine compartment space from the reduction of component sizing.
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There exists proof of added fuel economy, AC system, and performance benefits with dual level
cooling as well. This has been demonstrated with the work CRF has completed and has proved
to be a major resource for this project. Fuel economy, AC system, and performance results are
shown in Figure 15. The heat rejection graphs show improvement in performance because of
controlled, lower engine temperature capabilities. The AC system shows a large reduction in
refrigerant pressures, amount of charge, and decreased cabin temperatures (the ultimate goal.)
Fuel consumption, shown at the bottom of this figure, is also improved from baseline to dual
level cooling. These results serve as the reasoning behind the feasibility of this project.

The benefits listed above will all be realized to an even greater degree through the calibration of
specific engine components. Adjusting the vehicle fuel map, the torque and power curves of the
engine, and other thermally driven and effected powertrain components will optimize the
effects of the application of dual level cooling. It should be noted that the application of this
project is to show, most completely, the ability to control and maintain engine charge air
temperatures.

Design
Design Requirement

The requirement of this project is to completely integrate a Fiat thermal management system
concept into a Chrysler vehicle. Integration requires the sizing and procurement of new system
components to develop and analyze a Dual Level TMS. The development of a Dual Level TMS will
be evaluated by an A-B comparison of overall system performance; specifically CAC and AC
performance to show an overall reduction in power consumption. System integration is also
evaluated on the packaging requirement (weight and volume) for each system.

Design Process

To implement a dual level cooling system into the test vehicle, there are a number of
heat exchangers, valves, and pumps that need to be designed, specifically for the new low
temperature circuit that is being introduced. This is needed because two of the existing
components, the charged air cooler and condenser, are being redesigned. These components
will no longer function with the conventional air to air cooling process, but with the liquid to air
cooling process. Since Chrysler is not the company that heads up the design of all the new
desired components, cooperation with outside suppliers is needed. Working with suppliers can
be an iterative process to finally arrive at a component design that performs optimally within
the system. The design process that was used to size the components for the dual level system
is as follows (Hornback 2012):

Step 1: Define a design point for the thermal system. This design point represents a
challenging condition for the thermal system. An example is:
i. Continuous 3000RPM
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Step 2:

Step 3:

Step 4:

ii. 150Nm of torque

iii. 30°C ambient temperature
For the design point, the thermal management system must be able to withstand
that design point for a continuous amount of time. However, this design point is
not the worst condition the system could experience because that may only
happen for a small percentage of the time that the system is operating. If the
system was designed at the worst case scenario, it would be overdesigned for
most of the time during normal operation. Heat rejection and pressure drop
targets are also defined to give to the supplier.
Contact the supplier to see if they have any products that already fit the system
we are trying to build.
If no components exist, the supplier sizes their products to meet the heat
rejection and pressure drop targets for the defined design point.
CAD models are given from the suppliers to see how the component will fit into
the full engine and vehicle CAD model. The supplier also gives the performance
map for the heat exchanger. This defines the heat rejection and fluid pressure
drops at various steady state inlet fluid temperatures and flow rates.

**The above four steps are completed for each heat exchanger, valve, and pump needed within

the system.**

Step 5:

Step 6:

Step 7:

Step 8:

If all the components will fit into the CAD model, a fluid circuit simulation model
can be created using Flowmaster.

Run the model simulation to see how each component works together within the
system. By analysis of the outputs, the need for any design changes to a
component can be determined. If changes are needed, go back to Step 3.

Once each component has been verified within the CAD model and simulation
model, the design becomes “frozen”. The supplier gives a quote for the desired
components and the affordability is considered.

If the quote looks affordable, a purchase order is sent to the supplier and a MRD
(Materials ready for development) date is established.

Once each component had arrived at Chrysler facilities, the build of the dual level thermal

management system could be started. With the new thermal management system installed into

the vehicle, the same testing sequence could be completed to

However, before the build could begin the baseline system had to be evaluated to provide

results for comparison between each system at the end of the project. The testing of the

baseline configuration vyielded results that could establish performance points. These

performance points were used within the comparison of current production and possible future

production systems as the level sought to be over achieved.
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Controls Development

The addition of actuated devices to the system demands the use of a new, state of the art
controls strategy. For the purpose of this project, the advanced powertrain controls
development team at Chrysler was utilized. The nature of their controls strategy cannot be fully
disclosed because of the possible Intellectual property, but the general principle behind the
control scheme can be discussed.

It is common knowledge to those involved with thermal design, that Equation 1 is used to for
determining the total heat rejection across a temperature gradient when the mass flow and
specific heats are known. In the same sense, specific heat can be determined if mass flow and
the temperature gradient are known. Lastly, mass flow can be determined if the specific heat of
the fluid in question as well as the temperature gradient are known. This is the strategy
employed here.

The control scheme revolves around the calculation of mass flow: 1) based on predictions and
calibrations for the temperature gradient across the liquid cooled charge air cooler, and thus
total heat rejection projections across that component, as well as; 2) based on predictions and
calibrations for the heat rejection across the liquid cooled condenser based on a specific
relationship derived between component heat rejection and current instrumented HVAC
measurements.

Again, the specific details of this NEW strategy cannot be explicitly discussed as the full
development is still underway. At this point, the control system has been used in a manual
fashion. In order to implement this scheme on the vehicle, Intecrio, an ETAS software and
hardware configuration has been utilized. Intecrio acts as a parasitic control mechanism. That is,
using the ETK, the Intecrio software attaches itself to the original engine controller and allows
for additional parameters to be added to and/or read from the control of the engine itself. In
this case, Intecrio affects the way the grille shutters and engine cooling fan behave by adding
additional responsibilities (cooling the low temp circuit) to its logic. Automated control will
come, but for now, fan duty cycle, grille shutter opening, pump speed, and the position of the
o
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two three-way valves is controlled on the screen shown in Figure 16 below.

The manual controllability of these components is very important to the final stages of the
project as far as the control strategy is concerned. Because much of the control logic is based on
component data sheets as provided by each component supplier, calibration of the model is no
only important, but essential to the accuracy of the model when it reaches the automated stage.
By manually dialing the components and verifying temperature, pressure drop, and flow values
of the system, the data sheet information relating specifically to heat exchanger effectiveness
can be verified and/or adjusted appropriately so as to accurately model the system.

Testing

One of the most important parts of this report’s validation and verification of the Dual Level
Cooling system rests on the successful completion and analysis of experimental vehicle testing
for the baseline thermal management system. From the information obtained during this
portion of the project, conclusions can be made in regards to the validity of the aforementioned
Flowmaster model and, thus, the final VehEbalance simulation model used for predicting vehicle
fuel economy.

The sections below describe the specific tests, broken into three distinct categories: Fuel
Economy Tests; Performance Tests; and Climate Tests. Furthermore, the second portion of this
section takes an in depth look at the instrumentation strategy used in outfitting the baseline PF
vehicle. Next, the results of the baseline test procedures are documented and analyzed. Finally,
the results of the Dual Level Cooling tests are documented and analyzed at the end of this
section. The conclusions about the improvement of the overall powertrain thermal
management system are characterized based on the analysis and comparison between the two
rounds of vehicle testing that are described here.

Test Description

The subsections for each category of test below include a table showing: how each test is run;
test purpose; and acceptance criteria for each test. A description of the importance and
interpretation of specific monitored variables follows each table and represents the basis for the
A-B comparison to be completed by simulation models for this project and experimentally in
work to follow.

Performance

Performance tests are completed on the outdoor track at CPG. The Straightaway and Oval were
the primary location of this outdoor testing. Before testing commences, the vehicle is warmed
up by driving steady state laps around the oval before moving to the Straightway to begin the
testing procedures. These tests are meant to serve as a baseline analysis of the system in order
to compare, and verify, the improvement when applying the Dual Level Cooling scheme. The
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performance test descriptions, purposes, and acceptance criteria for each test are summarized

in Table 1 below:

PROCEDURE OR ACCEPTANCE
STANDARD TEST DESCRIPTION PURPOSE CRITERIA
1)Vehicle instrumented :
. . . Necessary to set chassis
2) Vehicle & driver weighed dvnamometer road load
3) Vehicle driven to 70 MPH Y . Results of
. to reflect actual vehicle .
4) Shift to neutral . production
. characteristics - Aero )
Coast Down 5) Split Coast Down - Coast down drae tire roll resistance vehicle, range
from 70 to 45 MPH, 45 to 10 MPH whgél bearine and brak;: of production
6) Record data; use to derive 8 values

Polynomial Force Coefficient from
velocity, time and mass

drag, axle and trans spin
loss, drivetrain inertia

Perform wide open throttle (WOT)
accelerations from a standing start
and record the following:

e Launch Response Time (Control

A-B increase
in

Input to Initial Vehicle Movement Measures launch If)oe:formance
0-100 (saej1491) {IVM;} - 1 fO.Ot traveled) . response.and Acceleration
e Acceleration Response Time (IVM | acceleration Response
to test end speed) performance esp
. Time - results
Also perform the following test at
comparable

wide-open-throttle:
¢ 64 to 97 km/h (40 to 60 mph) -
Elapsed Time

to CRF results

Comparison of time to

A-B increase
in

In Gear Rolling 1krpm (4t and 6t) --> boost curves; to evaluate erformance
acceleration test | Accelerate to 100mph/5k effect on Time-to-boost | 2" 10
for Time to
and turbo-lag MAP

Table 1 — Performance test descriptions, purposes, and acceptance criteria for each test from DVP&R. In
depth DVP&R is included in Appendix B

As shown in the table above, the Coast Down is the first and most crucial of all
road/performance tests. It allows for accurate drive cell test completion by determining the
aerodynamic drag and other losses that exist in this specific test vehicle. This is important so
that when fuel economy tests commence within vehicle drive cells, the cell rollers are calibrated
in such a way to represent actual vehicle movement on the open road. While this test follows
the general description as portrayed in the table above, a complete test description is found in
the “US Coast down Testing and Reporting Process: As performed at Chelsea Proving Grounds”
presentation available ONLY to Chrysler employees with access to the CPG Perfec network. The
results of this test are what are known as Coast Down Coefficients.

The “0-100 (saej1491)” test is a wide-open-throttle (WOT) test that measures the acceleration
and launch performance for a vehicle moving from rest until it reaches the 100 mph mark. The
critical variables that are monitored in this test are:
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e lLaunch response time — time for the vehicle to move one foot (initial vehicle movement
—IVM)

e Acceleration response time — time between IVM and end of test

e Time to Manifold Absolute Pressure (MAP) — the MOST important variable measured
with respect to the performance testing portion of the A-B comparison of technology.
MAP is a measure of air pressure within the engine intake manifold

Time to MAP is important because it is directly related to the mass flow of the charged air
entering the vehicle engine. The shorter the time required to get the air in the engine intake
manifold charged to its maximum achievable value, the faster that charged air can be injected
into the engine and the faster power will be generated and applied to the drive wheels. This
change in time to boost effectively eliminates the contribution of sluggish air flow to what
turbocharged vehicle drivers known as “turbo-lag.”

The In Gear Acceleration Test is a straight forward test that sets out to measure one variable:
Time to MAP. This test provides a better overall representation of the characteristic of time to
MAP because it effectively eliminates the other factors that contribute to the recording of this
time. In a standard 0-100 WOT test; other factors come into play in determining the time it
takes for the vehicle to accelerate and reach MAP; such variables as pedal decompression and
throttle body opening. The In Gear Acceleration Tests starts with partial pedal decompression
and an atmospherically pressurized throttle bottle. Thus, this test monitors strictly the travel of
cooled charged air into the engine intake.

In terms of the second round of testing, two more tests will be added to the list. These two tests
are known as “V max” and “Davis Dam”. “V max” is a test that is used to characterize system
capacity at steady state, high load, high velocity conditions. The test is run at maximum velocity
until steady state conditions are achieved. This test will be compared to CRF results in order to
verify the capacity of this new system and that the heat exchangers, specifically the LTR, are
adequately sized. The same is true for “Davis Dam”. It is run under full load, with a trailer, in
high ambient conditions, again monitoring system capacity under such conditions to be
compared to CRF test data.

Fuel Economy

Fuel economy tests are completed in the drive cells on large dynamometers at CPG. These cells,
using the Coast Down coefficients determined from performance testing, allow for specific drive
cycles to be driven with vehicle. In order to run these tests, a driver sits within the vehicle while
it is strapped down to a large dynamometer and follows a trace as generated on a digital screen
by appropriately functioning between the accelerator and brake pedals. The specific drive cycles
can be varied from cell to cell. Some cycles require a “cold start” which is characterized by
starting the vehicle for the first time within the drive cell and not allowing any pre-test warm up
time. The fuel economy test descriptions, purposes, and acceptance criteria for each test are
summarized in Table 2 below.
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PROCEDURE ACCEPTANCE
OR STANDARD TEST DESCRIPTION PURPOSE CRITERIA
city mpg, Baseline to Dual
ran on dynamometer, city cycle, transient cycle, highway ;001
e 10 min pause, highway cycle, 22°C mps, improvement -
P S nighway cyce, averaged 1-2% increase in
mpg fuel economy
The US06 Supplemental Federal Test Procedure To
is used in addition to the above-mentioned FTP- T e
75. The US06 simulates aggressive acceleration, p .
: . : : for the Baseline to Dual
higher speed driving behavior. Also included .
shortcomings | Cool

SFTP-US06 22°C

are rapid speed fluctuations and driving
behavior following start-up. The cycle takes 596
seconds (nearly 10 minutes) to complete, with a
total distance of 8.01 miles travelled. The
maximum speed of the cycle is 80.3 mph. The
average speed of the cycle is 48.4 mph.

of the FTP-75
that includes
aggressive
high speed
driving.

improvement -
1-2% increase in
fuel economy

To evaluate

Baseline to Dual
Cool

SFTP-US06 35°C | Same as 004, but at higher temperature ;hl? kl)leigeflt of improvement -
4 1-2% increase in
cooled CAC
fuel economy
The US SC03 Speed Correction Driving Schedule
is used in addition to the above-mentioned FTP- | To
75. It simulates urban driving and engine load compensate Baseline to Dual
with the air-conditioning unit turned on for the | for the Cool
SFTP-SCO3 entire duration of the test (A/C fan speed to be shortcomings N—
determined). The cycle takes 596 seconds of the FTP-75 pror .
. . . 1-2% increase in
(nearly 10 minutes) to complete, with a total that includes fuel econom
distance of 3.6 miles travelled. The maximum the use of air y
speed of the cycle is 54.8 mph. The average conditioning.
speed of the cycle is 21.6 mph. 35°C
}cllityhr‘illgg, Baseline to Dual
FTP-20 ran on dynamometer, city cycle, transient cycle mg ¢ .
COLD Test 10 min yause hi hw;l cy clye ’ e avI;%:a ed improvement -
(20°F) P »11g yoy ged 1-2% increase in
mpg - for five
fuel economy
cycle
The entire cycle includes four ECE segments,
repeated without interruption, followed by one
EUDC segment. The urban economy is .
. Baseline to Dual
measured using the test cycle known as ECE-15. .
: . . Comparison | Cool
o It simulates a 2.518 mile urban trip at an .
NEDC at20°C average speed of 11.6 mph and at a maximum to European | improvement -
8¢ Sp 5 mp Standards 1-2% increase in

speed of 31 mph. The extra-urban cycle or
EUDC lasts 400 seconds (6 minutes 40 seconds)
at an average speed of 39 mph and a top speed
of 74.6 mph.

fuel economy

Table 2 - Fuel Economy test descriptions, purposes, and acceptance criteria for each test from DVP&R.
In depth DVP&R is included in Appendix B

The tests highlighted in tan (FTP-75, SFTP-US06 22°C, SFTP SC03, and FTP-20) represent those
that are used in deriving the EPA 5-Cycle rating for emissions. The EPA 5-Cycle rating is

determined by a weighted Litmus Test that is established by the Environmental Protection
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Agency (EPA). This calculator information is attached in the appendix. The other two tests,
highlighted in grey (SFTP-US06 35°C and NEDC at 20°C), represent tests specific to this study
that are being used to compare alongside CRF specific data as well as evaluating the specific
benefits of components to be replaced within the Dual Level Cooling system. These tests are
meant to serve as a baseline analysis of the system in order to compare, and verify, the
improvement when applying the Dual Level Cooling scheme.

As mentioned in the table above, the FTP-75, also known as the EPA City and Highway test, is
comprised of a standardized city drive cycle, a 10 minute pause, and concluded with a
standardized highway cycle. This “cold start” test, characterized as such by the fact that the
engine is started for the first time at the beginning of the test, is used by ALL manufacturers who
sell vehicles in the United States in order to all be measured by the same standard. This test,
along with all other drive cell tests, uses exhaust particulates in order to calculate the overall
vehicle fuel economy. This test, broken into two separate tests when considering the overall
vehicle 5-cycle rating, plays a significant role in the calculation of that number. Efficiencies of the
new, Dual Level Cooling components will impact the overall vehicle fuel economy.

The USO6 test is a variation, as mentioned in the table, of the EPA city/highway test. It takes into
consideration an aggressive standardized driving cycle. The test applies rapid acceleration and
reaches a maximum speed of around 80 miles per hour; simulating speeds that are more
applicable as United States road speeds. This test helps to identify gains in fuel economy as a
result of a variation in charge air cooling components. The reason for the US06 test at a high
ambient temperature (35°C) is to evaluate the performance and effect on fuel economy of the
LCAC. Because these tests were run with AC on, it will also be a useful test in order to
evaluate the LCOND performance.

Similar to the purpose of the US06, the SCO3 test is run as a variation to the EPA
city/highway test. Instead of focusing on engine performance, this test is run with AC on
and over a standardized drive cycle. This test, along with the US06 test, compensate for the
shortcomings of the EPA city/highway test in the way that they more closely relate to “real
world” situations the impact fuel economy.

The last contributor to the 5-cycle rating is the FTP-20. This follows the same drive cycle
trace as the EPA city/highway test. The difference is, this test, rather than being run at the
standard 22°C temperature, is run at a temperature of -6.67°C. The purpose of this test is to
compensate for the shortcomings of the EPA city/highway with respect to temperature.
“Cold starts”, in general, require a lot of energy and have a significant impact on the vehicle
fuel economy. This is especially true as ambient temperatures decrease because of the
temperature difference between the optimum engine operating temperature and ambient
temperature increases; requiring more fuel to provide energy to bride this gap.

The NEDC test is the European EPA city/highway equivalent test. It takes into
considerations an urban and extra-urban (city and highway) cycle. As is mentioned in the
table on the previous page, this test consists of four continuous urban/city cycles (ECE-15)
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followed by an extra urban/highway cycle (EUDC). This test is run in order to correlate with
the results found by CRF on their own test vehicle.

Climate

Among the three stages testing completed, climate testing is arguably the most ignored yet has
the most direct impact on car buyers. Because of the acknowledgment of the importance of this
phase of testing, Chrysler AC system engineers were used as direct references for the test
selection, instrumentation (to be discussed in the next section), and understanding of test
results. The overall purpose of these climate tests are to understand the capacity of the AC
system; particularly the condenser. These tests are meant to serve as a baseline analysis of the
system in order to compare, and verify, the improvement when applying the Dual Level Cooling
scheme.

Baseline Instrumentation

In order to fully understand the operation of both baseline and dual level cooling components,
thermal and pressure conditions around each component must be understood, along with the
flow characteristics of the fluid medium. This implies that temperature readings must be
completed upstream and downstream of each component. The same is true about the pressure
of the fluid medium. In the case of understanding flow rate, it is important to have one flow
meter per fluid circuit in a location that captures the flow to the component under investigation.

In terms of the instrumentation orientation on this PF vehicle, it will be the first instrumented PF
to achieve the thoroughness of data acquisition required for a full understanding of the entire

Baseline

Baseling

One -1 1/4"
One - 33"

Baselina

VENTS

FLOOR

CEIUNG

STION-MAN

1C

PRESSURE TRANSDUCERS

FLOW METERS

STICK-MAN

Figure 17 — Baseline Instrumentation Lists

32



system operation. In all, there are 29 thermocouples and 1 Stickman (a climate test tool with
multiple type k thermocouples), 16 pressure transducers, and 2 flow meters.

Figure 17 shows the number of sensors used in each vehicle configuration. Appendix D shows a
detailed list of all instrumented channels including the channels used on the vehicle ECU for
engine control variables.

PF Baseline Cooling Schematic (!) cABIN
1: n'onm U- Catins Husmer Civw
- - S -~ ( ‘
{ :)@ *)@
QF ) A 4 [ Tod el 3
g [ 7 A = A A
; o b PO o4 |
Y Mechanical Compressar 7=
AT
®)®| 1.4 L Turbo Engine Block and Head | Thermostat
v ~
“l’&)@ hanical Water Pump -
A | @
@ Turbe Ey
o 4
® @ 9@ b
By (PH (PH KP) (PH
@
(Pr

Engine

Refrigerant \
Coolant g ki » m

Mln W12

Figure 18 - Baseline Instrumentation Schematic

Figure 18 shows the instrumentation schematic that is unique to this project. Shown in the
figure are ONLY the under-hood component thermocouples, pressure transducers, and flow
meters. A similar schematic has been created for dual level cooling, but because it contains
information of a proprietary nature, cannot be depicted in this report.
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Baseline Results

Below are the results of important characteristics of each type of baseline test. Because the
climate testing has not been fully completed to date, the climate portion examined for this line
of testing comes from the SCO03 test results. Plots are followed by an interpretation of these test
results.

Performance

Time to Boost is shown in Figure 19.

In-Gear Acceleration Test
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1500 156
2000 86
Figure 19 - Baseline Time to Boost Results
ACT is shown in Figure 20 for the HOT USO6 test.
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Fuel Economy

Fuel Economy results shown in Table 3.

Test Baseline Results
[mpg]

FTP 75 24.3
HWFE 34
ERA CTY/HWY 28

usoe 28.3

SC03 22.6
HOT Us06 23

Table 3- Baseline Vehicle Fuel Economy
Results Compiled

Climate

AC system condenser outlet pressure, cabin temperatures, and cooling fan duty cycle due to AC
pressure demand are plotted below in Figure 21, Figure 22, and Figure 23 for the SC03 drive

cycle.
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Figure 21 - Average Cabin Vent Temperature - Figure 22 - Condenser Refrigerant Outlet
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Figure 23 - Cooling Fan Duty Cycle Response from AC System Demand 35



Baseline Testing Validation: Comparison with production testing results and Statistical
Analysis

Baseline tests were compared using MiniTab 16. The standard deviation of the sets of three
separate tests were analyzed after being scaled according to the standards practiced by the CPG
Performance group. The values for fuel economy were found to be within the statistical bounds
of accuracy.

Equation Description

Mean Value Calculation

_ y=Mean
=(Zx)/n
y ( ')/ X = Measured Value

n = Number of Measured Values

Standard Deviation Calculation
o =Standard Deviation from the Mean
o={lxx-y1/n}"? y=mean

x; = measured value
n =number of measured values

Table 4 - Table of Statistical Comparison Equations

Interpretations of Results

It will be important to compare these results to the dual level cooling and simulation results. As
of now, it is important to note that these results are, on average, slightly lower than what is
expected from the baseline vehicle. Also, in Appendix C is the EPA FE calculator used to
determine the 5-cycle rating of this particular PF. While this test failed (a rating used by the EPA
to award credits for fuel efficient vehicles) the production level vehicle passed. Should Dual
Level Cooling result in passing Litmus test results, this will yield the understanding of a realized
improvement of vehicle fuel economy with a dual level cooling configuration.
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Dual Cooling Instrumentation
The second round of testing for dual level cooling is set to include four additional
thermocouples, six additional pressure transducers, and two additional flow meters.

Dual Level Instrumentation List - 1.4 Yurbo Dual Cooling Project

VENTS

FLOOR

CERING

ETICK-MAN

ek
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0-500psl
One - 11/4*
Three - 3/4°

PRESSURE TRANSDUCERS

FLOW METERS

STICK-MAN e ®

Figure 24 - Dual Level Cooling Instrumentation List

Dual Level Cooling Results

For the purpose of this report, only two experimental test results are covered. The purpose of
selecting only two results is in order to establish the fundamentals behind this technology,
without giving too much information about the specifics of this Chrysler LLC sponsored project.
Thus, this report will focus only on performance tests and the Hot US06 test looking at ACT,
namely, as well as fuel economy improvements on this cycle as they compare to the use of
liquid cooled charge air cooling over air cooled charge air cooling.

Performance

Vehicle performance, as is someone intuitive, depends on many factors. To safely say that intake
air characteristics directly impact vehicle performance is true, however, other contributing
factors must be understood in order to appropriately characterize the effect of intake air
parameters on a vehicles final performance. That being said, this performance section will
illustrate parameters such as ACT, engine RPM, and MAP.
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Figure 25 - WOT Performance for Dual Level Cooling

Fuel Economy

Much like vehicle performance, if not more-so, vehicle fuel economy depends on many more

factors than just intake air characteristics. For the purpose of this report, the two main

parameters identified as driving factors in fuel consumption are ACT and Fan Duty Cycle
(characterized by duty cycle). Only test realized at this time is the HOT US06 test. This is an
important test because of its high ambient thermal conditions as well as it aggressive drive

Dual Cooling Results

[mpg]
28.4

Test

HOT U506

Figure 26 - Dual Level Cooling Fuel Economy

cycle. Fuel economy results are shown in Figure 26 below.
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ACT is shown in Figure 27 for the HOT USQ6 test
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Figure 27 - HOT US06 Dual Cooling ACT

Dual Level Cooling Testing Validation: Statistical Analysis

Dual Level Cooling tests were compared using MiniTab 16. The standard deviation of the sets of
three separate tests were analyzed after being scaled according to the standards practiced by
the CPG Performance group. The values for fuel economy were found to be within the statistical
bounds of accuracy based on equations within Table 5.

Equation Description

Mean Value Calculation
y=(Zx;)/n y=Mean

x; = Measured Value
n = Number of Measured Values

Standard Deviation Calculation
o =Standard Deviation from the Mean
o={[s(x-n1/n}"? y=mean

x; = measured value
n =number of measured values

Table 5 - Table of Statistical Comparison Equations



Interpretations of Results

In general, the Dual Level Cooling scheme has performed as expected. ACTs are lower and more
steadily maintained throughout the duration of a given test and/or performance maneuver. The
comparison of the two systems will be characterized below. Climate testing has not yet been
realized, BUT similar resulting improvements are expected.

System Comparison

This section includes the comparison of the physical make up of each configuration as well as an
analysis of the dual level cooling experimental results with respect to actual baseline
experimental results. Also contained in this section, are the works going into the initial and the
second stages of the simulation efforts. It is important to note that the area in which these
systems are compared in terms of vehicle dynamics is by way of fuel economy in the simulation
section.

Experimental Results Comparison

Performance results provide evidence that more understanding of the vehicle powertrain is
needed. The results show only a slight improvement in areas like MAP, Time to Boost, and Time
to RPM. Additional work will go into the integration of existing powertrain components and the
new Dual Level Cooling components. The results in regards to these parameters are
characterized graphically below.

The parameters shown that respond as expected are: Time to Boost, mass air flow versus time,
and temperature versus time. There is an error that can be seen with respect to air flow and
pressure, however. The MAP does not reach the same value in the Dual Cooling test as it does in
the Baseline test. At the point where it essentially “dies off”, the mass air flow drops as well.
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Figure 28 - WOT Test Performance Parameters Comparison



This connection is not by coincidence. It can be pointed out that there is a mechanical issue that

occurs here. HOWEVER, the overall time to boost max is improved (2 seconds) as expected from

the bench marking process. Final characterization will occur when the vehicle integration can be

completed. Changes in ACT are governed by the equations in Table 6. Reductions in time to

boost; pressure vs. time, mass air flow vs. time, and rpm vs time are all directly vary with the

volumetric reduction in intake line size as described in the mass and volumetric comparison

section of this report.

Equation Description

Q =Myot *C

General Equation for Heat Transfer
Q=heattransfer
p*AT Myot = Mass flow rate of medium
C, = constant pressure heat transfer coefficienct of medium
AT = Difference in two medium temperatures

General Equation for Heat Transfer
Q. = convective heat transfer
Q. =hc * A, * AT h.=convection heat transfer coefficient
A =cross-sectional area
AT = Difference in two medium temperatures

Table 6 - Table of Heat Transfer Equations

Fuel economy results provide are promising. The
results show an improvement of 5 miles per
gallon. It is understood that ACT and Fan Duty
Cycle (characterized by fan speed here) are major
fuel consumption factors. These values
dramatically improved. Because of the overall
dramatic improvement, much more will go into

Dual Cooling Results  Baseline Results
Test

[mpg] [mpg]
HOT Us06 28.4 23
FE Delta 5.4 mpg
FE Percent Improve 23%

Figure 29 - HOT US06 FE Comparison

determining the reason behind said improvement and additional tests to ensure accuracy. The

results in regards to these parameters are characterized graphically below.
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Fan Speed Comparison-
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Figure 30 - Comparison of ACT and Fan Speed Results during HOT US06
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Effectiveness Study

In understanding the effectiveness of the baseline versus dual level cooling heat exchangers, the
approach must be a “systems” approach. That is, the air intake cooling system and the
refrigerant system but be looked at as a whole, rather than by component analysis.

In the baseline consideration, the “system” consists of the air cooled charge air cooler on the air
intake side and of the air cooled condenser on the refrigerant side; while these “systems” are in
fact components, they make up the entire intake air cooling system and refrigerant
cooling/condensing system respectively.

In the dual level cooling consideration, the “system” consist of the low temperature radiator
AND the liquid cooled charge air cooler on the air intake side and of the low temperature
radiator AND liquid cooled condenser on the refrigerant side; each system now consists of TWO
components.

Below is an analysis of “system” effectiveness for the baseline and dual level cooling
configurations. For each system type, a design point for inlet temperatures of the hot and cold
fluid were established and the outlet temperature was dependent on that condition in each
system. It is shown that the overall system effectiveness is IMPROVED when switching from an
air cooled to liquid cooled system scheme. Effectiveness is determined using .

Effectiveness = (Th ;, = Th )/ (Th iy, = Tc ;) Equation 2 - Effectiveness
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Figure 31 - Effectiveness Analysis
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Simulation Results Comparison

Model calibration is necessary before comparing experimental results to simulation results. In

order to achieve this, a model was created and run for fuel economy results for the baseline

system. In doing so, model calibration coefficients were determined for each type of vehicle

Baseline Results

Test

Experimental Simulation Model Model Calibration
[mpg] [mpg] Coefficient
FTP75 243 23.88 1
HWYFE 34 34.04 1.19
EPA CTY/HWY 28 28.21 0.85
usoe 28.3 28.54 1.12
SC03 226 22.91 1
FTP20 292 20.26 0.8

Figure 33 - Baseline Simulation and Experimental Comparison for determination of Model Calibration
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Figure 32 - Model Correlation Plots
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test. Separate coefficients were needed because of the variety in testing procedure and
characteristics between each test. Figure 33 shows the comparison between the baseline
simulation and experimental results. Figure 32 shows a validation of the accuracy of the model,
as well as the need for calculated calibration for each test. Here, the vehicle speed, engine
speed, and vehicle torque values are compared between actual vehicle and simulation models.

After verifying the model for accuracy, it is then possible to run the simulation model for Dual
Level Cooling. In doing so, because of the proprietary nature of the data, only percentage
increases are able to be reported in this report. Table 7 shows these results below.

Test Baseline Simulation Model Dual Level Cooling
[mpa] Improvement

FTRP75 23.88 4.90%
HWYFE 34.04 5.26%
EPA CTY/HWY 28.21 5.05%
USO06 28.54 5.18%
SC03 2291 4.83%
FTP20 29.26 4.69%

Table 7 - Dual Level Cooling Fuel Economy Improvement
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Figure 34 - Model 2 Correlation to Baseline

RPM
o0 *MAP  MAP RPM 6000

320 267 960 | RPM

VE(RPM,MAP) = 12 + Equation 3

These results are then again validated by Equation 3. The approximate improvement in vehicle
charge and temperature, while unable to be reported because of its proprietary nature, is
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known and used in determining the improvement in volumetric efficiency of the engine. Both of
these results show an improvement of around 5% in terms of fuel consumption at every test.

The second portion of simulation is being used by properly calibrating the baseline Flowmaster
model in order to manually drive the system inputs in order to understand how fluid
temperatures respond throughout the system. This is in the initial stages and correlation efforts
are underway. This data is shown below. At the end, there will be a fully functioning model that
will apply external conditions to the math model system in order to calculate fluid temperatures
over any given drive cycle.

Packaging Study

When you look at the engine bay layout of a traditional vehicle today, one can notice that there
is not a great amount of open space. Components are carefully designed and packaged so that
vehicles are not required to be oversized, thus making a vehicle larger and heavier. When a
vehicle is in the development stages before production, designers can dream up the most ideal
components to achieve the greatest vehicle performance. However, these components may be
too large or unique in shape that they introduce many packaging issues. If components are able
to be manufactured into smaller volumes while still providing their specific function, they will be
desired over a larger counterpart. As previously mentioned, a Dual Level TMS will allow for a
better overall packaging layout. This is a result of the transfer from air-air cooling to liquid-air
cooling.

Another byproduct of the ability to decrease packaging size is the location where the condenser
can be placed. The condenser contains refrigerant, usually R-134a, which is known for some of
its ozone depletion properties and toxic traits when exposed to high temperatures. During
vehicle front end crashes, the refrigerant can be leaked if damage to the condenser is extreme.
This is desired to be avoided and with movement of the condenser, the possibility of refrigerant
leakage to the atmosphere is reduced.

Charged Air Cooler

The charged air cooler is packaged in
front of the HTR on the baseline
configuration and is a part of the front
cooling module. Figure 35 shows the
location of the ACAC in the front
cooling module. The dimensions that
are listed in the table are the outer s
dimensions of the ACAC, which will be

used in calculating the overall volume

requirement of the ACAC.

Figure 35 - Location of ACAC and ACOND in front

cooling module
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The LCAC will reduce
the overall volumetric
requirement that is
needed for  the
charged air cooler.
This component will
no longer be
packaged at the front
of the vehicle.

Instead, it will be

manufactured in

Figure 36 - (Left) ACAC shown with plumbing connected to the intake combination with the
manifold. (Right) LCAC and intake manifold combination mounted atop the

intake manifold. This
allows for placement onto the top of the engine where the intake manifold is mounted. Figure
36 shows the comparison of the baseline and dual level configuration of the charged air cooler.
As it can be seen, the integration of the charged air cooler and intake manifold offers a
reduction in the total volumetric requirement and amount of plumbing needed to transfer air
from the charged air cooler to the intake.

Condenser
In the baseline
configuration, the

condenser is packaged
within the front cooling
module, found at the
front of the engine bay.
It is placed atop of the
ACAC and in front of the
HTR. Figure 35 above

shows the location of the ]

“hin the f Figure 37 - (Left) ACOND, shown in blue, connected to all AC loop
ACOND within the front components in the baseline configuration. (Right) LCOND, shown in blue,
cooling module. With the connected to all AC loop components in the dual level configuration

transition to a liquid

cooled condenser, the overall system was able to decrease the volumetric requirement as well
as decrease the total length of refrigerant lines needed. In the Dual Level configuration, the
condenser can be moved from its baseline location and be placed between the engine and
vehicle firewall. By placing it closer to the evaporator, the system is able to achieve a reduction
in plumbing as previously mentioned. Figure 37 shows the baseline and dual level
configurations for the air conditioning loop. By comparison of the condenser for each
configuration, shown in blue, it is evident that the overall weight and volume requirement will
be significantly reduced.
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Front Cooling Module

The design transition of replacing air cooled components with liquid cooled components will
introduce another radiator, the low temperature radiator. This will be placed in the area that
the ACAC and ACOND previously occupied. Although the low temperature loop is comprised of
three heat exchangers, rather than two, the overall size of each is heat exchanger is smaller
which allows for a variety of packaging combinations. Figure 38 shows the two configurations
for the front cooling module. With the LTR replacing the ACAC and ACOND, the overall thickness

of the front cooling module is slightly reduced.

Figure 38 — (Left) shows baseline configuration for the front module. (Right) shows the LTR

that replaces the ACAC and ACOND.

Volume and Weight Improvements

The low temperature loop addition allows for a Comparison Summary
reduction in both weight and volume of each [companent [ Weight [ Volume
component mentioned above. Figure 40 shows CAC
the amount of weight reduction that is seen Baseline| 1264 |bs 3713.09 em3
between the Baseline and Dual Level TMS. The Dual 1 vel 22 1hs 163225 o
L . ] . . % Reduction 5.06% 45.82%
most significant reduction in weight is seen at
the condenser and that is apparent from the Baseline 732 1bs 4506.13 cm3
conclusions drawn above. With a reduced Dual Level 6 Ibs 1192.8 cm3
weight in each component, the vehicle can X Raducion 15:00% DK
become lighter. Although this is not a | frentModule
onif : ; Smcirne 18.01 Ib 8219.22 em3
significant amount of weight reduction when |acaciaconn) it A o
compared to the overall vehicle weight, every 3:’:}' Level 165 Ibs 6618.996 cm3
amount of weight that can be reduced has an [, 7 2.38% 19.47%

impact on the overall fuel consumption needed
to propel the vehicle. Figure 39 shows the
volumetric requirement for both the Baseline

Table 8- Volume and Weight Improvements
Comparison Summary

and Dual Level TMS. Due to the condenser’s internal fin geometry and tubular design, it requires

much more weight from internal supporting materials because of the high fluid pressure that
the condenser must be able to withstand. The LTR will not contain coolant that is near the

48



pressures that are present in the air-conditioning loop. Therefore, it does not need the amount
of internal support that the condenser does. A summary of these results is shown in Table 8.

Component Weight Reduction
i
CAC

COND Front Module

N Baseline

Weight

m Dual Level

Figure 40 - the overall weight reduction of each component in the TMS

Component Volumetric Reduction

m Beseline
n Dual Level

Yolume

CAC COND Front Module

Figure 39 - the overall volumetric reduction of each component in the TMS 43



Conclusion

Proof of concept for Dual Level Cooling technology was initiated with this project. In completing
this work, the groundwork has been laid for future work in this area. There has been a full
development and understanding of the geometrical and theoretical advantages to
implementation of this technology, as well as full test scheduling and planning for the way in
which baseline testing was completed and for the model that dual level cooling testing will
follow for comparison purposes. The final results of this project at its current stage indicate an
overall improvement in fuel economy based on experimental and simulated dual level cooling
results with respect to baseline experimental results. From the same data, it can be
hypothesized, based on heat rejection capabilities of new components, that dual level cooling
will prove to impact the AC Performance and CAC performance of the new system, resulting in
faster time to boost numbers and lower cabin panel temperatures. In order to fully appreciate
the benefits of said technology, completion of testing at a level that involves all groups related
to powertrain and performance is required. The concept is, to the degree that production teams
could fully calibrate the new vehicle components, focusing on system integration, realizable.
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Appendix A

Timeline
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The timeline that is presented here forth is the project timeline that was established during the

planning phases of this project. The timeline presented is a two year timeframe that was

condensed into one year time slot. It must be noted that the timeline presented was a best case

scenario. With many project obstacles, certain dates were pushed back and as unexpected

events arose throughout the project, the timeline had to be adjusted accordingly. Although the

timeline lists more tasks that what was accomplished, this does not mean that project goals

were not met. It is simply a proof that a two year time frame is more appropriate for future

references purposes. The following table names each task and specifies the anticipated dates in

which each was to be completed. The overall Gantt chart is shown after the task list table.

Tazk Mame
1 1.2 L Turbo Dual Level Cooling Project
2 Project Initiaticn
3 MILESTONE 1- Projact kick-off mesting
4 [Establish online work sharing site O list timeline et
5 CTC ared CPG Meetings
& Sxing of thermol system components
7 Lows Teermip Circuit
& Generate sizing inputs for LT Electric Coolant Pump
9 Generate sizing inputs for Liguid Cooled CAC
10 Generste sizing inpurts for Liguid Cooled Condernser
11 Generate sizing inputs for LTR
12 Generate sizing/gather information inputs for LT Yalve{s)
13 High Temnp Circuit
14 Generste sizing inputs for Mech Coolamt Pump
15 Generate sizing inputs for HTR
16 MILESTONE 2.1: &ll Compenents Sized
17 Hardwars Proqurament
18 Mule vehide available for development:
12 Component prototype builds
20 CAL prototype build
21 LT Coolzrt Pump protosype build
22 LTR Protoype build
23 Condenszer prototype build
24 IT Vahve|s) protosype build
25 Mech Coolzamt Pump protosype build
26 HT Valve|s] prototype build
27 HTR prototype build
2B Obtain instrumerntation and DAD hardware for vehicde build
29 MILESTONE 4: Prototype harcware MRD - 5l components
30 Simulstion
31 Baseline Simulation Model
32 Flowmaster
33 1D modeling for initial HTR design
34 1D modeling for initial Mech Coolant Pump design
35 10 modefing for initial Cooling Fan design
36 10 modefing for initial AC Compressor design
37 1D modeling for initial Air CAC design
38 1D modelfing for initial Air Cooled Condenser design
39 Develop entire Baseline thermal system prediction model [VehBalance)
40 Gather engine vehide trans. inputs for globsl vehicle enerzy model
41 Build global wehide energy model for Baseline
42 lterate and optimize thermal system for FE performance using vehicle energy model
43 MILESTONE 5: Simuwlation Medel for Baseline Complete:
44 Duzl Lewel Simulztion Model
45 Flowmzster
45 10 modefing for LTR design
47 1D modefing for LT Electric Coalant Pump design
48 1D modeling for Liquid Cooled CAC design
48 10 modefing for Liquid Cooled Condenser design
50 10 modeling for LT 3-way by-pass Valee design
51 Develop entire Dual Coofing thermal systemn prediction model [VehBalznoe)
52 dszemble Design Spec’s of CRF Components
53 Build global wehide energy model using inftizl designs for each component (VehEBalance)
54 lterate and optimize thermal system for FE performance using vehicle energy model
55 Refine component designs (His valves pumps etc))
56 MILESTONE & Simulation Model for Dual Cooling Complete:
57 Run vehicle energy model with frozen designs for each component
58 MILESTONE 7: Fuel sconomy prediction for new thermal system

3 days
41 days
7 daiys
B days
1wk

0 cays
65 days
12 days
3 days
3 days
3 days
3 days
0 cays
65 days

8 cays
B cays

0 cays
2 wks

0 cays

Start

Thu 1/5/12
Thu 1/5¢12
Thu 145412
Thu 145412
Thu 1/15/12
Fri 271012
Kon 4730712
Meon 5,/28/12
Maon £/30/12
Mon 57712
Mon 5714712
Mon 572112
Mon 57712
Mon 5/7/12
Mon 5714712
Fri 2710132
Fri 2/10y12
Tue B/14712
Fri 271012
Fri 2/10y12
Flon 6/4/1F
Fri 271012
Fri 271012
Fri 2710412
Mon 571412
Man 5714712
Mion 5/14/12
Fri /10412
Thu B/23/12
Fri 2/10y12
Kon 4730712
Ion 5714712
Mon 5714712
Thu 5/17/12
Tue 5/22/12
Fri 5/25/12
Wed 5/30/12
llon 674712
Flon £/30/12
Mon £/30/12
Thu 6712
Tue 6/15/12
Mlon 52512
Mon £/30712
Tue 6/26/12
Tue 62612
Fri 6/20/12
Wed 7/4/12
Mon 7/9/12
Wed 7711712
Mon £/30/12
Flon £/30/12
Thu 771212
Tue Ti24712
Fri B/3/12
Thu Bf2/12
Fri 2/10y12
Thu Bi2i12

Finish

Tue 12/4712
Wed 2/15/12
Thu 1/5/12
‘Wed 1/16/12
Wed 2/15/12
Fri /1112

Fri 6/1/1F

Fri 6/1/12

Fri 5/4/12

Fri 511712
Fri 5/18/12
Fri 5/25/12
Fri 5/18/12
Fri 5/11/12
Fri 5/18/12
Fri 2/10/12
Thu B/23712
Tue /1412
Fri 6/22/12
Thu 45712
Fri 622712
Thu 2/23/12
Thu 2/23/12
Thu 271612
Ion 5714712
Man 5/14712
Mon 5714712
Thu /23712
Thu 823712
Thu 8/30/12
Mon 6/25/12
‘Wed 6/6/12
‘Wed 5/16/12
Mon 5/21712
Thu 5/24/12
Tue 529712
Fri 6/1/12
'Wed 6/6/12
Mon 6/25/12
Tue 5/B/1F
Mon 6716712
Mon 6/25/12
Maon 6/25/12
Thu B/2/12
Wed 7711712
Thu 6/28/12
Tue 773712
Fri 7/6/12
‘Wed 7711712
Wed 7711712
Thu B/2/12
Fri 5/4/12
Man 7/23/12
Thu B/2/12
Thu /30412
Thu 8/2/12
Thu 2723712
Thu B/2/12

Predecessors  Location

62F5+5 days

3F5+5 days

BAF5S5 days

]
10
1

ERds EEEskR & HEEED dYEHRY

S

Performed By

RACMT
MCMZ
MACMAZ
MAC/MZ
MCMZ
MACMAZ
MAC/MZ
MCMT
MCMZ

CARLOANDREA

CARLOANDREA
CARLOANDREA

EEE

iiiiiig ;iﬁ;iiiiiii
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Tazk Name
59 Pazelins Testing
60 Mitch Begin Internship
61 Complete DVPER for baseline testing
62 Obtain test vehicke from Chrysier - bezin brezk in (= 2000 miles)
63 lInstall baseline instrumentation
64 Set up INCA esperiment configure all sensors
65 Update Vehide Electrical
66 CPG Vehicle Testing
67 Coast Down
68 Performance Testing
69 WOT Tasts
70 Bceeleration test on Owal
71 22C Testing
72 SFTP-UIS06

76 SFTP-5003
77 FTP-75 COLD Test [20F)
78 NEDC (20C)
79 CTC Vehicle Testing
B0 6325
51 UsCTY
82 CD25
83 MILESTONE 3: Baseline Testing Complete
B4 Anzlyze baseline performance and estsblish performance
85 Instaliztion and Hardware Un-install
56 Lontrols Development
87 Devedop prefiminary controd algorithm for actuated devices
B& Optimize control strategy within vehide energy model (WehEBalance)
59 Generate C code for ECU-based control of actuated devices
90 MILESTONE - Prefiminary centrol system complete
91 Implement thermal control system in HIL environment - optimize
92 Revise calibration of actuated devices based on HIL results
93 Implement thermal controd system on mule vehicle:
94 Revise calibration of actuatad devices based on vehide test results
95 MILESTONE & Finzl thermal systern calibration complete
56 Duml Cooling Vehicle Build and Instrumentation
97 Vehicle modifications with all new components
9E Modify coolant circuit with new components
99 Medify oil circuits with new comiponents (if applicable)
100 Install all pressure flow temperature sensors
101 Install new ECU {w;/ ETK] and configune angine cal.
102 S=t up INCA esperiment configure all sensors:
108 Debug instrumentation identify/repsir Auid leals on-rozd verification
104 MILESTONE 10: ¥ehicke Build Complete - Ready for Testing
105 Dusl Cooling Testing
106 Complete DVPER for Duzl Leve| Cooling testing
107 Vehicle testing
106& Performance and drive opcle testing at CPG
109 Climate drive cycle testing st CTC
110 Steady state RPM testing for thermal model correlztion
111 MILESTONE 11: Vehicle Testing Complete
112 Project Finalization
113 Final project reporting
114 Generate project report with recommeendations
115 Generate prefiminary DFMEA for thermal system
116 Generate Production Feasibility of new system

117 MILESTONE 12: Technical feasibility of new technologies demonstrated

118 MILESTONE 13: Senior Design Presentation

Durztion
TOdays
0 days

2 wks

0 days
Fwks
10 days
2 days
14 days
2 days

0 days

O cays
30 days
20 days

1.5 wis
1.5 wis
0 cays
O cays

Start

Mon 4730712
Mon 43012
Muon 430712
Mon 521712
Mon 521712
Mlon 5728712
Tuee 6/5/12
Mon 611712
Mon 611712
Tuem 6/26/12
Tuee 6/26/12
Tuee 6/26/12
Wied 771512
Wied 771512
Wied 771812
Mon 7/23/12
Mon 7/23/12
Mon 7723712
The 7/26/12
Tuee 7/31712
Thu /2112
Thu B/2/12
Thu B/2/12
Thu B/2/12
Thu B/2/12
FriB/3/12
Wed 8/E12
Mon 6/4/12
Mon 67412
Mon 6711712
Mon 625712
Fri 7413/12
Mon 7716712
Man 8/6/12
Man 2720712
Toee 10,/23712
Mon 115712
Fri B/24/12
Fri B/24/12
Fri B/24/12
Fri 8/31/12
Fri B/24/12
Fri9f7iil

Fri 9712
Frigfi4/12
Thu 8/20/12
Thu 8/6/12
Thu /612
Frigf21/12
Toee 8/25/12
Frigf21/12
Toes 1016712
Men 10722712
Tuee 10,/23712
Tue 10723712
Toee 1023712
Toee 1023712
Thu 1171712
Mon 11/15/12
Toee 12/4712

Finish

Thu 8716112
Mon 4730112
Fri 511712
Mon 5/21712
Fri 6/E/12

Fri 6/E/12
Wed 6,/6/12
Thu 6/28/12
Tue 6712712
Tue 6/26/12
Tue 6/26/12
Tue 626712
Fri 7/20/12

Fri 7/20/12

Fri 7/20/12
Woed 7725712
Woed 7725712
Woed 7/25/12
Mon 7730112
Wed 8/1/12
Thu /2712
Thu 872712
Thu 872712
Thu 872712
Thu 872712
Thu 8/16/12
Tue 814712
Mon 1175712
Fri 6/E/12

Fri 622712

Fri 7713712

Fri 713712
Fri8/3/12

Fri 817/12

Fri 831712
Mon 11/5/12
Mon 11/5/12
Thu 920412
Thu 9713712
Thu 873012
Thu 9/6/12
Thu 9/6/12
Thu 9713712
Thu 9713712
Thu 9720412
Thu 920412
Mon 10/22/12
Wed 9718712
Mon 10/22712
Mon 10715712
Mon 9724712
Mon 10/22712
Mon 10/22/12
Tue 1274712
Mon 11/18/12
Mon 11718712
Thu 1171712
Mon 11712712
Mon 117159712
Tue 1274712

Predecessors  Location

PG/ Road
62 Livonia

G3F5-10 cays
63F54days  CTC

%9

-}

GRddd daad

B3F5+3 days

2390

108 109

B8 T

b1

g5 88

28 Livonia

58 Livonia

28 Livonia

59 Livoniz
100 Livoniz
102 Livoniz
108

108 CPG
10 CTC

110

im

i
115

Performed By

MZ

MCMEZ

KL/DH
LIVONIA - JOHN GREEM

LIVONIA - DAVE WARDELL
ERIAN BASS

ANDY TOUNG

MC/MZTH
LIVONIA - JOHN GREEN

MEZ

MESSK
Controls Team
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2012 : 2013

fo— Project Start

I

| I

Project Initiation B Critical Parts On Hands - Sept 2012 |
I

I

Hardware Procurement _ ! I

Sizes "Jalidated
Component Sizing/Sim —: I

' Eointmls implementation complete
Baseline vehicle build completIe |

Vehicle Build/Instrumentation _ _ - Dual I:DC%II"Q Vehicle build complete

I | Baseline * Dual Level Cooling

Calibration/Vehicle Testing

-+ Testing Testing Complete
Complete I
Project Finalization i : B Project
| End

Current Date
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Appendix B

DVP&R
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DESIGM VERIFICATION PLAN AND REPORT
CHRYSLER GROUP LLC

WESTERN MICHISAN UNVERSITY

DVP NUMBER

oer T 8

12507880

PLAN DATE:

Sa2012

PLAN ORIGINATOR:

R, DAN HORNBAL

CONCURREN CI

raamaGER AR

COMPONENT | ASSEMELY :

141 TURED FF

REPORT DATE:

SA2011

EEroRTING ENGR:

MITCHELL Zajac

M [APPLICATION : REVESIGH DT an
TEST FLAN
0| FROCEDURE OR .
TEsTND | PROCEONRES TEST DESCRIFTION FURFOSE ACCEPTANCE CRITERIA | TESTRESP. | Phata | Giy. |Pianned start stat | Complets | CHyFE | HwyFE [Notes
icie Instumesisd e
chicic & driver weighed ecessary i sef chassis dyno road load o == = B
=iciz citven 1 TOMEH refisct sctus vehics chamctenstics - Az
oot ComstDown  [4) Shit o neutral arag. tr= o restsiance, whesibearma and [ oo e | SRS Folaw Chiysier Goasidoan GRS Frocess - 562 comments
SpE Coast Down - Coast down from 7010 45 MPH, 25 03 10 MPH brake crag, axie and trans spin sz, EE = =
51 Rcord dam; s 1o derive Foynamial Fore Gascient fom vecly, Bme and |drvetan netia Dual -
mass1 Goolng
Foertorm wide epen thrsttis (W/0T) accekerations from a standing siart and recerd
[the s ng: Baseine
- Launch Sesponse Time (Control Input o Inal Vehici 1 T S [fB increae imparomance 1 peir corcssts of b oppaste diectons — 1 mimée delay
o 0100 (s 3431)  (imveinty <! h e EazUMEs unch response and m'""‘_‘:m:" R”mxm E“:‘F:' ) S s e 4 e Pl e ekt
- Acceieraton Response Time (VM a2t end speed) o e — comment
|z prtorm the sciuing text st wise-cpendnmite: Dual
- €4 b 37 kmih 40 1o 53 mph) — Eapssd T caoing
Basene | : | smsmoiz
Compartson of Sme ko boast canes; 1
gy | ACTETSRISSEON o ing dmen 26— Actmemi i 100MERSE et atect on TmetzDomtang o o I parTemance g Fomw [Timz_ta_MAF) Test procedre - se2 coments
ol E frar Tz 1o haae Brian Bz
Dual 013
ook || 2 TRz
Basmre | 3 | smazonz
Eazsine i Dus Coni .
o4 FeTs ran an dyma, ciy cyce, ransient cycle, 10 min peuse, highway CCe cty mpg, highway mpg, averaged mpg mprvement- 7% aease | ot FTF-75 Standard Test Frocsdun:
in fust mcznomy
Dual P
conmg | * | BEmm2
£ 002; The USDS Froe T 5 )
uzed i addition to the above-mantioned STF-7E. The US0S smulates aggrassie Eazeine ] enzzm2
acceicraton, igher speed driing behavioar: Alsa nciuded ans rapkd speed 7o compensais for the shoroomings of  (Bassine fo Dusl Cool ~
cos SFTF-USDSINC  [furtustions and oriving behaviour folowng star-un. The Cytie Mkes S35 seconds the FT-TS that noude agoresswe high  (mpnovement - 1-1% nonease E::' ”mmmrﬂ";‘;‘.‘:""‘:"_m:‘?‘m s
incary 10 mirsies) to compictz, win @ fokl dstanos of B.01 miks boveled. The  [spesd ditving. in fusl economy =2 S
masmumn zpesd of the cycie = 503 mEh. The aversgs soeed of e cye 2 8.2 Dual A
man. Cooly
Basene | 3 | smEzoiz
Eassine o Duat Cod
005 | SFTPUSDS3EC  [Same ms D04, butathigher immpsrature T sstm e penetofa I £ | mprovement - 1-2% paease | OFS USDS Standard Tast Procesurs 3t HIGH femperaturs
[ in fust aconomy ==
Dual P
conig | 3 | memmz
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DESIGH VERIFICATION PLAN AND REFORT VP NUIMBER 1 oer #: 12507880
CHRYSLER GROTP LLC FLAN DATE: STIT0IZ_|PLAN GRIGIMATOR: MITCHELL ZAJAC, MATT CUTLER, DAN HORNEACK
WESTERH MICHKIAH UNWERSITY CONCURRENCE: ramaGER arrvi
| COMIPONENT | ASSEMELY : L4L TURED FF WEFIT DATE reroRTInG EnGR: MITCHELL ZAIAC
MY: [AFPLICATION : REVESIN DATE:
TEST FLAN
| PROCEDURE OR .
TesTHo| FROEERRE TEST BESCRIFTION FURFOSE ACCEPTANCE CRITERIA | TESTRESE. | Fhaee | @iy |Planned Siar| Daye sttt | Compiete | CRyFE | HwyFE [Notes
[The US 503 Speed Gomertion Driwng Schestis b5 used n addton i e above] Bassme | 3 | emEemz 3
mansaned FTP-TE. I 2imUistes rban Sring nd Engine la3d W e ar-
7o comparaate for the shemeaminge of  [Sazmine 1o Dus Cow
— srpoop  |FEnooning unt med on for e entre duraton of e st (ARG fan spesd o pe [0 TSR T AR SATRR o (FRERR I SUSIEES cre 5003 Standard Tazk Frocedure af sandard femgsratum - 10 min zaak
ietemmines]. The CYCE takes 536 seconds (neary 10 minutes) Io compiese, wihal = o ::I“"“ = Brian Bass o35G mmedately biowing US0E Test
fiotal cssance of 3.6 mies traveied. The masimwm speed of the Cycie 15 54,8 mph. |© — S e
[The average spesd of the cycie & 21.5 mah. commg | * | emm2 2
Bamine | 3 3
Bazsine to Dual Cool
. FTEzn , - , oty mpg, nigway mog, averaged meg - "y cPE .
008 | oo e ey [N dma, By Cyie, emsent cycle, 10 min pse, Fighway Y iy mprvement - 1-2% povase | o SP8 FTF-75 Standard Test Procecurs
n fusi azonemy
Dux )
STRM2 3
Coging |
The entre yeis icudes four ECE sagmanss, reseniad winout insmunten, Baseme | 2 | szmoiz !
et by one EUDG segment. The Lhan Sconcmy s mensumd usng Dis test e smne o D o
. Cycie known a3 ECE-15. 1 smuaies 3 2515 mie utan rp atan avenpE e | e cPE
e FIEDG o2 o 11.5 mph and st 3 magmum spesd of 31 mpn. The ssrsuman cyse or EUDG | 0P =en B Eumpean Stndand: :m’;’ﬂ Sromae | Emm
252 400 3econds (5 minutes 40 seconds) af an average spesdn 32 mph and a Dus
ton spesd of 74.5 mph commg | 2 z
SEGD - 101 min eng off, windows down. E5mph wind =Ts
=E50 - aperoach s5mon m R
o g2 2531 -85 moa 30 min Stanmy of Sy Zse Comments cre Folow 55 - sme commant
BEG2 - 25meh 0 mih
5553 - 30 min park e Dual
Coolng
Sazsine
011 | USCTY fLazvagss) [1.5h; 08 40 01 ey 0 40 30 min) HARSHEST CondMors 228 Commente. ere Fnow LISCTY Tazt Sindam versicn & Procssurs - e commant
Duat
Goaing
1. 25 e for 30 minutes
2. For aumeatic trnsmiss
|- Set arve: c24 wind speed B0 25 MPH Easeine
2. Drtem ictie fr 2 munutess
D28 Hamontsa
mz ool doum) [ Wind DM HVAZ Parformancs - Tetal Capacty S Comments cTe Falow SO2E procedurs - st cemment
== . S5URH for 13 minui=s -
Sreminin 3t gear an siow veRicie sDeed tn match St pear engine mm. Dux
|s. Pare ke for 20 mirates Coing
| Wi 0 hEH
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Appendix C

EPA Fuel Calculator

59



Fuel Economy Test Results

Enter additional information to identify this "group" of tests
Note: This block of data is not used in any calculation.

Itis only provided to the user for data tracking/loggin

Engine Family / Test Group

purposes.

1.4L Turbo Fire

Model Year 2013
Manufacturer EPA
Division -
Carline Code -
Carline Name -
Engine 1.4L Turbo Fire

Transmission
Model Type Index
Base Lewel Index

Configuration Index

ddct

FTP 75°F Test FE Bagl Bag2 Bag3 Bag4
AVG 31.1000 28.8000 | 30.4000 | 34.9000 | b
HFET Test FE
AVG 48.1000
US06 Test FE Bagl (City) Bag2 (Hwy)

AVG 28.3000 18.0000 | 33.7000 | b

FTP 20°F Test FE Bagl Bag?2 Bag3
AVG 29.2000 25.2000 | 29.1000 | 33.7000 | b
SCo3 Test FE
AVG 22.6000

Vehl(.:l.e Modified Derived .V5C PSC
Specific 5-Cycle 5-Cycle Litmus Litmus
5-Cycle Value Threshold
RequiredData | Std-3 | Std&-3 |  Valid | [ vaid ] [ vaid ]
Start Fuel 75 0.02184814 | 0.02184814 |
Start Fuel 20 0.03603222
Start FC City 0.00203250
Running FC City 0.03536308
FE City 24.20072185 | 24.26171636 | 24.26171636 24.20072185 24.26171636
City (4) 24.2007 24.2617 24.2617 x 1.00 X 0.96
City Label 24 24 24 24.2 >= 23.3
Litmus City PASS
Start FC Hwy 0.00013889 | 0.00016688
Running FC Hwy 0.02870168 [ 0.02851389
FE Hwy 31.37941083 | 31.55424192 | 34.04621338 31.37941083 34.04621338
Hwy (4) 31.3794 31.5542 34.0462 x 1.00 x 0.95
Hwy Label 31 32 34 . 314 32.3
Litmus Hwy
FE Comb 26.97800456 | 27.07777888 | 27.86539197
Comb (4) 26.9780 27.0778 27.8654 [ Quality For: ==> Modified 5C |
Comb Label 27 27 28

Subconfiguration Index -

This spreadsheet contains a macro that performs ASTM rounding.
When opened, select "enable macros" to make it available.

The "Fuel Economy Test Results" should be ASTM rounded to 1 decimal

place by the user of this tool if the value is derived from a single test. If the
value is derived from multiple tests harmonically averaged together, then the
value should be ASTM rounded to 4 places. It is the responsibility of the
user to round the input values appropriately PRIOR to using this tool.
Data that contains more than 4 decimal places will NOT be accepted.

If a calculated cell reads, "-" then there is insufficient data, or the data does
not fit that particular calculation. The number of FTP 75°F bags entered,
and test types that have data will determine the calculation type(s) enabled.

"Litmus Test" calculations are based on the official tests within an Engine
Family/Test Group. There is ONLY 1 official test for each test type.
Therefore, if using this calculator for litmus test purposes, each test result
should be rounded to a tenth. If ANY of the test results have been
entered to more than a tenth, the litmus test calculations will be
disabled.

*** See Notes at the bottom of this page ***

Note: The constant in the Modified 5-Cycle "Start FC Hwy" equation was corrected from 0.0055155 to 0.005515.
Note: The input rounding for both Model Type Derived 5-Cycle calculations was changed from 1 decimal digit to 4 decimal digits.
Note: The "Litmus Test" calculations are based on a single test of each type, so in all cases the input rounding should be 1 decimal digit.

Notes based on: Federal Register / Vol. 74, No. 226 / Wednesday, November 25, 2009 / Rules and Regulations
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The EPA Calculator found on the previous page is given to Chrysler from the Environmental
Protection Agency and is used to calculate the fuel economy that represents the city and
highway miles per gallon. Each fuel economy test results in a Bag Summary Report that lists the
fuel economy achieved during each. Each test is ran a multiple number of times; therefore, the
average from all of the tests are the values that should be entered into the orange cell on the
right side of the calculator sheet. Other rules specific to the calculator can be found on the right
of the grey cells.

Based on internal logic equations within the calculation sheet, the quality for the fuel economy
calculation can be evaluated. As it is seen in the EPA Calculator, the quality is only for the
Modified 5C (five-cycle) fuel economy result.
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Appendix D

Instrumentation Placements
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Manifold AIR Temperature and

Pressure

Tompetatore and pessare
ntake maniiold ostiet, nto
engine cylinders [type b, 75pul|

Turbo and Turbo Coolant Valve

Tempesature

woaf Twbo

coodent inket
by &)

Temperatuare
near Turbo
coclent outie
(type &)

Fressure
maat turko
valve outhet

Itype &
pd)

75nd)

Presore newr
Dt wahee
Irvket {type b,

S

HVAC

Temperoture and
Pressine T
Condenses inbet
[type b, 50050

S

( 200 o)

' 4 Temperature ated prosuure
,L near Condenser ouiet - as
- chwe e possibie (Ypw K
e
e

Tamperatuee and
prowies near
Comgressor iniet
(ppe b, S00p)

Termpeseature and
peesane new
Evapocator niket
(rype & %0005

Terrperalios and prevssre
mear compreyar cuthet — m
chose 25 posshile iyps &
S0

iz
Boameter
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Charged Air Cooler

Tempeatie
and presiure
roar CAL octiet
itype k. opu|

Terrgreratre
anc proseen
eet CAC lodet

(tye &, T5¢nl)

Coolant in/out of Radiator and Pump

1%
fow
matw

Temperature .
and pressune
neat ket to
thirer cover —
AFTER Jurction
{tvpe k, T5pall c .

SEE NEXT SUDE D

Temmgeratime
and presiuie
near racdigtor
outiet (type
A, 75080

Temperature
el prosuiin
‘et it
et (type k
i)

Fan Speed Sensor

Fan speed
sensor
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In Cab - Floor

“m | rermpeatun s corce: of can

foer mat. Fied to center of
e mat, cornd/protectod
by wmall cage (type b

Water Pump Inlet

Teenperature and Presesre near Inket to times cover
— AFTER junction [type K, 79psi)

In Cab - Vents

Tempesature in each vent (type k)

,_,-—:::‘—"‘_— ~wd |
- Ul i 7
= \\\\ o
p' e . o
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In Cab - Ceiling

Tervperature measured above cach soat on ceiling in head Sner. Front
two seats should be at tedy 50% track posi and TC's
mounted shghtly in fromt of the head st 40 TC & above rest ares of
head of person, (type k)

66



	Implementation and Analysis of a 1.4L Turbo Liquid Cooled CAC and AC Condenser System
	Recommended Citation

	tmp.1396638433.pdf.d90aQ

