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Objective

Class 8 tractor-trailers consume 11-12% of the total US petroleum use.' At high way speeds, 65% of the energy
expenditure for a Class 8 truck is in overcoming aerodynamic drag. The project objective is to improve fuel
economy of Class 8 tractor-trailers by providing guidance on methods of reducing drag by at least 25%. A 25%
reduction in drag would present a 12% improvement in fuel economy at highway speeds, equivalent to about
130 midsize tanker ships per year. Specific goals include:

Provide guidance to industry in the reduction of aecrodynamic drag of heavy truck vehicles.
Develop innovative drag reducing concepts that are operationally and economically sound.

Establish a database of experimental, computational, and conceptual design information, and demonstrate the
potential of new drag-reduction devices.

Approach

Develop and demonstrate the ability to simulate and analyze aerodynamic flow around heavy truck vehicles
using existing and advanced computational fluid dynamics (CFD) tools.

Through an extensive experimental effort, generate an experimental data base for code validation and for
understanding of key drag producing flow characteristics

Provide industry with design guidance and insight into flow phenomena from experiments and computations.

Investigate aero devices (e.g., base flaps, tractor-trailer gap stabilizer, underbody skirts and wedges, blowing
and acoustic devices), provide industry with conceptual designs of drag reducing devices, and demonstrate the
full-scale fuel economy potential of these devices.

Accomplishments

Organized and lead a very successful annual DOE Heavy Vehicle Working Group Meeting with active industry
participation. The objective of these annual meetings is to provide a forum for reviewing industry needs,
presenting new drag reduction concepts, discussing project direction, and identifying areas of collaboration
between industry and DOE supported R&D participants from National Labs, universities and other research
organizations. Participants comprised major industrial representatives: Freightliner, PACCAR, Kenworth,
International, Cummins, Michelin, Eaton, along with small company representation: Laydon, Aerovolution,
Aero Industries, Mach Zero Associates.Highlights of the meeting were

— Interest in new flow conditioning concept of a “bleeding flow” device for trailer base and tractor base.

— Identified need for experimental and computational methods for evaluation of design options,
e.g., optimization methods and tools

— Importance of vehicle integration for achieving goal to double vehicle efficiency, e.g., geometry/shaping,
power source/drive-train, tire/road

New flow conditioning concept of “bleeding-flow” device has been shown computationally to provide
significant gap flow and trailer base drag reduction. Plans are to perform reduced-scale tests at NASA and
full-scale tests at NRC

Providing a consistent, realistic, comprehensive assessment of the energy balance when evaluating devices like
with the “bleeding flow” device is needed. Consider and report:

— energy used by active features
—  weight of all components

— Impact of design on fleet operation in terms of dollars saved per ton hauled in addition to changes in drag
coefficient or fuel use rate.

— Yaw-averaged drag values when evaluating design changes.

' U.S. DOE, Transportation Energy Data Book, 24th Edition, http://cta.ornl.gov/data/new_for edition24.sht ,
U.S. DOT, FHA, Highway Statistics, 2002
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Representatives from (left to right) Freightliner, PACCAR, Kenworth, International, and Cummins take advantage of
opportunity during meeting to form a breakout group to discuss common interests

Participants from (left to right) Michelin USA, Mach Zero Associates, Michelin International Office, Freightliner,
International, NASA, and Eaton during formal presentations by government, industry, and DOE Aero Team

e Tractor and trailer underbody experiments at NASA show small improvement in tractor drag with the use of
tractor belly pans or with the covering of cross ribs under the trailer. Experiments also showed that trailer side
skirts are still the most promising drag reduction approach.

e Evaluation of the impact of small changes in radiator or grille dimensions has revealed that the total drag is not
particularly sensitive to those changes.



FY 2006 Annual Report

Heavy Vehicle Systems Optimization Program

e A preliminary computation of the effect of wet roads on rolling resistance indicates a significant impact on fuel

economy.

e  Spray experiments at USC in collaboration with Michelin have demonstrated the effect of tire treatments as a

possible spray mitigation options.

Future Direction

e  Getting devices on road

—  From understanding of key flow mechanisms, develop less obtrusive and optimized device concepts

— Demonstration wind tunnel, track, and road tests by leveraging work with National Research Council of
Canada, TMA/DOE, and seek collaborative demonstrations with fleet owners and operators

e  Economic/duty cycle evaluation with PSAT (ANL’s system model)

—  Provide mechanistic data: strong variation in drag per yaw, speed, geometry/devices, environment, etc

e Develop and transfer technology and information to industry

—  Perform full-scale wind tunnel experiments of bleeding flow device in collaboration with tractor

manufacturer

—  Contouring the tractor hood reduces the grille area, also reducing coolant flow. In addition, underhood
exhaust gas recirculation to meet EPA 2007 regulation requires more underhood cooling. With industry
encouragement, we are including underhood flow in aerodynamic drag computations to provide insight into

the coupled flow phenomena.

— Identified need for experimental and computational methods for evaluation of design options for improved

efficiency, e.g., optimization methods and tools.

—  Experiments at USC in collaboration with Michelin will provide some guidance on methods to minimize

wet road effect on rolling resistance.

e Leverage Program work and seek funding from other agencies.

Introduction

The following reports on the findings and
accomplishments for fiscal year 2005 in the
project’s three focus areas

e Drag reduction devices
e Experimental testing
e Computational modeling

Detailed reports from each participating
organization are provided in the appendices.
Included are experimental results by NASA and
USC, and complimentary computations by LLNL,
ANL in Appendices A through D.

Drag Reduction Devices and Future Plans

There are three areas identified for aero drag
reduction and several drag reduction devices have
been investigated

e Tractor-Trailer Gap
Stabilizing devices, cab extenders
e  Wheels/Underbody
Skirts/wedge and lowboy trailer
e Trailer Base
Boattail plates, base flaps, rounded edges, and
pneumatics

Over 12% increase in fuel economy is possible, e.g.,

> 4% trailer base-flaps
> 6% trailer skirts

> 2% gap splitter plate
> 12% Total

Unfortunately, these devices have operational and
maintenance issues. With our understanding of the
key flow mechanisms, we are developing less
obtrusive and optimized innovative design concepts
using computational fluid dynamics and
experiments. In addition, to getting devices on the
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road, consequences with aerodynamic improvements
need to be addressed.

Addressing these consequences of acrodynamic
improvements is an important task in getting devices
on the road. Our efforts in the development of
device concepts and device optimization will
accomplish this. These issues are also of interest to
other government agencies (e.g., DOT and EPA) and
industry (i.e., Michelin is providing partial support
for experiments at USC). The rolling resistance and
splash and spray effort will continue to receive
complimentary support from industry and we will
actively seek joint government funding.

FY 2006 Annual Report
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I.B. Heavy Vehicle Flow Conditioning: Application to the Tractor/Trailer Gap
and Trailer Base
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Objective

The goal of this study is to reduce the aecrodynamic drag of a heavy vehicle by bleeding low speed air into the
tractor/trailer gap and into the trailer wake.

Approach

To alleviate the aerodynamic drag that arises from the flow separating off the trailer base and from cross-flow in the
tractor/trailer gap, a low speed bleeding flow is introduced into the trailer wake and into the tractor/trailer gap,
respectively. The idea to pursue this method of drag reduction came out of discussions with the fleets regarding their
needs and operational concerns about the present drag reduction devices and methodologies. Numerical simulations
are performed on two representative heavy vehicle geometries. The aecrodynamic drag coefficients are computed for
various bleeding speeds and bleeding areas. Wind tunnel experiments will be conducted to validate the
computational results. In preparation for these experiments, a reduced-scale heavy vehicle wind tunnel model is
fabricated with a rapid-prototyping technique.

Accomplishments

I. Bleeding flow into the tractor/trailer gap and into the trailer wake is shown to reduce the aerodynamic
drag

The computational fluid dynamics (CFD) simulations demonstrate that bleeding air from the trailer base
reduces the aerodynamic drag coefficient of a heavy vehicle by as much as 0.03-0.05. When the bleeding flow
is applied to the tractor/trailer gap, the reduction in the drag coefficient ranges from 0.06-0.35, depending on the
heavy vehicle geometry and the vehicle yaw angle.

II. Wind Tunnel Experiments to Validate the Bleeding Flow Results

To confirm the effectiveness of bleeding flow into the trailer wake or into the tractor/trailer gap, wind tunnel
experiments will be performed on a reduced-scale heavy vehicle model at NASA Ames in FY07. Given our
collaboration with Freightliner and our upcoming full-scale tests in the Freightliner wind tunnel in FY07, we
selected a Freightliner Columbia tractor for testing in the NASA Ames wind tunnel. The Columbia model is
fabricated using a selective laser sintering (SLS) rapid-prototyping technique, which will allow a performance
comparison of tractor/trailer gap bleeding, traditional side extenders, a complete gap sealer, traditional base
flaps, and trailer base bleeding. Through these wind tunnel experiments, we will gain a deeper understanding
into the physics behind tractor/trailer and tractor base bleeding.


mailto:mccallen1@llnl.gov
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Near Term Directions

FY 2006 Annual Report

e  Pursue a deeper understanding into the drag reduction performance of base bleeding

e  Approach industry, fleets, and third party manufacturers for performing road tests with the base bleeding

concept

e Conduct wind tunnel measurements on a reduced-scale heavy vehicle model at NASA Ames

e Perform CFD simulations to model the base bleeding flow physics

e Collaborate with Freightliner and the National Research Council (NRC) of Canada to make full-scale
aerodynamic drag measurements of a heavy vehicle with a bleeding flow

Far Term Directions

e Collaborate with industry and the fleets to devise additional drag reduction concepts that can integrate heavy

vehicles and lead to a reduction in fuel usage

e  Understand underbody flow and thermal management

Motivation and Background

In November 2005, LLNL members of the Heavy
Vehicle Aerodynamic Drag project spoke with Mr.
Marty Fletcher of US Xpress at the 2005 SAE
Commercial Vehicle Engineering conference
regarding industry’s perspective of heavy vehicle
drag reduction devices. During the conversation that
ensued, Mr. Fletcher expressed his concerns about
the current and proposed devices for drag reduction.
In particular, Mr. Fletcher explained the
maintenance issues he had been experiencing with
tractor side extenders and similar concerns he had
regarding the proposed trailer base flaps. One of his
suggestions was to investigate the feasibility of
using air injection to condition the flow in the
tractor/trailer gap and in the trailer wake, thus
mitigating these sources of aerodynamic drag. The
potential advantage this technique is that it would
eliminate the large, easily damaged structural
surfaces present in the side extenders and base flaps
designs. Based upon this recommendation, we
initiated a study to determine if air injection could
be utilized as a means for reducing heavy vehicle
aerodynamic drag.

A review of the literature demonstrated that there
have been two main approaches in using air
injection to reduce the aecrodynamic drag of a bluff
body, such as a heavy vehicle. The first is to
fabricate peripheral slots around the base of the bluff
body and to inject air through these slots (Freund &
Mungal, 1994). Straight or curved plates are

positioned adjacent to these slots so that the high-
speed jets turn the separating shear layers into the
wake and, thereby, increase the trailer base pressure.
Employing this method on a full-scale heavy
vehicle, Engler (2004) showed that it is possible to
reduce the fuel usage by as much as 4% (not
considering the fuel consumption to run a required
blower or compressor). The second approach is to
bleed air over a large portion of the bluff body base.
Wood (1964, 1967) and Bearman (1967) showed
that sufficient base bleed can increase base pressure
and reduce the base drag. Furthermore, Yao &
Sandham (2002) found that bleeding air over a large
area at a low velocity is much more effective in
reducing the drag than bleeding over a small area at
a high velocity. Since large area bleeding had not
been applied to heavy vehicles, the LLNL members
decided upon applying the latter approach to the
tractor and trailer bases as a means of reducing
heavy vehicle drag.

Computational Simulations

To evaluate the effectiveness of base bleeding,
computational fluid dynamics simulations are
performed on two full-scale heavy vehicle
geometries (Figure 1). The first geometry (Figure
1a), labeled MGTS, is a representation of a cab-
over-engine tractor, while the second (Figure 1b),
labeled GCM, is a representation of a conventional
tractor. Due to the simplified nature of the MGTS
and GCM, their gap geometries differ slightly from
that of a full-scale heavy vehicle. For example, the
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MGTS has a thin plate that covers a portion of the
gap bottom, while the GCM has a completely closed
gap bottom.

Trailer base bleeding is tested on the GCM by
specifying an area over the trailer base (Figure 2)
that injects air into the downstream direction.
Several bleeding flowrates are defined for each
bleeding area. Additionally, the GCM is positioned
at 0 degrees relative to the freestream velocity, Ujyy,
for the trailer base bleeding simulations. Tractor
base bleeding is tested on both the MGTS and the
GCM by injecting air over the entire tractor base
(Figure 3). For the GCM, the vehicle is yawed at

7 degrees relative to the freestream velocity to
simulate the vehicle traveling within a crosswind.
For the MGTS, yaw angles of 0 and 7 degrees are
investigated. Additionally, a performance
comparison is made on the MGTS with traditional
tractor side extenders, which have been shown in
previous experiments and simulations to be effective
in reducing the drag when the vehicle operates
within a crosswind. A commercial CFD code
(STARCD, www.cd-adapco.com) is used to solve
for the velocity, pressure, and turbulent quantities
about the two heavy vehicle geometries.

The simulations demonstrate that both trailer and
tractor base bleeding are effective in reducing the
heavy vehicle drag coefficient, Cg4. Figure 4 shows
the drag coefficient as function of the bleeding area
and bleeding flow rate for trailer base bleeding on
the GCM. It is evident that a greater reduction in
drag is achieved at the higher bleeding flowrates.
Figure 5 shows that the two largest bleeding areas
alter the structure of the separated wake by
displacing it in the downstream direction. A similar
phenomenon has been observed by Wood (1967),
Bearman (1967), Yao & D. Sandham (2002), and
Sevilla & Martinez-Bazan (2004).

Figures 6 and 7 show the drag coefficients for the
tractor base bleeding configurations. On the MGTS,
it is evident that tractor base bleeding is more
effective at reducing the drag at both yaw angles
than the traditional side extenders. Since bleeding
flow is computationally introduced on the trailer or
tractor base by means of a simple boundary
condition, it is not possible to get a proper estimate
of the actual power requirements needed to produce
the bleeding flow. However, our future full-scale

Heavy Vehicle Systems Optimization Program

wind tunnel experiments at NASA Ames and
Freightliner will help provide us with this
information.

Figure 8 highlights the physical mechanism by
which tractor base bleeding functions. It can be seen
that without tractor base bleeding there is a
significant cross flow from the freestream into the
gap between the tractor and trailer. As the cross flow
exits on the leeward side of the vehicle, it does not
remain attached to the trailer, but separates
massively. When tractor base bleeding is introduced,
very little freestream flow enters the gap and the
massive separation bubble is dramatically reduced.
Analysis of the pressure over the tractor base and
trailer front demonstrates that tractor base bleeding
reduces the drag primarily by increasing the pressure
over the tractor base (Figure 9).

Since simulating the separated wake of the trailer
and tractor/trailer gap poses a challenge for
Reynolds averaged Navier-Stokes (RANS)
turbulence models, LLNL is currently developing a
hybrid turbulence model that utilizes a RANS model
near the vehicle surface and a large eddy simulation
(LES) model farther away from the surface. When
complete, this advanced turbulence model will allow
for a more accurate performance evaluation of
devices, such as trailer base flaps and side extenders,
that are typically located near massively separated
flow regions.

Wind Tunnel Experiments to Validate the
Bleeding Flow Results

While the CFD results show promise for the tractor
and trailer base bleeding concepts, it is necessary to
confirm these findings with experimental
measurements. To achieve this, we will conduct a
wind tunnel study at NASA Ames during FY07.
Measurements will be made on a scale
representation of a Freightliner tractor that employs
both tractor and trailer base bleeding. To ensure that
the tractor properly characterizes the full-scale
vehicle, we corresponded with Mr. Matt Markstaller
at Freightliner. The CAD model was then fabricated
with a SLS method that captures the fine-scale
details of an actual Columbia tractor (Figure 10).
The trailer component of the model will be designed
and fabricated at NASA Ames, who is providing its
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3’ x 4’ low-speed wind tunnel for aerodynamic
testing in FYO07.
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Figure 1. a) MGTS and b) GCM heavy vehicle geometries used for testing the
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Figure 2. Trailer base bleeding areas on the GCM. Ay..q denotes the
bleeding area and Agcwm the cross-sectional area of the GCM vehicle

Figure 3. Location of tractor base bleeding for the a) MGTS and b) GCM
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Figure 4. Drag coefficient as a function of bleeding area and bleeding
coefficient, C,, for trailer base bleeding on the GCM, where my; is the bleeding
mass flowrate and p the density of air
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Figure 5. Mid-plane velocity magnitude (color contours) and velocity streamlines in the wake of GCM
a) without and b-d) with trailer base bleeding (C, ~ 0.03)

Yaw angle 0° yaw 7° yaw
Cp ACp Cy AC
Baseline 0.401 0.496
Cab extenders 0.393 -0.008 0.457 -0.039
Flow conditioning 0.344 -0.057 0.400 -0.096

Figure 6. Drag coefficients for tractor base bleeding (C4 = 0.05) on the MGTS at
0 and 7 degrees yaw
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Figure 7. Drag coefficients as a function of the bleeding coefficient, C,, for tractor
base bleeding on the GCM at 7 degrees yaw

Figure 8. Velocity streamlines in the gap of the GCM a,c) without and b,d)
with tractor base bleeding
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Figure 9. Pressure distribution over the a,b) tractor base and c,d) trailer front
a,c) without and b,d) with tractor base bleeding on the GCM. C, = p/(V2pUiné)
is defined to be the pressure coefficient, where p is the pressure

Figure 10. Wind tunnel model (1:20 scale) for testing the tractor and
trailer base bleeding concepts at NASA Ames in FY07
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I.C. Experimental Measurement of the Flow-field of Heavy Trucks
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Technology Development Manager: Lee Slezak
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Contractor: Lawrence Livermore National laboratory
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Objective

Improve the performance of heavy trucks by reducing aerodynamic drag, rolling resistance, and by increasing
safety.

Approach

Water spray from heavy truck tires is an important safety issue. The spray decreases the rearward visibility of
the truck drivers. For automobiles in the immediate vicinity, spray obscures the roadway on either side of the
truck. We study the fundamental mechanisms of spray formation.

Water on the roadway also increases the rolling resistance of tires by the momentum expended to move the
water out of the way. No direct measurements of rolling resistance are presently available in the literature, but
we estimate the change in rolling resistance due to water on the roadway to be significant.

Accomplishments

Preliminary tests illuminate the mechanisms of spray formation.

For the first time, the complex process of spray formation from rolling tires has been documented in the
laboratory. Visualizations reveal the major mechanism of break-up to be the result of the instability of thin
sheets of water that form between the roadway and the tire.

Propose modifications to the apparatus for the study of rolling resistance on a wet roadway.

In the laboratory apparatus two tires are rolled in contact with one another. One tire simulates the presence of
the road surface. Water is injected from a specially designed injector placed just upstream of the contact patch.
The speed of the injected water jet is the peripheral speed of the tires. Sensors can be added to the apparatus to
measure change in the rolling force as water is applied.

Future Direction

Initiate a program of rolling resistance measurement using the newly constructed apparatus. Continue study of
tire spray formation, and methods to mitigate spray.
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Changes in Rolling Resistance Due to a Wet
Roadway

We can estimate the magnitude of the additional
force felt by a tire due to the water as it rolls over a
flooded road. In a coordinate system moving with
the vehicle, the water on the roadway represents an
oncoming flow which is diverted laterally and
brought to rest at a stagnation point at the front of
the tire. The order of magnitude of the force exerted
by the flow on the two front tires in this process is

F=pU*(txW),

where p is the density of water, U is the velocity, # is

the depth of the water and /¥ is the width of the tires.

Substituting representative values for these
variables, we see a vehicle traveling 27 ms ™'

(60 mph), with =3 mm (1/8 inch) and W=8 cm
(3 1/8 inches) must overcome an additional
resistance of about 175 N (40 1bs.)—the same order
of magnitude as the rolling resistance. Experiments
with an airplane taxiing on a flooded runway show
an additional resistance due to the water of about
10-11% of the airplane’s weight.” This additional
resistance due to displacing water can be added to
the rolling resistance and aerodynamic drag as
forces that the vehicle’s engine must work against to
maintain forward motion.

Continuing in a reference frame moving with the
vehicle, we could treat the roadway not as a solid
surface, but as an imaginary plane between the
rolling tire and its image located below the surface.
The layer of water still flows toward the tire at a
speed U, producing the resistance force described
above.

Our plans are to measure this additional force using
the tire spray apparatus at USC (Fig. 1). That
machine consists of two tires, each hung from a
pendulum arm so the tire treads touch. The
pendulum arms are then loaded with a side force
pressing the tires together to form a tire patch. This
geometry is the same as that in the image view of
the problem except the plane of symmetry is now

2" Adnan Cepic, “Hydroplaning of H-type aircraft tires,”
SAE Transactions 113 part I (SAE paper 2004-011]
3119), pp. 1599-1606, 2004.
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vertical. One tire is driven by a motor while the
other rotates due to its contact with the other tire.

Air Supply |-

[T Tire Loading }—
| Devics J

Figure 1.

It is important in this configuration that the water is
delivered to the tire patch at the circumferential
speed of the tire. To do this, a water jet was
designed and built. The jet exits through a sharp-
edged opening in the bottom of a cylindrical tank,
producing a glassy-smooth laminar jet. The speed of
the jet is controlled by setting the depth of water and
the air pressure in the tank while the volume of the
flow is controlled through the size of the nozzle.

To measure the force on the non-driven tire load
cells will be inserted into the pendulum arms
(Fig. 2). With the tires spinning at constant speed,
the jet will be turned on. The difference in force
measured before the flow and during the flow will
be the additional resistance resulting from the tire
pushing the water out of its path.

Water jet: laminar flow
of injected water can be
shaped and accurately
measured.

Load cell

Pivot

Rotation rate of both
wheels accurately
measured.

Un-powered
wheel

DC motor

€

Powered wheel

Figure 2.
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Spray From Rolling Tires

A continuing part of the project has been looking at
spray from a tire rolling over a wet surface. This has
been done using illumination both from a laser and
via backlighting—shining a bright light on a glass
plate mounted behind the tires then looking at the
spray from the front. The laser offers the advantage
of a very short exposure, about 5 ns, and the
limitation of a low framing rate. Backlighting has
limitations imposed by the brightness of the light
and the characteristics of the video camera, in our
case typical exposures of 6 us and framing rates of
about 1600 frames/s.

Fig. 3 is a frame from a movie using backlighting
and looking at the 25 cm long region downstream of
the tire patch formed between a smooth tire on the
bottom and a single-grooved tire on the top. Most
prominent is the sheet of water extending between
the tire groove and the smooth tread of the opposite
tire. Also prominent are the ridges of disturbed
water extending through the sheet between the tires.

Figure 3.

Looking at these frames more closely one can
identify holes developing in the sheets (Fig. 4) and
clearly see the texture of another sheet behind. This
growing hole in the sheet of water with another
sheet behind becomes even clearer when several
frames are viewed in succession.

The flow downstream of the tire patch, then, is made
up of sheets of water coming from different
locations across the tire groove, with thicker bands
of water with a rougher surface extending between
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the two tires. These bands have a preferred spacing.
As this pattern moves downstream, the preferred
spacing becomes larger and both the sheets and
bands separate from the tire surfaces. The sheets
form holes which grow until there is only a thin
string of water separating adjacent holes. This thin
string then breaks down into small droplets. The
preferred spacing of the bands decreases with speed
and less sheet formation.

Edge of near-side sheet
Developing hole

Figure 4.

Several different treatments were applied to the
spray system. Depending on the treatment, the flow
could be made rougher, with less sheet formation at
a particular speed or smoothed dramatically as in
Fig. 5.

Figure 5.
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I.D. Aerodynamic Drag Reduction of the Underbody of a Class-8
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Objective
e To investigate the contributions of the tractor and trailer underbody to overall aerodynamic drag.

e To test configurations and devices resulting in aerodynamic drag reduction

Approach
e Fabricate a 1:20-scale model with a realistic tractor-trailer geometry including significant underbody detail.

e  Measure the forces and moments and surface pressure distribution in the 32- by 48-Inch Wind Tunnel.
Measurements were made at various yaw angles to study the influence of crosswind and to calculate wind-
averaged drag coefficients. Several drag-reduction concepts were studied in order to document their potential
benefit.

Accomplishments
e  Small-scale study completed of aerodynamic effects of tractor-trailer underbody.

— Detailed experimental results were presented for several configurations of interest with several tractor and
trailer add-on devices to demonstrate the potential of underbody modifications.

o Separate measurements of underbody fairings on the tractor and trailer yielded wind-averaged drag
reduction of 0.018 for two configurations. A floor plate blocking vertical flow in the tractor-trailer gap
resulted in a drag reduction of 0.021. Trailer side skirts proved to be the most effective trailer-
underbody device, reducing the wind-averaged drag by 0.073.

o The estimated annual fuel savings per truck was calculated assuming a typical use of 240,000 km/yr.
The smooth trailer underbody and side skirts yielded an estimated savings of 1653 and 6586 liters/yr.
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For the relatively small drag reduction of the smooth underbody configuration, the annual monetary
savings for a 5,000 truck fleet (assuming a fuel cost of $0.83/liter) would be close to $7 million.

—  The results of the study were presented at the SAE 2006 Commercial Vehicle Engineering Conference in
Chicago, IL on November Ist (paper number SAE-2006-01-3532)

Future Direction

e Additional studies of aerodynamic drag reduction of tractor-trailer gap and trailer base.

Introduction

For a typical heavy vehicle at a highway speed of
110 km/hr, the energy required to overcome
aerodynamic drag is about 65% of the total
expenditure (which includes rolling friction,
transmission losses, and accessories). By altering the
vehicle shape, it has been estimated that modern
truck drag coefficients may be reduced by up to 50%
resulting in an annual national fuel savings of eleven
billion liters (Ref. 1). This large potential savings
coupled with increasing fuel costs have spurred
renewed interest in heavy-vehicle aerodynamics.

A significant number of experimental studies of
heavy-truck geometries were conducted in the
1970’s and 1980°s (Ref. 2). The resulting first-
generation drag-reduction technology currently in
use includes cab shaping, cab-mounted deflectors,
trailer front-end fairings, cab side extenders, and
body front-edge rounding. The cab deflectors and
side extenders accounted for the majority of the
wind-averaged drag reduction reducing the pre-1980
drag level by about 25%. Other drag-reduction
technologies that are not widely used include
tractor-trailer gap seals, trailer side skirts, and rear
boat-tailing. Each of these technologies produce a
reduction of the wind-averaged drag coefficient
between 0.03 and 0.10 which is about one-half the
benefit of the first-generation technologies.
However, the benefits of these devices are additive
and the resulting net reduction is relatively large.

The aerodynamic drag reduction and fuel savings of
various tractor and trailer modifications was
previously summarized in Ref. 3. Since fuel
consumption is the quantity of interest for
commercial operators, a derivation of fuel
consumption as a function of drag coefficient and
road speed was provided. For trailer base flaps and
skirts, the ranges of wind-averaged drag reduction
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were listed as 0.03 — 0.09 and 0.04 — 0.07,
respectively.

More recently, a series of experimental and
computational studies was funded by the
Department of Energy (DOE), Office of Heavy
Vehicle Technology. With the goal of CFD
validation, the experimental efforts have focused on
simplified geometries at 1:8-scale and below. Early
experiments (Refs. 4-6) focused on the simplified
geometry of the Ground Transportation System
(GTS) model representative of a class-8 tractor-
trailer with a cab-over-engine design. A 1:8-scale
GTS model with no tractor-trailer gap and no wheels
was first studied with the addition of several ogival
boattails and slants to the base of the trailer (Ref. 4).
The largest overall drag reduction of 10% was
obtained by a 2.4-m ogive configuration (full scale).
The addition of boattail plates to the same model
resulted in a 19% drag reduction and PIV
measurements behind the trailer document a
significant reduction in the wake size due to the flow
turning provided by the plates (Ref. 5). Variation of
the tractor-trailer gap on a 1:15-scale model at zero
yaw revealed relatively constant drag on the tractor
while the trailer drag increased by a factor of three
as the gap was increased from zero to 1.55*A**0.5
(Ref. 6).

Also part of the DOE effort, the Generic
Conventional Model (GCM) of the current study
was tested in two different facilities at the National
Aeronautics and Space Administration’s (NASA)
Ames Research Center. This geometry included a
tractor-trailer gap and a simplified conventional
tractor geometry (detailed below). In the 7- by 10-Ft
Wind Tunnel, measurements were made at a
Reynolds number of 1.1 million. Of particular
interest are the detailed PIV data in the tractor-trailer
gap with and without side extenders and in the
trailer wake with and without boattail plates (Ref. 7).
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A large subset of the configurations tested in the
7- by 10-Ft Tunnel were duplicated in the 12-Ft
Pressure Tunnel to determine the effects of
Reynolds number variation (Ref. 8). For all
configurations, Reynolds number effects were
evident at high yaw angles (greater than 8 deg)
where there was a significant reduction in drag at
lower Reynolds numbers. However, this difference
did not significantly affect the computation of the
wind-averaged drag coefficients (at highway speeds)
which employs data at lower yaw angles.

The goal of the present study is to investigate the
potential for drag reduction by geometric
modifications of the underbodies of both the tractor
and trailer. Large fairings were first attached to the
underbodies and gap region to determine the upper
limits of possible drag reduction. More practical
fairings were subsequently tested for comparison.

Experimental Setup

The experiments were conducted in the 48- by
32-Inch Subsonic Wind Tunnel in the Fluid
Mechanics Laboratory at NASA Ames Research
Center (Fig. 1). This facility is an open-circuit, in-
draft wind tunnel with flow supplied by a single-
stage centrifugal compressor acting as a vacuum
source. The compressor runs at constant speed while
mass flow (and hence, speed) through the test
section is controlled by means of a variable-area
sonic throat. When running, the compressor fan
draws ambient laboratory air through a pleated filter,
which prevents the entry of dust and foreign
materials into the tunnel. Immediately downstream
of the pleated filter are a stainless steel honeycomb
and four progressively smaller open-area screens for
flow conditioning. The 9:1 contraction leads to the
wind tunnel test section, which is approximately

1.2 m wide, 0.81 m tall, and 3.05 m long. The side[
walls and roof of the test section are constructed of
thick Plexiglas. Directly above the test section is a
constant pressure plenum that houses a 3-axis
traverse to which various flow sensors, cameras,
lighting, or other equipment can be attached. In
addition, the test section floor contains a remote-
controlled rotating yaw platform. The flow exits
from the test section through a contraction into the
sonic throat. The design maximum velocity in the
test section is 52 m/s, corresponding to a Reynolds
Number of approximately 3.5 million per meter. The
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freestream turbulence levels of the empty test
section in the longitudinal, lateral, and vertical
directions are approximately 0.15%, 0.1%, and
0.1%, respectively. The flow speed and static
pressure reference was provided by a pitot-static
probe located at x/w = 3.1, y/w = 4.9, and

z/w =-3.7.

A three-view drawing of the baseline tractor-trailer
configuration is shown in Fig. 2. This 1:20-scale
model is representative of a class-8 tractor-trailer
with a standard aero package. The tractor was
fabricated by stereolithography from a publicly
available geometry of the Kenworth T600A. This
unvalidated geometry definition included a full-scale
height mismatch between the tractor roof fairing and
the top of the trailer of 38 cm (the actual height of
the tractor is unknown due to the proprietary nature
of the design). Apart from a standard aero package
with cab side extenders and wheel fairings, this
geometry includes significant underbody detail as
shown in Fig. 3. A 0.4-mm trip wire was located at
the front of the model (visible in Fig. 4) to ensure
turbulent flow on the tractor. A simplified engine
block was also included with the approximate
external dimensions of a typical engine. To simulate
flow through the engine compartment, a flow-
through front grill with a porosity of 60% was
included to approximate the pressure drop across the
radiators.

The trailer geometry was chosen to be representative
of modern U.S. designs. The trailer measures 13.7 m
in length (full scale) with rounded front vertical
edges (20-cm full-scale radius). The underbody
includes details of cross-members, landing gear,
undercarriage, and other significant components
(Fig. 3). This geometry was provided by SOLUS
with input from Great Dane. The tractor-trailer gap
for this study was held constant at the full-scale
equivalent of 1 m (0.39w).

A photograph of the baseline tractor-trailer
configuration installed in the 48- by 32-Inch Wind
Tunnel test section is shown in Fig. 4. The model
was attached to the model-support hardware by two
1.9-cm vertical posts. The posts were non-metric
(i.e., their aero loads were not measured by the
balance) with 3 mm of clearance as they passed
through the trailer floor. Since there was no moving
ground plane, the model was mounted with its
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wheels 5.4 mm above the ground plane (to account
for the tunnel floor boundary layer) and centered
laterally in the tunnel. The center of rotation of the
model was located 39.5 cm aft of the tractor front
bumper. The model frontal area of 0.025 m2 gives a
solid blockage of 2.5%. The overall model loads
were measured with a six-component balance
(1.9-cm Task balance Mark XV) that was mounted
inside the trailer. The manufacturer-specified
accuracy of the internal balance in the axial (drag)
direction was = 0.33 N, but the experimental results
suggest significantly greater accuracy as detailed in
the subsequent discussion.

The model was instrumented with 9 pressure taps on
the tractor and 66 taps on the trailer. The surface
pressures were measured with an electronically
scanned pressure system and time averaging yielded
an uncertainty in the calculated pressure coefficients
of £0.002 at Re = 430,000. The model was yawed
through a range of angles between £14 degrees.

Results and Discussion

The results presented below detail the body-axis
drag (axial force) for the tractor-trailer combination.
This drag coefficient represents the force along the
axis of the vehicle in the direction of travel. No wall
corrections were applied to the data and all
coefficients were calculated based on the dynamic
pressure from a pitot-static probe adjacent to the
model. Without wall corrections, the computed drag
coefficients will differ from those of the equivalent
model in free air. However, the measured
differences between configurations should be
representative of the effects of the associated
geometric modifications.

Using the variation of drag with yaw angle, wind-
averaged drag coefficients (C,, ) were computed

using the SAE Recommended Practice (Ref. 9). This
practice assumes that the mean wind speed in the
United States of 11.2 km/hr has an equal probability
of approaching the vehicle from any direction. This
mean wind speed and the vehicle velocity were used
to calculate a weighted average based on the
variation in drag coefficient over a range of yaw
angles. The wind-averaged drag coefficients
reported in this paper were computed for a highway
speed of 90 km/hr.
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Except where noted, the data presented below are
from the measurements conducted in the 48- by
32-Inch Wind Tunnel at a Reynolds number of
430,000 and all data were acquired for increasing
yaw angle.

A. Baseline Configuration

Prior to the force and pressure measurements, tufts
were applied to the sides of the baseline trailer to
provide flow visualization (tufts did not adhere to
the tractor due to the nature of the nylon material).
Although the test Reynolds number of 430,000 is
well below the critical value for this configuration
(estimated at 1 million), no large-scale separation
was observed on the trailer sides for yaw angles
between + 10 deg. This suggests that the trip wire
and relatively complicated tractor geometry resulted
in turbulent downstream flow.

A comparison of the baseline drag curve to that of
previously tested configurations is presented in
Figure 5. Relative to the 1:8-scale GCM
configuration tested at Re = 1.1 million (Ref. 8), the
drag curve of the 1:20-scale model was significantly
higher and exhibited a larger increase with
increasing yaw. This result is expected due to the
significantly more complicated tractor geometry, the
added trailer underbody detail, and the previously
noted height mismatch between the tractor and
trailer. Relative to a more realistic geometry with a
1:10-scale White Road Boss tractor tested at NRC
(Ref. 10), there was relatively good agreement at
zero yaw with increasing difference at higher yaw
angles. The difference at yaw is possibly a result of
the added detail (and corresponding drag) of the
current 1:20-scale trailer underbody. There was also
some observed asymmetry between positive and
negative yaw angles. Data acquired for decreasing
yaw (opposite the standard rotation) indicated
minimal hysteresis, so the drag-curve asymmetry is
likely related to small asymmetries in the tractor
geometry and/or the facility flow.

During the course of this wind-tunnel study,
measurements of the baseline configuration were
made four times over a three-day period to
demonstrate repeatability. The resulting drag curves
(Fig. 6) indicate that the repeatability is on the order
of the symbol size, or approximately £0.003, for
yaw angles between + 5 deg. For larger angles, the
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repeatability was about twice this value, or £0.006.
To account for the observed drag-curve asymmetry,
the drag coefficients at corresponding positive and
negative yaw angles were averaged for the
computation of wind-averaged drag. For these four
repeat runs, the repeatability of the wind-averaged
drag coefficients was +0.002.

B. Tractor Underbody Fairings

Two underbody fairings, or belly pans, were studied
on the tractor (Fig. 7). Although impractical, a full
tractor fairing was tested to determine the maximum
drag reduction possible. This fairing was a simple
flat plate that extended from the front bumper to the
rear axle, enclosing and/or shielding the engine
compartment and underbody components. In
addition, a partial tractor fairing was tested that was
identical to the full fairing, but only extended to the
rear of the cab. The resulting drag curves (Fig. 8)
indicate that the benefit of the tractor fairings is the
greatest for yaw angles between = 5 deg, resulting in
wind-averaged drag reduction of 0.015 and 0.018 for
the partial and full fairings, respectively.

C. Tractor-Trailer Gap Fairings

An image of the baseline tractor-trailer gap is shown
in Figure 9. This geometry allows for flow between
the underbody and the tractor-trailer gap region. The
effect of sealing the bottom of the gap to vertical
flow was investigated with the addition of full- and
partial-width gap-floor plates (Fig. 10). The effect of
the floor plates on the drag curves is shown in
Figure 11. Relative to the baseline, both floor-plates
provided reduced drag, especially for yaw angles
between £ 5 deg where cross flow is less important.
At yaw angles between + 2 deg, the partial floor
plate was more effective than the full-width plate. At
higher angles, the full-width floor plate was more
effective. The resulting wind-averaged drag
reductions for the partial- and full gap-floor plates
were 0.011 and 0.021, respectively. These results
indicate the benefit of blocking or reducing the
vertical flow through the tractor-trailer gap.

D. Trailer Underbody Fairings

The effect of the trailer underbody detail was studied
by covering the structural cross members with a
simple flat-plate fairing that simulated a sandwich-
type construction (Fig. 12). In addition, trailer side
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skirts were mounted on the underbody with a full-
scale length and ground clearance of 4 m and 0.3 m,
respectively (Fig. 13). The effects of the smooth
underbody and side skirts on the drag curves are
presented in Figure 14. The smooth trailer
underbody marginally reduced the drag at all yaw
angles and yielded a wind-averaged drag reduction
of 0.018. Admittedly, the conversion of existing
trailers to a smooth-underbody configuration is
unpractical due to weight and cost considerations.
However, if the floor of the trailer was designed to
include a sandwich construction, these penalties
could likely be avoided. The trailer side skirts were
considerably more effective yielding a wind-
averaged drag reduction of 0.073. This value is at
the upper end of the range reported previously
(Ref. 3) most probably due to the higher fidelity of
the current underbody geometry. The combined
effect of the tractor and trailer fairings was not
measured.

E. Surface Pressure Distributions

Static surface pressures were measured on the back
of the tractor, the front and back of the trailer, and
on the side of the trailer. The pressure distributions
along the vertical model centerline and on the left
side of the trailer are presented in Figures 15-22 for
selected configurations at yaw angles of 0, 10, and —
10 deg. In general, the same trends were observed
for the off-centerline pressure-tap rows. The graphs
are organized by location of the geometry
modifications: 1) tractor fairing and gap-floor plates,
and 2) smooth trailer underbody and trailer side
skirts. Each graph includes the associated baseline
for comparison.

Due to internal structural details of the model
tractor, only four pressure taps were installed along
the vertical row at the model centerline. In addition,
these taps are only on the lower two-thirds of the
tractor base (the top of the trailer is at approximately
z/w = 1.5). The gap-floor plate produced the greatest
change in the tractor pressure distributions (Fig. 15)
by reducing the vertical gradient and associated
vertical flow. Except at zero yaw, the tractor
underbody fairing reduced the pressure on the
tractor base (resulting in increased tractor drag). As
expected the trailer modifications had little effect on
the tractor pressure distributions (Fig. 16).
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On the front of the trailer (Fig. 17), the effect of the
height mismatch is observed as a relatively high
pressure at pressure tap second from the top (near
the region of flow stagnation on the trailer face). The
gap-floor plate had the greatest effect at zero yaw
where it significantly reduced pressures (and
corresponding drag) over most of the trailer face.
The tractor fairing resulted in only a margin
decrease in pressure at zero yaw, and both
modifications had a relatively small effect at + 10
deg. Again, the trailer modifications had little effect
on the trailer-front pressure distributions (Fig. 18).

On the left side of the model, a row of pressure taps
ran the length of the trailer at half-height. The
pressure distributions indicate a minimal effect
(mostly near the front) of the tractor fairing and gap-
floor plate (Fig. 19). Relative to the baseline, the
smooth trailer underbody and trailer side skirts
generated marginally higher and lower pressures on
the trailer side, respectively (Fig. 20).

On the base of the trailer, the effects of the tractor
underbody fairing and gap-floor plate were marginal
(Fig. 21). The effects of the trailer smooth
underbody and side skirts, however, were
significant. At zero yaw, both modifications
provided a significant increase in pressure for the
entire distribution. At £+ 10 deg yaw, the side skirts
produced a greater pressure increase (and associated
drag reduction) especially on the lower half of the
base (Fig. 22). The difference between the pressure
distributions of the smooth underbody and trailer
skirts, however, is not enough to account for the
significantly greater drag reduction of the side skirts.
Apart from the increased base pressures, it should
also be noted that the trailer side skirts effectively
shield the rear boggies and trailer undercarriage,
thereby reducing the drag on these underbody
components.

F. Estimated Fuel Savings

The estimated annual fuel savings per truck was
calculated using the methodology presented in

Ref. 3 and assuming a typical use of 240,000 km/yr.
For the configurations presented above, a summary
of the measured wind-averaged drag reduction and
estimated annual fuel savings is presented in

Table 1. The smooth trailer underbody and side
skirts yielded an estimated savings of 1653 and
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6586 liters/yr. For the relatively small drag reduction
of the smooth underbody configuration, the annual

monetary savings for a 5,000 truck fleet (assuming a
fuel cost of $0.83/liter) would be close to $7 million.

Table 1. Summary of drag reduction and estimated fuel
savings per truck (based on 240,000 km/yr)

Fuel
Wind-avg drag savings
Configuration ACp, 90 km/hr Liters/yr

Part Tractor Fairing —0.015 1359
Full Tractor Fairing —0.018 1635
Partial Floor Plate —0.011 948
Full Floor Plate —0.021 1912
Smooth Trailer UB —0.018 1653
Trailer Side Skirts —0.073 6586

Conclusions

Experimental measurements were obtained of a
1:20-scale class-8 tractor-trailer model in the
NASA-Ames 48- by 32-Inch Subsonic Wind
Tunnel. Data were acquired at a Reynolds number of
430,000 for yaw angles between £14 deg. Forces,
moments, and surface pressures were measured to
detail a baseline configuration representative of a
modern aero package with and without underbody
and gap fairings.

Separate measurements of underbody fairings on the
tractor and trailer yielded wind-averaged drag
reduction of 0.018 for both configurations. A floor
plate blocking vertical flow in the tractor-trailer gap
resulted in a drag reduction of 0.021. Smaller
fairings provided less benefit. As in previous
studies, trailer side skirts proved to be the most
effective trailer-underbody device, reducing the
wind-averaged drag by 0.073. An estimation of the
annual fuel savings is provided for each
configuration.
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Nomenclature
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o
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tractor-trailer frontal area = w*h
body-axis drag coefficient =D / q*A
wind-averaged drag coefficient
body-axis drag

test-section dynamic pressure = 1/2 pU?
Reynolds number = U*w / v

free-stream velocity

truck width

axial distance from front bumper

lateral distance from model centerline
vertical distance from bottom of bumper
kinematic viscosity

air density

yaw angle (positive nose right)
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Figure 1. NASA Ames 48- by 32-Inch Subsonic Wind Tunnel (Inlet at left, plenum
chamber above with doors open, test section below)
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Figure 2. Three-view drawing of baseline tractor-trailer configuration (measurements in cm). Note height
mismatch between tractor and trailer due to inaccuracies in the publicly available CAD geometry.
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Figure 3. View of tractor underbody detail including simplified engine
block

Figure 4. 1:20-scale model installed in the 48- by 32-Inch Wind Tunnel
test section. The trip wire is visible as a dark line at the front of the
tractor.
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Figure 5. Drag curves of current and previous
configurations

Figure 7. Full and partial underbody fairings on the tractor
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Figure 9. View of tractor-trailer gap (tractor-trailer separation = 1 m
full-scale)

Figure 10. Full and partial floor plates in the tractor-trailer gap
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Figure 11. Effect of tractor-trailer gap-floor plates on
drag curve

Figure 13. Trailer side skirts mounted on trailer underbody

28



Heavy Vehicle Systems Optimization Program FY 2006 Annual Report

1
I I I I
/ T600A Baseline

o
©
\

Smooth Trailer Underbody —

o
o
\

\

Drag coefficient
©
3
\
\

| Trailer
Side Skirts

o
o

0.5 \ \ A \
15 10 5 0 5 10 15

Yaw angle, deg

Figure 14. Effect of smooth trailer underbody and side
skirts on drag curve
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Figure 15. Effect of full trailer fairing and gap-floor
plate on tractor-base centerline pressure coefficients
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Figure 16. Effect of smooth trailer underbody and side
skirts on tractor-base centerline pressure coefficients
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Figure 17. Effect of full trailer fairing and gap-floor
plate on trailer-front centerline pressure coefficients
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Figure 18. Effect of smooth trailer underbody and side
skirts on trailer-front centerline pressure coefficients
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Figure 19. Effect of full trailer fairing and gap-floor
plate on trailer left-side centerline pressure coefficients

34



Heavy Vehicle Systems Optimization Program FY 2006 Annual Report

0.1
Smooth
00— Trailer
0.1 —
Cp
02 Side Skirts
-0.3 —
0.4 \ \ \ \ \
2 3 4 5 6 7 8
X/w
a) ¥=0°
0.1
Smooth
00L # Trailer
Baseline
0.1 Side Skirts
C
p
-0.2 —
-03
0.4 \ \ \ \ \
2 3 4 5 6 7 8
X/w
b) ¥ =10°
0.0
02 —
Trailer
0.4 |-
C
p
-0.6 —
-0.8
—— Side Skirts
1.0 | | | | |
2 3 4 5 6 7 8
X/w
¢) ¥=-10°

Figure 20. Effect of smooth trailer underbody and side
skirts on trailer left-side centerline pressure coefficients
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Figure 21. Effect of full trailer fairing and gap-floor
plate on trailer-base centerline pressure coefficients
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Objective

Evaluate capabilities in standard commercial computational fluid dynamics (CFD) software for the prediction
of aerodynamic characteristics of a conventional U.S. Class 8 tractor-trailer truck.

Develop practices and procedures for the application of commercial CFD software in the design process of
Class 8 vehicles.

Apply practices and procedures to evaluation of geometric modifications and drag-reducing devices to assess
potential energy savings

Approach

Develop computational models of simplified vehicles based on the Generic Convention Model geometry used
in experiments completed in the NASA Ames Laboratory’s 7 ft. by 10 ft. wind tunnel.

Compare the predictions of the computational models with experimental measurements of vehicle acrodynamic
drag force and pressure field distributions.

Accomplishments

Experimental measurements and computational predictions of the vehicle drag coefficient agree within less than
1 percent in the best case simulations at zero yaw and within less than 5% at higher yaw angles. Experimental
measurements and computational predictions of the pressure distribution along the surface of the vehicle agree
well everywhere except the rear faces of the cab and the trailer.

Confirmed applicability of the practices and procedures to the evaluation of devices which modify the wake
flow at the rear of the trailer.

Confirmed difficulty in applying this methodology to configurations which result in a significant increase in the
relative importance of the base drag acting on the rear faces of the trailer.

Established that small changes in radiator width or height do not significantly impact the drag coefficient if all
other dimensions are held constant.

Established that the flow into the underhood through the radiator does not significantly impact the drag losses.
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Future Direction
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e  Work with team members in the development of an integrated approach to development of the next generation

heavy vehicle transportation

Abstract

With rising oil prices, the issue of energy economy
in transportation is getting much attention. At the
same time, new emissions standards for tractor-
trailer vehicles introduce additional challenges for
the manufacturers to achieve improvements in
vehicle fuel economy. As part of the U.S.
Department of Energy Office of FreedomCAR and
Vehicle Technologies’ Heavy Vehicle Aerodynamic
Drag Consortium, Argonne National Laboratory is
applying commercial computational fluid dynamics
(CFD) software to facilitate energy efficiency
improvements through improved aerodynamic
design of tractor-trailer vehicles. Early
investigations sought to establish the validity of this
approach by evaluating the sensitivity of the
predictions of drag coefficients and surface pressure
distributions for the standard configuration of the
GCM to the size and structure of the computational
mesh and the selection of turbulence model. Current
assessments are focusing on the ability to predict the
change in the drag coefficient when drag reduction
devices are employed and the application of the code
to design studies.

Modeling Strategy

This program has provided guidance for the use of
commercial CFD software in heavy vehicle design,
including the expected impact of grid resolution and
structure on prediction accuracy, the impact of the
RANS turbulence model formulation selected, the
impact of considering only half of a vehicle to speed
up initial simulations. The experience developed by
this program provides generic advice for the
application of a commercial CFD software package
to the prediction of heavy vehicle aerodynamic drag
coefficients. Since this market is currently
dominated by finite volume formulations, the
guidelines will focus upon software using this
methodology.

39

Selection of Commercial CFD Software

All simulations completed as part of this program
have used the commercial CFD code Star-CD.' The
Star-CD software was selected for this purpose
largely the code offers a great deal of the flexibility
in computational mesh development with the ability
to utilize polyhedral “cut” cells and recognize both
integral and arbitrary interfaces between regions of
the computational domain. Furthermore, user
subroutines allow the user to implement significant
modifications to most features of the code if such
modifications are needed. It is anticipated that the
applicability of the general observations on
modeling strategy extends to other commercial CFD
codes using the finite volume methodology.

Selection of Tractor Trailer Geometry

The Generic Conventional Model' (GCM),
developed by NASA Ames Research Center for
scaled wind tunnel testing, is a generalized
representation of a conventional U.S. tractor-trailer
truck, as shown in Figure 1. The 1/8th scale model is
approximately 2.5 m long by 0.3 m wide by 0.5 m
high. The studies contained herein consider
experiments that were completed in the NASA
Ames 7ft. by 10 ft. wind tunnel. Instrumentation
included a force balance, 476 steady pressure
transducers, 14 dynamic pressure transducers, and
three-dimensional Particle Image Velocimetry
(PIV). Data was collected at various Reynolds
number values and yaw angles. The initial studies
presented herein consider only the case using the
standard configuration of the GCM with a vehicle-
width based Reynolds number of Re = 1.15 million.
Measurements using alternate configurations with
add on devices will be used to evaluate whether
computational modeling guidelines developed based
upon these studies are sufficiently general to be
applied in the evaluation of the aerodynamic
characteristics of other vehicles under different
operating conditions.
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Figure 1. Generic Conventional Model (GCM)

Computational Model

The computational model employed in these studies
was developed using the ES-Aero tool for
aerodynamic drag simulation that is available as part
of the Star-CD software package. The surface of the
standard configuration GCM is defined using
approximately 500,000 triangular surface elements
based upon CAD data representations taken from
optical scans of the actual model. A computational
domain, which as external dimensions that are based
on the cross-sectional dimensions of the wind
tunnel, is developed based upon this surface
definition using a semi-automated process that
begins by creating a hexahedral mesh that is
successively refined in smaller zones around
vehicle, with integral cell coupling employed at the
interfaces between zones. The dimensions of
hexahedral elements that make up the zone
immediately surrounding the vehicle are specified
by user as the near vehicle cell size. The mesh
elements near the vehicle surface are then further
refined based upon local surface features identified
by the user or selected automatically based on
curvature or gap width. The user specifies a
minimum allowable cell size that limits the
refinement of the mesh in this step.

Using this locally refined hexahedral mesh, the
original surface is “wrapped” by projecting the
hexahedral mesh onto the original surface. The
“wrapped” surface definition is then volumetrically
expanded to create a subsurface which is used to cut
away the portions of the locally-refined hexahedral
mesh that fall inside the vehicle. A brick and prism
cell extrusion layer is then created to fill the gap
between the sub-surface and the “wrapped” surface.
In this way, the polyhedral cut cells are removed
some distance from the surface, and a consistent y*
value between approximately 20 and 200, can be
maintained regardless of grid resolution, insuring
that the computational meshes are suitable for the
turbulence models used in these studies. A final step
further refines the wake region and the underbody
region in order to better capture a steady state
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representation of important flow features. An
example of the mesh construction of the
computational domain used in the GCM simulations
is shown in Figure 2.

Figure 2. Example of computational mesh structure
used in the simulation of the aerodynamic
characteristics of the Generic Conventional Model
(GCM)

Using locally-refined, face-coupled computational
domains with substantial numbers of non-hexahedral
cells makes the standard practice of evaluating grid
convergence by uniformly refining the entire mesh
in all directions intractable. In the computational
meshes used in these studies, two separate
parameters determine the size of the mesh. Mesh
sensitivity analyses included in these studies
examine the effects of changes in the near-vehicle
cell size and minimum cell size parameters on the
prediction of the drag coefficient. However, this is
not equivalent to the traditional grid convergence
study because the grid is not uniformly refined in all
directions throughout the domain and the vehicle
surface definition cannot be exactly maintained for
all models since the final surface definition is
dependent upon the local refinement of the
computational mesh.

Computational Requirements

Models are constructed using a 64-bit 2.8GHz Xeon
Linux workstation with 8 GB of RAM. The
construction of the most coarsely-meshed models
included in this study, from IGS formatted CAD
data to final model, requires approximately 3 hours
and peak memory usage is approximately 1.0 GB.
The most finely-meshed models requires
approximately 12 hours and the peak memory usage
is approximately 5 GB. Since the automated mesh
wizard included with the software package is used,
little intervention is required by the user during this
process. As with any software, initial models created
by a novice user will likely require a larger initial
time investment. All models employed in these
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studies are used as supplied from the automated tool
with no manual repair or modification.

The Nuclear Engineering Division maintains a
Beowulf cluster for performing engineering
mechanics, fluid dynamics, and reactor engineering
analyses. The cluster consists of three front-end

(i.e., control) nodes and seventy-five compute nodes.

One of the front-end nodes is a 32-bit servers
contains dual Athlon MP 2.2GHz processors and
4 GB of memory. The two remaining front ends are
64-bit front-end servers: one with dual Itanium2
processors and 24 Gigabytes of memory, the other
with dual Xeon processors and 8 gigabytes of
memory. The cluster’s file server provides nearly
1 Terabyte of home file system space. Each of the
75 compute nodes has a 3.2 GHz Pentium IV
processor with 2 GB of memory. All of the
machines in the cluster are interconnected via
Gigabit Ethernet. All of the systems run RedHat
Enterprise Linux.

Brief Summary of Prior Results

Initial studies focused on establishing the validity of
commercial CFD software for the prediction of the
aerodynamic characteristics of a tractor-trailer
vehicle. This previous effort included a mesh
sensitivity study considering the effect of near
vehicle cell size and minimum cell size on the
accuracy of aerodynamic characteristics as well as
the impact of turbulence model selection and the use
of half vehicle versus full vehicle models.
Additional studies have examined the ability to
predict the impact of cross-winds on aerodynamic
performance.

Computational Mesh Sensitivity

A series of studies have been completed to evaluate
sensitivity of the predictive accuracy to selection of
the two primary characteristic dimensions of the
generated computational mesh: the near vehicle cell
size and the minimum cell size. The near-vehicle
cell size defines the dimensions of the cells in the
region of tunnel-aligned hexahedral brick cells
closest to the model surface. The minimum cell size
is the limit applied to the automatic refinement of
the region immediately adjacent to the vehicle
surface and defines the smallest cell that can be used
to capture local surface characteristics.
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To assess the impact of the near-vehicle cell size, a
series of parametric simulations was completed
specifying near-vehicle cell sizes between 6mm and
10 mm for the 1/8" scale GCM. Results,
summarized in table 1, indicate that the drag
coefficient can be predicted with acceptable
accuracy using a near vehicle cell size of 6 mm.
Furthermore, coarser meshes using near vehicle cell
sizes as large as 12 mm can likely be used for initial
coarse evaluations and trending.

Based on these results, an additional study was
completed to evaluate the impact of the minimum
cell size. The default minimum cell size in the
previous study was 1/8 the near-vehicle cell size. In
this study the minimum cell size was reduced to
determine whether the same computational accuracy
observed in the 6mm case could be achieved using a
smaller number of computational cells. When the
minimum cell size in the 8 mm case was reduced
from 1 mm to 0.5 mm, the accuracy of the drag
coefficient prediction improved from 4.2 percent
error to 1.0 percent error. This level accuracy was
achieved using 30% fewer computational cells than
in the most refined model in the near-vehicle cell
size study.

Turbulence Model Effects

In all simulations completed for the computational
mesh sensitivity studies, the high Reynolds number
k-¢ turbulence model was used in conjunction with a
standard logarithmic wall function for the prediction
of turbulent kinetic energy and eddy diffusivity.
While the high Reynolds number k- € turbulence
model is a robust general purpose turbulence model,
the strong adverse pressure gradients and large flow
recirculation regions associated with the GCM
geometry may limit the applicability of steady state
RANS modeling strategies. Using the computational
mesh with a near vehicle cell size of 8§ mm and a
near wall cell size limit of 0.5 mm, simulations of
the aerodynamic characteristics of the GCM model
were repeated using five steady RANS turbulence
models and their associated wall functions: 1) the
standard high-Reynolds number k-¢ model with
logarithmic wall function, 2) the Menter k-o SST
model, 3) the renormalization group (RNG)
formulation of the k-¢ model, 4) the Chen
formulation of the k-¢ model, and 5) the quadratic
formulation of the k-¢ model. Drag coefficients
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predicted using each of the selected steady-RANS
turbulence models are shown in Table 2.
Comparisons of the predicted pressure coefficient
distributions when using the selected turbulence
models are shown in Figure 3. The differences in the
predicted drag coefficient are largely a result of
localized discrepancies in the surface pressure
coefficient predictions in the regions of separated
flow, with the largest discrepancies appearing in the
underbody region just behind the tractor.

Yaw Angle Effects

The effects of cross-winds on the vehicle
performance are evaluated by rotating the model in
the wind tunnel to introduce an effective yaw angle
between the wind direction and the vehicle direction.
In the wind tunnel experiments, yaw angles between
14 degrees and -14 degrees were considered. In the
experiments, a low drag state is observed at low yaw
angles. For yaw angles greater than 3 degrees a
higher drag state was observed, where large flow
separation zones begin to form along the leeward
side of both the tractor and trailer, introducing
significant turbulent instability into the flow field.
The instability is further exacerbated by the
formation of a highly turbulent jet through the gap
between the tractor and trailer which washes over
the logical separation points on the leeward side of
the trailer, extending the separation zone.

Using this data for comparison, a series of
simulations were completed to evaluate the effects
of the computational mesh parameters on predictive
accuracy at yaw angles greater than zero. Results of
the mesh sensitivity study are summarized in
Figure 4. These studies show that the transition
between the high and low drag state can be
accurately captured using the methodology
developed for the GCM at zero yaw angle.
Furthermore, the studies demonstrate that the
aerodynamic coefficients of the vehicle can be
predicted within a few percent error when sufficient
resolution is used near the vehicle surface.
Additional simulations included in this study
indicate that little difference in drag coefficient
predictions is observed for cases using the 8mm near
vehicle cell size when the minimum cell size is
further reduced from 0.5 mm to 0.25 mm.
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Table 1. Effects of Near-Vehicle Cell Size Parameter on
Accuracy of Drag Coefficient Prediction

Near-Vehicle Predicted Drag | Error in Drag
Cell Size (mm) Coefficient Coefficient
experiment 0.398

16 0.449 12.0
12 0.441 10.3
10 0.418 4.9
8 0.415 4.2
6 0.405 1.7

Table 2. Results of evaluation of two-equation
turbulence models for prediction of drag coefficients for
the GCM geometry

Predicted Percent
Drag Error in
Turbulence Model Coefficient Prediction
Experiment 0.398 --
High-Reynolds Number
k-epsilon Model 0.402 1.0
Menter k-0 SST model 0.401 0.8
RNG model 0.389 2.3
Chen’s model 0.3919 1.61
Quadratic model 0.3815 4.32
1.6 railer
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Figure 3. Comparison of predicted pressure coefficient
distributions on the vehicle surface with experimental
data for selected turbulence models
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Figure 4. Comparison of drag coefficient predictions as a
function of yaw angle and mesh size parameters

Prediction of Changes in Aerodynamic
Characteristics

Building on the foundation of prior studies, the
practices and procedures developed through the
analyses of baseline GCM geometry have been
applied to studies for a number of alternative
configurations. These studies include the evaluation
of add on devices, the assessment of impacts of
radiator size and an investigation of the impacts of
flow through the grille on drag coefficients.

“GTS” Configuration of the GCM

As an initial application of the modeling strategy to
alternative configurations, simulations were
completed for the so-called “GTS” configuration of
the GCM geometry, shown in Figure 5. This
configuration includes a full fairing between the
tractor and trailer and a belly box under the trailer.
While this configuration is not practical for
deployment, it does provide a very low drag test of
the predictive capability of the CFD models. Using
the baseline meshing strategy with a near vehicle
cell size of 8 mm and a minimum cell size of

0.5 mm, simulations were completed using 4
different steady RANS turbulence models: the
standard high-Reynolds number k-epsilon model,
the Chen model, the RNG model, and the Quadratic
model. Results are summarized in Figure 6. The
error between predicted and measured coefficients
ranges from approximately 10 to 30 percent.
Additional studies examining mesh refinement
sensitivity show little change in predictions with
additional refinement near the vehicle surface or in
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Figure 5. “GTS” configuration of the GCM, with full
gap fairing and trailer belly box
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Figure 6. Drag coefficient predictions for the “GTS”
configuration of the GCM, as a function of yaw angle and
turbulence model selection

the model as a whole. Examination of detailed flow
and surface pressure results indicate that the larger
error may be a consequence of the extremely low
drag coefficient and the increasing importance of the
base drag at the rear of the trailer. Prior studies have
shown that the largest error in computational
predictions when using this approach occurs at base
of the trailer. For very low drag coefficient
configurations, more advanced turbulence modeling
strategies should be investigated.

Ogive Boattail

Working with a commercial partner, Aerovolutions
Inc., a CAD geometry based on the GCM with a
commercially-marketed inflatable ogive boat tail
device attached to the trailer was developed, as
shown in Figure 7. Simulations using this geometry
were completed using three different computational
mesh configurations. Results are summarized in
Table 3. When compared with results for the
standard configuration of the GCM using
comparable mesh densities, a drag coefficient
reduction of 7% is expected, which would
correspond to a fuel savings of 3.5%. These
predictions are consistent with claims based on wind
tunnel and road tests by Aerovolution.
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Figure 7. Modified GCM geometry with ogive boat
tail

Table 3. Summary of drag coefficient predictions for the
GCM geometry with ogive boat tail

Near Vehicle Near Wall Cell Drag
Cell Size Size Coefficient

12 mm 2 mm 0.4179

8 mm 1 mm 04116

8 mm 0.5 mm 0.3975

The impact of the device on the wake behind the
vehicle is quite dramatic, with the wake closing
shortly behind the vehicle rather than many vehicle
lengths downstream, as shown in the comparison
between results with and without the device in
Figure 8. While this effect should improve driving
conditions a vehicle length downstream, as with
most trailer boat tail devices, the more energetic
turbulence in the reduced-length wake may
negatively impact driving conditions for passenger
cars near the rear of the vehicle.

(a) Standard GCM

(b) GCM + Boat Tail

Figure 8. Comparison of velocity magnitude predictions
for the standard GCM geometry and for the modified
GCM geometry with ogive boat tail

Changes in Radiator/Grille Dimensions

To meet more restrictive EPA emissions
requirements, manufacturers are likely to
substantially redesign engine cooling packages to
reject more of the engine heat that is currently
carried away by the exhaust. An increase in radiator
size is likely to result. To quantify the potential
impact of this change on drag related parasitic

Heavy Vehicle Systems Optimization Program

energy losses, a series of modified GCM geometries
have been developed with modified radiator or grille
dimensions. In these simulations, the grille is
completely closed and flow through the engine
compartment is neglected. However, the effect of
flow through the radiator has been quantified in
other studies to be discussed in the following
section.

Four different parametric cases have been
considered: a 10 percent increase in the height of the
radiator, a 10 percent reduction in the height of the
radiator, a 10 percent increase in the width of the
radiator and 10 percent reduction in the width of the
radiator. In all cases, the hood angles are adjusted to
be compatible with the modified grille dimensions
and all other dimensions are maintained so that any
observed change in performance can be directly
attributed to the change in radiator size. All models
use the baseline mesh parameters, with a near
vehicle cell size of 8.0 mm and a minimum cell size
of 0.5 mm. Results for the modified geometries at
yaw angles of 0 and 6 degrees are summarized in
Table 4. No significant change in drag coefficient is
observed for any of the four cases. Review of
detailed pressure and force distributions, such as
those seen in Figure 9, confirms that high pressure
areas on the grill are simply relocated to or from the
windshield or the sides and top of the hood.

Table 4. Impact of changes in radiator/grille dimensions
on drag coefficient

Configuration | Drag @ 0° Yaw | Drag @ 6° Yaw
Nominal 0.4061 0.7861
Height + 10 % 0.4041 0.8208
Height — 10 % 0.4022 0.8105
Width + 10 % 0.4097 0.7423
Width — 10 % 0.4097 0.7392

Figure 9. Response of surface pressure distribution
to changes in radiator height
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Effects of Flow through Radiator/Grille

In all prior simulations, the effect of the flow of air
through the grille and radiator has been neglected on
the assumption the radiator is so dense that it
essentially appears as a solid surface to the
impinging flow. To evaluate the effect of the
underhood flow, a modified GCM geometry was
developed with an open grille, as shown in Figure
10. An additional outlet boundary condition was
placed at the back of the open space behind the
grille, and the radiator was represented by a porous
baffle between the grille and the outlet. The radiator
was assumed to have a porosity of 33% and the
outlet condition was specified based on the ratio of
the areas of the new outlet to the primary outlet.

Figure 10. Modified GCM geometry with open grille
and flow-through radiator

Simulations of the modified geometry at zero
degrees yaw were completed using a computational
mesh based on the baseline mesh parameters, so that
the near vehicle cell size was 8 mm and the
minimum cell size was 0.5 mm. The standard high-
Reynolds number k-epsilon model was specified.
The predicted drag coefficient for this case was
0.4115, which is a 1.2 percent increase over the
standard configuration when compared to
simulations using comparable computational mesh
density. Since this value is within the anticipated
error of the calculation, the change in configuration
does not result in a statistically significant change in
aerodynamic performance.

Conclusions

The studies described herein provide a
demonstration of the applicability of the experience
developed in the analysis of the standard
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configuration of the Generic Conventional Model.
The modeling practices and procedures developed in
prior efforts have been applied directly to the
assessment of new configurations including a variety
of geometric modifications and add-on devices.
Application to the low-drag “GTS” configuration of
the GCM has confirmed that the error in predicted
drag coefficients increases as the relative
contribution of the base drag resulting from the
vehicle wake to the total drag increases and it is
recommended that more advanced turbulence
modeling strategies be applied under those
circumstances. Application to a commercially-
developed boat tail device has confirmed that this
restriction does not apply to geometries where the
relative contribution of the base drag to the total
drag is reduced by modifying the geometry in that
region. Application to a modified GCM geometry
with an open grille and radiator has confirmed that
the underbody flow, while important for underhood
cooling, has little impact on the drag coefficient of
the vehicle.

Furthermore, the evaluation of the impact of small
changes in radiator or grille dimensions has revealed
that the total drag is not particularly sensitive to
those changes. This observation leads to two
significant conclusions. First, a small increase in
radiator size to accommodate heat rejection needs
related to new emissions restrictions may be
tolerated without significant increases in drag losses.
Second, efforts to reduce drag on the tractor requires
that the design of the entire tractor be treated in an
integrated fashion. Simply reducing the size of the
grille will not provide the desired result, but the
additional contouring of the vehicle as a whole
which may be enabled by the smaller radiator could
have a more significant effect.
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Objective

e To reduce aerodynamic drag of tractor/semi trailer combination trucks through development, test, and
demonstration of aerodynamic aids and systems of aerodynamic aids from the viewpoint of
manufacturability and practicality for over-the-road use.

Approach
e  Pursue complimentary research paths for aerodynamic devices and systems.

— Research areas include the effect of mirror design on truck acrodynamics; the effect of aerodynamic
treatments of tractor trailer gap, trailer side, and trailer wake on truck aerodynamics; the effect of
trailer aerodynamics, trailer gap enclosure, and trailer gap flow control on truck aerodynamics; and the
effect of vehicle underside design and management of tractor-trailer air flows on truck aerodynamics.
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Phase I: Conduct preliminary testing and analysis on a wide range of candidate devices and systems to
determine effectiveness of such devices and establish promising sets of devices for further research. This
testing will involve both full-size vehicles and scale models in wind tunnels and real-world driving tests.
Computational fluid dynamics will also be used to establish effects of aerodynamic devices on truck
aerodynamics.

Phase II: Construct prototype devices for installation on full-size Class 8 trucks for testing in wind tunnels
or in real-world environments (potentially in fleet applications). This testing will quantify the optimal fuel
economy benefits achievable through the use of these devices and systems in terms of a percentage
improvement relative to a similar baseline truck and trailer.

Accomplishments

Completed eleven different types of simulations of several commercial mirror configurations establishing
the effect of rear-view mirror design options and the constraints on truck aerodynamics. The latest
computational fluid dynamics (CFD) tools were used to correlate the wind tunnel tests performed on a full-
scale class 8 tractor. Freightliner added testing of mirror “soiling” (water management) and found that a
benefit of improving mirror drag is an improvement in safety during rainy driving conditions. As the air
flow around the mirror becomes more efficient, fewer rainwater droplets become deposited on the mirror
surface where they obscure the driver's view. As a result of the drag force measurements, it was found that
there is a potential for a 2-3 percent drag reduction with well-designed mirrors. An added benefit to the
trucking industry is that these research methods can be duplicated and utilized, not only for testing mirrors,
but with testing of other devices currently in use or for potential use on a tractor. (Freightliner)

Developed experimental aerodynamic trailer in conjunction with Great Dane and Wal-Mart. Through track
testing (SAE Type II fuel economy test), demonstrated a 7 percent fuel economy improvement with this
trailer. Designed a trailer forebody aerodynamic device that demonstrated a 2 percent fuel economy
improvement in track testing (SAE Type II fuel economy test). Designed prototype variable-length side
extenders to close the tractor-trailer gap, and demonstrated 1 percent fuel economy improvement in track
testing (SAE Type II fuel economy test). (International)

Completed tuning tests of individual aerodynamic devices (trailer gap enclosure, trailer boat tail, side
strakes, side skirts, and vortex generators) to determine most promising devices. Completed SAE Type 11
fuel economy testing of various combinations of trailer gap enclosures, side skirts, and boat tails: fuel
economy benefits of between 1 percent and 8 percent were demonstrated. (Mack)

Completed SAE Type II fuel economy testing of combinations of add-on aerodynamic devices (smooth
underbody device, trailer gap up-flow prevention device, optimized roof extension to shorten the trailer
gap, and trailer bogie deflectors). Fuel economy benefits of between 1 percent and 2.3 percent were
demonstrated in track testing. (Volvo)

Future Direction

Current project (Phase I and Phase II work) has been nearly completed. A no-cost time extension through
April 2007 was granted to ensure sufficient time for completion of final reporting. Because of favorable
weather conditions, International conducted additional testing of its devices and systems late in 2006 and
early in 2007, the results of which will be included in the final report.

Introduction can yield measurable benefits in fuel economy with

Class 8 heavy-duty trucks represent over three-
quarters of the total diesel fuel use for trucks in the
United States each year, transporting vital goods to
destinations across the country. At highway speeds
for these trucks, aerodynamic drag is a major part of
total horsepower needs for driving the truck down
the highway, and reductions in aerodynamic drag

relatively inexpensive and simple devices. The goal
of this project is to examine a number of
aerodynamic drag devices and systems and
determine their effectiveness in reducing
aerodynamic drag of Class 8 tractor/semitrailer
vehicles, thus contributing to DOE’s goal of
reducing petroleum use for transportation.
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Project Team

The project team represents virtually all of the key
heavy truck manufacturers in the United States,
along with the management and industry expertise
of the Truck Manufacturers Association as the lead
investigative organization. The Truck Manufacturers
Association (TMA) is the national trade association
representing the major North American
manufacturers of Class 6-8 trucks (GVWRs over
19,500 1Ibs). Four major truck manufacturers are
participating in this project with TMA: Freightliner,
LLC; International Truck and Engine Corporation;
Mack Trucks Inc.; and Volvo Trucks North
America, Inc. Together, these manufacturers
represent over three-quarters of total Class 8 truck
sales in the United States. These four manufacturers
pursued complementary research efforts in order to
provide a wide range of potential aerodynamic
improvements to on-highway trucks.

Project Structure and Roles

The project work has been separated into two phases
to be conducted over a period of two years. In Phase
I, initial screening of aerodynamic devices and
systems was conducted to focus research and
development attention on devices that offer the most
potential. This screening was done through full-size
vehicle testing, scale model testing, and
computational fluid dynamics analysis. In Phase II,
the most promising devices were installed on full-
size trucks and their effect on fuel economy will be
determined, either through on-road testing or full-
size wind tunnel testing.

As noted above, the participating manufacturers
conducted complementary research and
development of aerodynamic aids. In particular,
Freightliner is working on outside mirrors;
International is looking at tractor trailer gap, trailer
side, and trailer wake effects on truck aerodynamics;
Mack is examining trailer aerodynamics, trailer gap
enclosure, and trailer gap flow control; and Volvo is
working on vehicle underside design and
management of tractor-trailer air flows. All of the
manufacturers are working with devices and systems
that offer practical solutions to reduce aerodynamic
drag, accounting for functionality, durability, cost
effectiveness, reliability, and maintainability.

A layout of the project team members and their roles
and responsibilities is illustrated in Figure 1.
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Project Activities

Phase II activities of the four truck manufacturers
are described in more detail below, organized by
truck manufacturer.

Freightliner: The overall objectives of this work are
to assess the fuel-efficiency performance benefit that
might be achieved with advanced mirror technology
relative to current baseline technologies; outline the
appropriate design processes associated with
effective aerodynamic mirror development to be
shared throughout industry; and develop realistic
technology that can be readily implemented in the
near-term.

In Phase II, Freightliner studied the effects of
differing mirror systems on the aecrodynamic drag of
the vehicle, both through Freightliner’s wind tunnel
and through computational fluid dynamics analysis.
These tests were performed on a full-size
Freightliner Century Class S/T conventional Class 8
sleeper cab truck with a raised sleeper roof, one of
Freightliner’s most advanced current production
truck designs. All tests were done in Freightliner’s
company wind tunnel located in Portland, Oregon.
This tunnel has the capability of accommodating a
full-size Class 8 truck in its 12,000 square foot
facility. The Freightliner Wind Tunnel features a
unique and efficient design that differs from those of
traditional automotive and aviation wind tunnels.
Standard building materials were used in innovative
ways to build the structure. The power section is
revolutionary as well, using ten industrial blower
fans; all synchronized by computer, in place of what
would typically be one large custom-designed and
built fan. The fans have a combined 2500
horsepower capability and process over 2.5 million
cubic feet per minute (CFM) of air. This allows for
test section wind speeds of over 65 mph.

Freightliner studied three types of mirror systems:
the “Aero” mirror offered as standard equipment on
the test truck; an aerodynamic mirror with a single
mounting post (versus the double mounting post of
the standard aero mirror); and a “West Coast” style
mirror with a complex multi-strut mounting system.

In the wind tunnel, Freightliner determined
aerodynamic drag force due to mirrors (as percent of
total vehicle drag), flow visualization with smoke,
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and water management visualization. In the CFD
world, information was collected on aerodynamic
drag force due to mirrors (as percent of total vehicle
drag), surface pressures, flowfield streamlines, and
flowfield velocity magnitude.

Results of the analysis of various mirror
configurations and their contribution to total vehicle
drag appear in Figure 2. Note that the “Aero” mirror
offers the best overall performance, and the single-
post mirror offers the least favorable performance.
The primary reasons for this are: a) The mounting
structure for single post mirrors has a bigger cross
section and causes a larger wake and b) The mirror
housing is in the path of the A-pillar and cowl
vortex. Comparing the Aero mirrors and the West
Coast styled mirrors, the West Coast mirrors have a
higher drag because: a) the complex multi-strut
mounting system causes a combined larger wake
and b) the sharp edges with rectangular face on the
on the West Coast mirror housing increases drag.

Figure 3 illustrates another aspect of the mirrors and
their effect on the vehicle flowfield. The figure
shows the differing flow around the vehicle for two
different mirror configurations. Note that these
mirrors produce different wake structures as a result
of their differing configurations, and also note that
the effect of the mirror wake propagates to the trailer
flow field, highlighting the wide ranging effect of
mirrors on aerodynamics.

All of these results highlight the importance of
integrating the mirrors into the vehicle flowfield,
treating the mirror and vehicle as a system.
Depending on yaw angle and design, mirrors can
contribute up to 7 percent of total vehicle drag.

International: International focused its effort on
trailer side, trailer wake, and tractor-trailer gap
technologies for reducing aecrodynamic drag. In
Phase II, International planned to develop full-scale
prototypes from each area of focus, producing
“proof of concept” hardware suitable for on-road
vehicle fuel economy testing. International planned
to use SAE J1321 Type II fuel economy testing
protocols to establish benefits of the hardware
tested.

For the trailer side and trailer wake work, Inter[]
national determined in Phase I that trailer skirts and
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base plates were most beneficial in reducing aerol’!
dynamic drag. In Phase II, International worked to
secure a partnership with a major trailer
manufacturer to further develop these technologies,
and was successful in working with Great Dane.

Great Dane and International worked with a major
customer (Wal-Mart) to produce an experimental
aerodynamic trailer based on the Phase I data.
Several trailer designs were considered, and the final
design chosen featured an aft taper, straight side
skirts, a reduction of 12 inches in height versus a
standard trailer, and a load floor lowered by

16 inches. This trailer is pictured in Figure 4.

The aft taper on this trailer is structural (versus the
movable flexible base flaps more commonly
demonstrated), Wal-Mart’s standard roll-up door
opening was not reduced in size. The side skirts are
equipped with a mechanism to lower them at

35 mph for maximum aerodynamic benefit, and to
retract them upward below 35 mph to minimize the
potential for damage when maneuvering. Because
the trailer’s standard ride height is 12 inches lower
than a standard trailer (representing an 8% reduction
in frontal area), a maxi-lift suspension is employed
to raise the trailer to a standard dock height when
exchanging cargo. In initial tests of this trailer with a
standard International over-the-road tractor, a fuel
economy improvement of 6.8% was achieved.
Additional tuning testing on this trailer was
conducted in December 2006 and January 2007.

In addition to the experimental Great Dane trailer
work, International also tested two other
aerodynamic concepts on full-scale vehicles. The
first of these was a trailer forebody device designed
to be affixed to the front of a trailer: it has no
moving parts, accommodates the trailer swing
clearance, and was estimated to have a 3-4 percent
drag reduction opportunity based on Phase I testing.
The second device was a set of variable length side
extenders, which closes the gap between the tractor
and trailer. The side extenders designed here had
both fixed and movable sections: the movable
section deploys at higher vehicle speeds to close the
gap between the tractor and trailer, and stows at
lower speeds to account for the trailer swing
clearance. Even in the fully-deployed position, a gap
of 4 to 6 inches between the extender and the trailer
is required to account for relative movement of the
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tractor and trailer in highway travel. These extenders
were forecast to have a 3 percent drag reduction
opportunity in Phase I testing.

The trailer forebody device is shown in Figure 5.
The device, which is the subject of a current patent
application by International, provided a 2% fuel
economy improvement in on-road vehicle testing
(SAE Type Il tests). This device was tested by itself
in this work: it was not tested in combination with
other devices to determine potential synergistic
effects.

The variable-length side extenders are shown in
Figure 6. These side extenders are envisioned to
operate in a “hands-free” automatic mode with an
actuation system that is the subject of a patent
application. Because of resource constraints, the
actuation system was not built, but the extenders
themselves were tested and achieved a 1% fuel
economy improvement in SAE Type II testing.
Again, these side extenders were tested in isolation,
separate from other aerodynamic devices.

Mack: In Phase II, Mack pursued practical analysis
and testing of several devices (and combinations of
devices) to improve the aerodynamics of the tractor-
trailer combination truck, with a focus on the
tractor-trailer gap and trailer aerodynamics. Testing
for these devices took place using the current Mack
Vision CX Class 8 tractor and a standard van trailer
provided by Great Dane.

Prior to committing resources to full SAE Type II
fuel economy testing, Mack conducted a series of
tuning tests on the devices using a portable data
logger to determine fuel usage from the vehicle
ECU. The tuning tests were run on a public highway
route in Greensboro, North Carolina. The purpose of
these tuning tests was to gauge relative fuel
economy improvements for these devices and to
prioritize the devices for SAE Type Il testing based
on these fuel economy improvements. The final set
of aerodynamic devices selected for SAE Type 11
testing included a trailer gap enclosure (side
enclosure) designed by Mack, trailer side skirts
provided by Freight Wing, and a boat tail provided
by Clarkson University and Composite Factory Inc.
in both 2 foot and 4 foot lengths.
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Mack conducted its SAE Type II fuel economy
testing at the Transportation Research Center test
track in East Liberty, Ohio. The testing included the
following combinations of the side enclosure, the
side skirts, and the boat tail (2 foot and 4 foot).

Side enclosure only.

Side enclosure and side skirts.

Side enclosure and 4 foot boat tail.

Side enclosure, side skirt and 2 foot boat
tail.

5. Side enclosure, side skirt, and 4 foot boat
tail.

b S

Figure 7 is a photo of the test truck and trailer
equipped with the side enclosure, trailer side skirts,
and boat tail. Figure 8 summarizes the results from
the SAE Type II testing for the five technology
combinations. The most effective combination was
the combination of the side enclosure, side skirt, and
four-foot boat tail, which achieved a fuel economy
improvement of just over 8 percent. Shortening the
boat tail by two feet to make the boat tail more
practical still provided good results in combination
with the side enclosure and side skirts, achieving
7.75 percent fuel economy improvement.
Combinations of the side enclosure and either the
side skirts or boat tail achieved fuel economy
improvements of about 4-5 percent.

Mack examined the trailer gap enclosure (side
enclosure) as part of this project, studying it both
through on-road testing and CFD analysis. Mack
determined that this device alone can achieve a 1%
fuel economy improvement, and could be offered as
OEM equipment on tractors. An automatic stow and
deploy mechanism is needed, but is not at a
development phase to be offered as production
equipment at this time.

Volvo: Volvo pursued practical analysis and testing
of practical devices to address the tractor and trailer
underside aerodynamics and the tractor-trailer gap
aerodynamics. Testing for this phase used several
current-model Volvo VN series Class 8 trucks with
both partial aerodynamic packages (no fairings
beneath the cab to cover the fuel tanks, battery
boxes, and so forth) and full acrodynamic packages
(all OEM fairings in place).
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Volvo focused its Phase II efforts on devices that
could be simple add-ons to existing vehicles,
including trailer gap devices (side deflectors),
adjustable roof extenders, smooth tractor underside
devices, deck closures, and trailer bogie deflectors.
Trailer gap devices are simple and inexpensive yet
effective, and adjustable roof extenders adapt to
various trailer gap conditions. It is potentially easy
to integrate a smooth underside concept, and a deck
closure (behind the cab and between the tractor and
trailer) can be provided with little effort. Bogie
deflectors provide a simple alternative to full trailer
skirts (though they are probably less effective than
full skirts). Photos of the smooth tractor underside
device, the bogie deflector, and the deck enclosure
are shown in Figure 9.

In Phase 11, Volvo performed tuning tests on these
devices to obtain relative indicators of concept
effectiveness. These tuning tests were performed on
public roads, using fuel usage data from the engine
ECU. Once tuning tests were complete, Volvo tested
combinations of these devices at the Transportation
Research Center test track in East Liberty, Ohio (a
photo of the test truck with several aerodynamic
devices is shown in Figure 10). Several
combinations of devices were tested to determine
fuel economy effects, as listed in Figure 11. The
four major configurations included the total
combination with all devices, a combination
excluding the bogie deflector, a combination
excluding the trailer gap devices and bogie deflector,
and a combination excluding the smooth underside
and bogie deflector.

As Figure 11 shows, Volvo demonstrated a

2.3 percent fuel savings by introducing a smooth
underbody panel concept; influencing the interaction
between the underside and trailer gap flows;
shortening the effective trailer gap with add-on
devices; and adding a unique trailer bogie deflector.
Volvo measured an incremental 1.0 percent fuel
savings by introducing a unique trailer bogie
deflector. They measured a 1.0 percent fuel savings
by introducing the underside and deck closure
concepts, and a 1.0 percent fuel savings by
introducing the trailer gap and deck closure
concepts. Finally, Volvo measured a 1.3 percent fuel
savings by introducing the underside, trailer gap and
deck closure concepts.
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End of Project Display/Demonstration: The
demonstration was held on November 14, 2006
outside the DOE Forrestal Building with the display
of the trucks and trailers used in the Phase I and II
research for the benefit of DOE and other agency
management, as well as for DOE staff and the
general public. Several dignitaries were in
attendance to make remarks about the importance of
the aerodynamic project and its results to the
attendees and press representatives at the even.
Speaking attendees included Robert Clarke
(President, Truck Manufacturers Association), Pat
Charbonneau (Vice President of Government
Relations for International Truck and Engine
Corporation), David Rodgers (DAS for Technology
Development for DOE EERE), and Congressman
David Hobson from Ohio. The OEMs participating
in the event developed press releases within their
own public relations organizations describing their
achievements, and the event received coverage from
Transport Topics and other trade press. The photos
in Figure 12 illustrate the trucks and technologies
that were on display at the event.

Summary

The four truck manufacturers performed testing and
analysis on a number of areas of the tractor-
semitrailer combination with an eye toward
aerodynamic improvements. Technologies were
identified for the tractor and trailer that could
provide combined fuel economy benefits of

1 percent to 8 percent.

Conclusions

Freightliner: Several mirror design parameters
(frontal area, shape, alignment, and placement in the
flowfield) are important. For instance, mirror
housing should be curved and placed appropriately
with respect to the A-pillar and cowl vortex. Mirror
mounting structure should have a minimal number
of struts, since together they form a complex system
with a larger wake. Finally, the mirrors and cab
should be designed as one integrated system. With
well-designed mirrors, there is the potential to
reduce aerodynamic drag by 2 to 3 percent, and on
up to 6 percent if mirrors were eliminated altogether.
CFD simulations and wind tunnel testing are
complementary tools that should be used together to
develop vehicles and accessories. These tools
provide repeatable results with defined parameters
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that avoid the differing environmental impacts with
on-the-road vehicles in a field test.

International: An experimental trailer design
incorporating advanced aerodynamic features,
developed in conjunction with a trailer manufacturer
and a major customer, achieved on-road fuel
economy improvements of 7 percent when
connected to a standard International Class § tractor.
A trailer forebody device designed by International
can achieve a 2 percent fuel economy improvement,
while movable side extenders to close the tractor-
trailer gap can achieve a 1 percent fuel economy
improvement. International felt that further tuning
changes in the experimental trailer design could
improve its performance.

Mack: The addition of side enclosures (tractor-trailer
gap enclosures), trailer side skirts, and a boat tail to
a standard tractor-van trailer combination can
improve fuel economy of this vehicle by up to 8
percent. Shortening the boat tail by half still offered
nearly the same fuel economy performance (7.75
percent). Side enclosures alone improved fuel
economy by 1%.

FY 2006 Annual Report

Volvo: Moderate yet significant benefits were
achieved with simple add-on devices which do not
require complex solutions and can produce minimal
operating concerns. Fuel savings of 1 percent to 2.3
percent were demonstrated through the addition of a
smooth underbody concept, a trailer bogie deflector,
side extenders and roof extenders, and tractor deck
enclosures.

Publications

A combined Phase I technical report was provided to
the Department of Energy detailing the work done in
the first year of the project. The Truck
Manufacturers Association presented an overview of
the project at the 21* Century Truck Partnership
session at the 2006 SAE Commercial Vehicle
Engineering Congress and Exhibition in Chicago,
Illinois. Additionally, International published a
technical paper on their Phase I work at the 2006
SAE Commercial Vehicle Congress (Practical
Devices for Heavy Truck Aerodynamic Drag
Reduction, 2006-01-3531).

Truck Manufacturers Association

President

Robert M. Clarke

[

'
..... 1+ © Overall project management,
interface between government

and industry

Freightliner LLC

Scott Smith,

Karla Younessi
- :
L i
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v © Aerodynamic mirror
\  testing and research
H

o

International Truck
and Engine Corp

Ron Schoon

© Trailer sides, trailer
wake, and tractor-
trailer gap testing
and research
(scale models and on-
road fuel economy
testing)

Mack Trucks Inc.

Justin Clark

© Trailer aerodynamics,
trailer gap enclosure,
and trailer gap flow
control (CFD and on-
road fuel economy
testing)

Volvo Trucks
North America
Justin Clark,
Conal Deedy

© Vehicle underside
design and airflow
management (CFD and
on-road fuel economy
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Figure 1. Project roles and responsibilities
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-6° 0° + G°

“Aero” Mirror EFD 3.2% 4.5% 2.4%
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Single-Post Mirror EFD | 54% | 59% | 0.8%

CFD 4.1% 5.9% 3.7%

-6° 0° + 6°

“West Coast” Mirror

EFD 5.5% 7.0% 21%

CFD 3.8% 3.7% 2.8%

Figure 2. Aerodynamic drag due to mirrors (as percent of total vehicle drag) from freightliner testing

Significantly different
wake structures

Mirror effects are seen
downstream, as far as the trailer.

Figure 3. Freightliner CFD simulations showing mirror effects on wake structures for two different
mirror systems
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Figure 4. Experimental aerodynamic trailer developed in conjunction with Great Dane and Wal-Mart

55



FY 2006 Annual Report Heavy Vehicle Systems Optimization Program

Figure 5. Trailer forebody device developed by
International

Figure 6. Variable length side extenders developed by International, in deployed position
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Figure 7. Mack tractor-trailer combination including side enclosures, trailer skirts, and 2 foot boat tail

Figure 8. Results of Mack track testing of device combinations

Fuel Economy Improvement Relative
Device Combination to Baseline
Side enclosure, 4 foot boat tail, and trailer side skirts 8.01%
Side enclosure, 2 foot boat tail, and trailer side skirts 7.75%
Side enclosure and 4 foot boat tail 4.73%
Side enclosure and trailer side skirts 4.14%
Side enclosure 1.06%

B
E_’_/?‘f-ii -

Figure 9. Volvo smooth tractor underside concept (left), trailer bogie deflector (center), and deck enclosure
(right)
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Figure 10. Volvo test truck at TRC

Figure 11. Device combinations tested by Volvo and fuel economy improvements

Fuel Economy Improvement Relative to

Device Combination Baseline
Smooth underbody panel concept, trailer gap up-flow prevention (deck closure), trailer 2.3%
gap with add-on devices (side deflectors and roof extender), and trailer bogie deflector
Smooth underbody panel concept, trailer gap up-flow prevention (deck closure), trailer 1.3%
gap with add-on devices (side deflectors and roof extender)
Smooth underbody panel concept, trailer gap up-flow prevention (deck closure) 1.0%
Trailer gap up-flow prevention (deck closure), trailer gap with add-on devices (side 1.0%

deflectors and roof extender)
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Freightliner Display Truck

Mack Demonstration Truck

International ProStar Aero
Tractor =

Trailer Boat 'I'.I.il {'Mackll

Dignitaries at Event (from left): Pat Charbonneau
(International); Congressman Dave Hobson; David
Rodgers (DOE); Robert Clarke (TMA)

Figure 12. End-of-Project display at the Department of Energy
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II. THERMAL MANAGEMENT

II.A. Efficient Cooling in Engines with Nucleate Boiling

Principal Investigator: W. Yu

Argonne National Laboratory

9700 South Cass Avenue, Building 212, Argonne, IL 60439
(630) 252-7361, fax: (630) 252-5568, e-mail: wyu@anl.gov

Technology Development Manager: Lee Slezak
(202) 586-2335, e-mail: Lee.Slezak@hq.doe.gov

Technical Program Manager: Jules Routbort
(630) 252-5065, e-mail: routbort@anl.gov

Contractor: Argonne National Laboratory
Contract No.: W-31-109-ENG-38

Objectives

Investigate potential of two-phase flow in engine cooling applications.

Determine limits on two-phase heat transfer (occurrence of critical heat flux or flow instability).

Approach

Experimentally determine heat transfer rates and critical heat fluxes in small channels with water and 50%
ethylene glycol in water mixture.

Perform experiments over a concentration range of ethylene glycol in water.

Experimental determine heat transfer characteristics for subcool flow boiling of water and ethylene
glycol/water mixtures.

Perform experiments with alternative fluids.

Accomplishments

Completed experimental tests and data analysis for the two-phase pressure gradients and boiling heat transfer
coefficients of horizontal flows to water and ethylene glycol/water mixtures.

Developed a new procedure to analytically calculate the boiling temperature along the test section and
subsequently the local heat transfer coefficients using ideal mixture and equilibrium assumptions along with
Raoult’s law.

Developed a pressure drop correlation modified from the Chisholm’s correlation with a concentration factor to
better predict pressure drops for ethylene glycol/water mixtures.

Developed a general correlation of boiling heat transfer coefficients modified from the Argonne’s boiling heat
transfer correlation with a concentration factor for the prediction of boiling heat transfer rates of flow boiling in
small channels including refrigerants, water, and ethylene glycol/water mixtures.
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e Fabricated a new vertical experimental test section, calibrated the instruments attached to the test section,
modified the test facility and test monitoring program for vertical flow boiling tests. Completed single-phase
calibration tests for vertical flow boiling on the nucleate boiling test facility.

Future Directions

e Continue systematical two-phase heat transfer experiments of water and ethylene glycol/water mixtures with
vertical flows to provide essential information for nucleate-boiling cooling system design.

e Study the impact of vertical vs horizontal flows on two-phase heat transfer.

e  Experimentally determine heat transfer characteristics for subcool flow boiling of water and ethylene

glycol/water mixtures.

e  Perform systematic experiments with alternative fluids.

Introduction

Analyses of trends in the transportation development
sector indicate that future engine cooling systems
will have to cope with greater heat loads because of
more powerful engines, more air conditioning, more
stringent emissions requirements, and additional
auxiliary equipment. Moreover, there is considerable
interest in reducing the size of the cooling systems
to obtain a better aerodynamic profile. To meet these
conditions, it is necessary to design cooling systems
that occupy less space, are lightweight, have reduced
fluid inventory, and exhibit improved performance.
Among various new cooling systems proposed by
researchers, the nucleate-boiling cooling system has
high potential to meet these challenges. Order-ofl]
magnitude higher heat transfer rates can be achieved
in nucleate boiling cooling systems when compared
with conventional, single-phase, forced-convective
cooling systems. However, successful design and
application of nucleate-boiling cooling systems for
engine applications requires that the critical heat
flux and flow instabilities not be reached. Therefore,
a fundamental understanding of flow boiling
mechanisms under engine application conditions is
required to develop reliable and effective nucleate
boiling cooling systems.

Cooling engine areas such as the head region often
contain small metal masses that lead to small coolant
channels. This geometry, in turn, leads to low mass
flow rates in order to minimize pressure drop.
Although significant research has been performed on
boiling heat transfer and the critical heat flux
phenomenon, results applicable for engine cooling
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systems are limited. It is the purpose of the present
study to investigate the characteristics of coolant
boiling, critical heat flux, and flow instability under
conditions of small channel and low mass fluxes.

The test apparatus used in this investigation was
designed and fabricated to study boiling heat
transfer, critical heat flux, and flow instability of
flowing water, ethylene glycol, and aqueous
mixtures of ethylene glycol at high temperatures (up
to 250° Celsius [C]) and low pressure

(<345 Kilopascal [kPa]). Figure 1 shows a schematic
of the apparatus. It is a closed-loop system that
includes two serially arranged pumps with variable
speed drives, a set of flowmeters, an accumulator, a
preheater, a test section, and a condenser. The
flowmeter set, including various types and sizes, was
chosen to cover a large range of flow rates and was
calibrated with a weighing-withstop-watch
technique. The estimated uncertainty in the
measurements of flow rates was £3%. The bladder-
type accumulator allows for stable control of the
system pressure. The preheater provides a means to
set the inlet temperature of the test section at various
desired levels. Both the preheater and test section
were resistance-heated with controllable direct
current (DC) power supplies. Provisions were made
to measure temperatures along the test section for
calculating heat transfer coefficients. The pressures
and temperatures at the inlet and outlet of the test
section were also measured. Pressure transducers
and thermocouples were calibrated against known
standards. The estimated uncertainty in the
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Figure 1. Schematic diagram of nucleate-boiling cooling test apparatus

measurements of pressures and temperatures were
+3% and +0.2°C, respectively. As a safety
precaution, both the preheater and test section were
provided with high-temperature limit interlocks to
prevent them from overheating. After leaving the
test section, the two-phase flow was condensed into
a single-phase flow, which returned to the pumps to
close the system.

A data acquisition system consisting of a computer
and a Hewlett-Packard multiplexer was assembled to
record outputs from all sensors. A data acquisition
program, which includes all calibration equations
and conversions to desired engineering units, was
written. The data acquisition system provides not
only an on-screen display of analog signals from all
sensors and graphs of representative in-stream and
wall-temperature measurements but also a means of
recording temperature measurements and pertinent
information such as input power, mass flux, outlet
pressure, pressure drop across the test section, and
outlet quality for further data reduction.

Results and Discussion

Both experimental tests and data analysis for two
phase boiling heat transfer of horizontal flows to
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water and ethylene glycol/water mixtures have been
completed. The main results are reported below.

Boiling Curve

Figure 2 shows the heat flux as a function of wall
superheat for boiling of water and ethylene
glycol/water mixtures in small channels. As can be
seen from Figure 2, generally, the saturation boiling
in small channels can be divided into three regions,
namely convection-dominant-boiling region,
nucleation-dominant-boiling region, and transition
boiling region. Both convective heat transfer and
boiling heat transfer exist in all three regions, but
their proportions are different in these three regions.
In the convection-dominant-boiling region, the wall
superheat is low, usually less than a few degrees
centigrade. Although there is boiling heat transfer,
the dominant mechanism is convective heat transfer.
As a result, the mass quality and heat transfer rate
are quite low comparing with those in the other two
regions. In the nucleation-dominant-boiling region,
the wall superheat is higher than that in the
convection-dominant-boiling region but lower than
certain upper limits that depend on mass flux.
Opposite to the convection-dominant-boiling, the
boiling heat transfer in the nucleation-dominant
boiling is so developed that it becomes dominant
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and the heat transfer rate is much higher than that in superheat. If the heat flux increases further, it is
convection-dominant boiling. As can be seen from possible for the system to reach the critical point
Figure 2, the heat flux in this region is independent producing an undesirably large jump in the wall
of mass flux and can be predicted with a power-law superheat.

function of wall superheat. This characteristic was

used in correlating the heat transfer data. In the The above discussion shows that the nucleation
transition-boiling region, the wall superheat is dominant boiling is desired in engineering
relatively high. The heat flux in this region is also applications for both high heat transfer rate and
high and close to the critical heat flux. The boiling stable flow boiling without reaching the critical
in this region is unstable and a small change in the point.

heat flux will result in a big change in wall
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Figure 2. Heat flux as a function of wall superheat
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Two-Phase Pressure Drop

The concept of two-phase multipliers proposed by
Lockhart and Martinelli and the correlation of those
multipliers by Chisholm was used to compare with
the present experimental data. As can be seen from
Figure 3, the experimental data are in reasonable
agreement with the Chisholm predictions both in
values and trends, although the Chisholm correlation
slightly overpredicts the experimental data.

To better predict the experimental data and to take
the concentration factor into account, the constant
parameter C =12 in Chisholm’s correlation was
modified into a function of the volume concentration
V of ethylene glycol/water mixtures and Chisholm’s
correlation becomes

12[1-2.8v1-v)] 1
2
=l+—=+—
¢FL X X2
101: T TR T T T T T TTTTIR
% N ;
s . IR i
é | o
I 10 £ E
10° Lo Lo Lt [ I W WA BT
10° 10’ 10° 10°

Experimental { ¢}

Figure 3. Two-phase frictional pressure gradient

This correlation has a feature that it reduces to
Chisholm’s correlation for both pure water (v =10)
and pure ethylene glycol (v =1). In figure 4, the
experimental data is compared with the predictions
of the modified Chisholm’s correlation. This
modification improves the predictions both in values
and trends.
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Figure 4. Two-phase frictional pressure gradient

Estimation of Local Temperature

To calculate local boiling heat transfer coefficients
of an ethylene glycol/water mixture, the water vapor
mass fractions, mixture vapor mass qualities, and
mixture temperatures along the experimental test
section must be determined. Researchers have used
various approaches in making these determinations.
Perhaps the simplest approach is to assume that the
mixture boiling temperature is constant along the
test section and equal to the mean of the zero quality
temperature and the temperature at the test section
outlet. This approach is not conducive to the
determination of local heat transfer coefficients
along the length of the test section as in the present
study. Accuracy can be increased by assuming a
linear mixture temperature distribution along the test
section. Still another approach is to utilize a mixture
equation of state such as the hard sphere equations.
However, ideal mixture and equilibrium
assumptions along with Raoult’s law are sufficient
to calculate the boiling temperature along the test
section and subsequently the local heat transfer
coefficients. This approach was developed and
adopted in this study. Assuming an ideal mixture
and applying Raoult’s and Dalton’s laws to the ideal
mixture, one has the following equations for

determine the water vapor mass fraction F, mixture

vapor mass quality x, and mixture temperature 7,
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where p is the pressure, T is the temperature, F'

is the mass fraction, x is the mass quality, C , 1s the

specific heat, 7, is the latent heat of vaporization,

g 1is the heat transfer rate, and m is the mass flow
rate.

Heat Transfer Coefficient

In the present study, the nucleation-dominant boiling
data have the following characteristics.

(a) Although both convective heat transfer and
nucleate boiling heat transfer exist, the dominant
heat transfer mechanism is nucleate boiling.
Since nucleate boiling heat transfer rate is much
higher than convective heat transfer, the latter
can be neglected.

(b) As shown in figure 2, the boiling heat transfer is

dependent on heat flux but almost independent

of mass flux, which means that, for a certain
fluid, the boiling heat transfer coefficient can be
expressed as a function of heat flux.

The heat transfer coefficients have different
dependence on heat flux for different fluids.
Therefore, to get a general correlation for
boiling heat transfer coefficients, it is necessary
to include fluid properties in the correlation.

(©)

(d) Argonne researchers employed the
dimensionless parameter combination form of
Boiling number, Weber number, and liquid-to[
vapor density ratio in developing different
predicted correlations for boiling heat transfer
coefficients to different fluids, and the predicted
results are quite good.
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Based on the above facts, we extended the property
term to including liquid-to-vapor viscosity ratio and
were able to correlate boiling heat transfer data for
water, 50/50 ethylene glycol/water mixture,
refrigerant 12, and refrigerant 134a.

1 =135000(BoWe*)** [(p, / p,)** (at, [ 11,)*" |

In the above equation the Boiling number Bo and
the Weber number We, are defined respectively by

Bo=q"/(Gi,) and We, = GD/(p,0), where
p is the density, u is the viscosity, G is the mass

flux, D is the diameter, and o is the surface
tension. For this equation to be used for the
predictions of experimental data of ethylene
glycol/water mixtures with concentrations other than
50/50, we further modified the above correlation
with a concentration correction factor, which
reduces to 1 for concentrations v=0 and v=0.5.
The new correlation can be expressed as

Wi = [+ 6v(v = 0.5)(BoWel ) [(p,/ p) " (a1, |

where %" is a characteristic heat transfer coefficient
of 135 kW/m*K above all of the data.

Figure 5 shows the experimental data and the
predicted values obtained with the correlation for all
fluids. The predictions of the equation are in good
agreement with the experimental data, and most of
the predictions are within £30% of the experimental
data. It should be noted that the comparisons are
only for the data within the nucleation-dominant[’]
boiling region. The success of the correlation in
predicting the heat transfer coefficients of all fluids
boiling in small channels is directly related to the
trend, as presented in figure 2, that the heat transfer
data are heat flux but not mass flux dependent. The
fact that the equation is also heat flux but not mass
flux dependent is in accordant with the experimental
data.
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Vertical Flow Boiling Heat Transfer

In the applications of engine cooling, both
horizontal and vertical flows exist. Therefore, it is
necessary to investigate the impact of vertical flows
vs horizontal flows on two-phase heat transfer.
During the FY 2006, we have fabricated a new
vertical experimental test section, the design of
which is similar to the existing horizontal
experimental test section. The instruments attached
to the vertical test section including thermocouples
and pressure transducers were calibrated against the
NIST traceable thermocouple and standard device to
ensure accurate measurements of temperatures and
pressures. The test facility and test-monitoring
program were also modified to adapt to both
horizontal and vertical flow tests. Figure 6 shows a
picture of the vertical test section before insulated.
Single-phase tests for vertical flow have also been
carried out on the test facility and the results are
compared to the predictions of the Gnielinski
equation in Figure 7. It can be seen that all
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Figure 6. Vertical experimental test section

experimental data are within 20% range of the
predictions, which serves as a validation of the
vertical test section and data reduction process.
During the FY 2007, systematical vertical flow tests
will be performed. We are planning using water and
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ethylene glycol/water mixtures two-phase boiling
heat transfer experiments of vertical flows. The tests
are expected to provide essential information for the
design of nucleate-boiling cooling systems.

Conclusions

Excellent progress has been made on the
experiments and analysis for this project.

(a)

(b)

(©)

A new procedure has been developed that can
analytically calculate the boiling temperature
along the test section and subsequently the local
heat transfer coefficients using ideal mixture and
equilibrium assumptions along with Raoult’s
law. This procedure can be easily used for
designing flow boiling cooling systems.

Two-phase frictional pressure gradients of
ethylene glycol/water mixtures follow similar
trends as those of water. The results are in
reasonable agreement with the predictions of
Chisholm’s correlation. A modification has been
made to Chisholm’s correlation, which reduces
to Chisholm’s correlation for concentrations

v =0 and v =1. This modified Chisholm’s
correlation improves the predictions of pressure
drop data of ethylene glycol/water mixtures.

The experiments show a very high heat transfer
rate with ethylene glycol/water mixtures, which
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(d)

(e)
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is a positive result for engine cooling
applications. A general correlation has been
developed based on data of water, ethylene
glycol/water mixtures (concentrations 40/60,
50/50, and 60/40), and refrigerants. This
correlation predicts the experimental data quite
well, and most of the predicted values are within
+30% of the experimental data.

It was found that the boiling heat transfer of
ethylene glycol/water mixtures is mainly limited
by flow instability rather than critical heat fluxes
that are usually the limits for water boiling heat
transfer. Tests show that stable long-term two-
phase boiling flow is possible for ethylene
glycol/water mixtures as long as the mass
quality is less than a certain critical value
(approximately <0.2). The heat transfer rate at
this mass quality is significantly higher than that
of conventional, single-phase, forced-convective
heat transfer.

The single-phase tests on the vertical flow have
confirmed the validation of the vertical test
section and data reduction process. During the
FY 2007, systematical vertical flow tests will be
performed. We are planning using water and
ethylene glycol/water mixtures for two-phase
boiling heat transfer experiments of vertical
flows. The tests are expected to provide essential
information for the design of nucleate-boiling
cooling systems.

Published Papers

1.

W. Yu, D. M. France, J. R. Hull, and

J. L. Routbort, Forced Convective Boiling Heat
Transfer to Ethylene Glycol/Water Mixtures
inside a Small Horizontal Tube, submitted to the
International Journal of Multiphase Flow, 2006

W. Yu, D. M. France, V.-K. V. Ramamoorthy,
and J. R. Hull, Small-Channel Flow Boiling of
One-Component Fluids and an Ethylene
Glycol/Water Mixture, Experimental Heat
Transfer, 18 (4), pp. 243-257, 2005.



Heavy Vehicle Systems Optimization Program FY 2006 Annual Report

II.B. Nanofluids for Thermal Control Applications

Principal Investigator: S.U.S. Choi, Co-worker: Wenhu Yu
Argonne National Laboratory

9700 South Cass Avenue, Building 212, Argonne, IL 60439

(630) 252-6439, fax: (630) 252-5568, e-mail: choi@anl.gov

Technology Development Manager: Lee Slezak
(202) 586-2335, fax: (202) 586-2476, e-mail: Lee.Slezak@hq.doe.gov

Technical Program Manager: Jules Routbort
(630) 252-5065, e-mail: routbort@anl.gov

Contractor: Argonne National Laboratory
Contract No.: W-31-109-ENG-38

Objectives

e  Exploit the unique properties of nanoparticles to develop heat transfer fluids with ultrahigh thermal
conductivity.

e  Characterize the thermal properties and heat transfer performance of nanofluids.
e  Develop nanofluid technology for vehicle thermal control

e Reduce the size and weight of heavy vehicle cooling systems by >10%.

Approach

e Measure the thermal conductivity of nanofluids.

e  Measure the heat transfer coefficient of nanofluids.

e  Develop models of nanofluids for cooling system performance simulation.

e Conduct radiator and cooling tests in collaboration with truck companies, radiator manufacturers, and coolant
manufacturers.

Accomplishments

e Developed new capabilities to measure the heat transfer coefficient of nanofluids.

e Developed new capabilities thermal conductivity measurements of nanofluids (from room temperature to
100°C).

e  Measured the thermal conductivity of alumina nanofluids as a function of temperature and particle size
consistent with the theoretical conjecture that the Brownian motion of nanoparticles is one of the key
mechanisms of the thermal conductivity enhancement with increasing temperature and decreasing nanoparticle
size.

e Developed and improved nanofluid models which account for the arrangement of nanoparticles.

e  Measured the thermal conductivity of alumina-oil based nanofluids as a function of temperature and particle
volume concentration and found that alumina-oil based nanofluids have a potential to reduce or eliminate the
negative temperature dependence of the thermal conductivity of the base oil.
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e Conducted single-phase tests with the pure base fluid (ethylene glycol) in the Nanofluid Heat Transfer Test
Facility and showed a good agreement with the predictions of the Gnielinski equation. This served as a
validation of the test section instruments and data reduction procedure.

Future Directions

e  Produce well-characterized nanofluids.

¢  Conduct nanofluid flow and heat transfer experiments in laminar and turbulent flows.

e  Modify the one-step nanofluid production procedure for a larger quantity of nanofluids.

e Refine models of nanostructure-enhanced and nanoparticle-mobility-enhanced thermal conductivity of
nanofluids for cooling system performance simulation.

e  Conduct cooling tests in collaboration with truck companies, radiator manufacturers, and coolant

manufacturers.

e Develop comprehensive model of enhanced thermal conductivity of nanofluids

Introduction

The ever-increasing heat rejection requirements due
to trends toward more power output and stringent
emission requirements for engines bring cooling to
the forefront issue. The conventional method to
increase heat rejection rates is to use extended
surfaces such as fins. However, current designs have
already stretched this technology to its limits.
Furthermore, conventional heat transfer fluids used
in today’s thermal control of vehicles, such as
lubricants and engine coolants, are inherently poor
heat transfer fluids. Therefore, a strong need exists
for innovative concepts to achieve ultrahigh-
performance cooling in thermal control systems for
vehicles.

Scientists have tried adding particles to fluids to
improve thermal conductivity for more than a
century. However, studies of thermal conductivity of
suspensions have been confined to millimeter- or
micrometer-sized particles. The major problem with
the use of such large particles is the rapid settling of
these particles in fluids. Other problems are abrasion
and clogging. To overcome these problems,
Argonne has pioneered nanofluids by uniformly and
stably suspending nanometer-sized particles in
fluids. Nanofluids are nanotechnology based heat
transfer fluids engineered by dispersing a very small
quantity (preferably <1% by volume) of
nanoparticles in conventional heat transfer fluids.
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The potential benefits of using nanofluids include:

e Improve heat transfer of engine coolants and oils

e Reduce radiator and heat exchanger size and
weight, thereby decreasing the vehicle frontal
area, reducing the wind-averaged drag
coefficient, increasing fuel efficiency

e Reduce heat transfer fluid inventory

e Reduce pumping energy in existing systems

The goal of the project is to reduce the size and
weight of heavy vehicle cooling systems (radiator,
oil cooler, pump, fan, etc.) by >10%, despite the
higher cooling demands of higher-power engines
and exhaust gas recirculation. Nanofluids are among
the most promising coolants for the transportation
industry. However, the ways in which the
nanoparticles in these nanofluids generate enhanced
properties are not completely understood. Therefore,
to achieve this goal for the industry, both basic
understanding of the mechanisms of enhanced
thermal conductivity and stability of nanofluids and
development of nanofluid technology are required.
Consequently, the main objectives of the project are
the following: (1) explore and exploit the unique
properties of nanoparticles to develop heat transfer
fluids with high thermal conductivity,

(2) characterize the thermal conductivity and heat
transfer behavior of nanofluids, (3) determine the
basic mechanisms of enhanced thermal conductivity
and stability of nanofluids, (4) experimentally
determine heat transfer rates and pressure drops in
flowing nanofluids, (5) develop and validate new
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models for nanofluids, (6) develop nanofluid
technology for increasing the thermal transport of
engine coolants and lubricants, and (7) conduct
cooling tests in conjunction with industry.

Approach

Our approach to overcoming the poor heat transfer
rates of conventional heat transfer fluids is to
significantly increase the thermal conductivity of the
liquids. An attractive method in that regard is the use
of a suspension of solid nanoparticles in a liquid.
Solids with thermal conductivities orders of
magnitudes higher than those of the base liquids are
chosen. For example, the thermal conductivity of
copper at room temperature is about 3,000 times
greater than that of engine oil. In fact, numerous
theoretical and experimental studies of the effective
thermal conductivity of dispersions that contain
solid particles have been conducted since Maxwell’s
theoretical work was published about 100 years ago.
However, studies on thermal conductivity of
suspensions have been confined to millimeter- or
micrometer-sized particles. The major problem with
the use of such large particles is the rapid settling of
these particles in fluids. Another problem is the
abrasive nature of the suspension. In contrast, use of
nanoparticles has the potential to produce the
increased thermal conductivity sought in heat
transfer fluids without the problems of settling and
abrasion. Maxwell’s concept of enhancing the
thermal conductivity of fluids by dispersing solid
particles in them is old, but what is innovative with
the concept of nanofluids is the idea that size matters
in nanofluids for suspension stability (gravity is
negligible) and for dynamic thermal interactions.

The ANL nanofluid team has developed two
techniques to make nanofluids: the single-step direct
evaporation method, which simultaneously makes
and disperses the nanoparticles directly into the base
fluid, and the two-step method, which first makes
nanoparticles and then disperses them into the base
fluid. Although the two-step technique works well
for oxide nanoparticles, it is not as effective for
metal nanoparticles such as copper. For nanofluids
containing high conductivity metals, the single-step
direct evaporation technique is preferable to gas
condensation processing. Nanoparticles agglomerate
before dispersion and agglomerates settle rapidly.
However, our innovation was dispersing
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nanoparticles into fluids before agglomeration by a
single-step method.

ANL has already produced oxide and carbon
nanotube nanofluids by the two-step technique and
metal nanofluids by the single-step technique. In
particular, it was demonstrated that stable
suspensions can be achieved by maintaining the
particle size below a threshold level.

We have made and used the transient hot wire
apparatus to measure the thermal conductivity of
nanofluids at room temperature. However, recent
studies show the importance of measuring the
temperature-dependent thermal conductivity of
nanofluids. Therefore, new capabilities to measure
the thermal conductivity of nanofluids from room
temperature to 100°C have been developed. The
thermal conductivity of oxide nanofluids with low
particle concentrations (<1 % by volume) was
measured as a function of temperature, particle
volume concentration, and particle size using the
transient hot wire method.

A major focus in nanofluids has been on their
thermal conductivity. However, a new focus will be
on the flow and heat transfer of nanofluids. We
believe that it is critical to characterize the flow and
heat transfer behavior of nanofluids in tubes in order
to explain and exploit nanoparticle size-, shape-, and
concentration-dependent pressure drop and heat
transfer coefficient of nanofluids in tubes. For
example, theories of flow in tubes or porous
materials have been developed at the macroscopic
level. However, we believe that it is vital to connect
the structure and mobility of nanoparticles at the
nano- or micro-scale to the properties of nanofluids
measured at the macroscopic level. Therefore, we
have developed new capabilities to measure the heat
transfer coefficient of nanofluids.

We plan to conduct cooling tests with radiator
manufacturers, and coolant manufacturers in order to
demonstrate nanofluid technology for vehicle
thermal control applications.

Results and Discussion

Thermal conductivities of alumina-oil based
nanofluids were experimentally studied.
Experimental measurements were performed at four
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particle volume concentrations of 1%, 2%, 3%, and
4% with temperature range from ambient to 90°C by
the transient hot-wire method. As can be seen in
Figure 1, the thermal conductivity enhancements of
the alumina-oil based nanofluids have a linear
temperature and nonlinear particle volume
concentration trend. This trend translates into the
improvement of the thermal conductivity of the base
fluid, especially at higher temperature, and in the
present study, there is of a 15% enhancement at 4%
particle volume concentration and 80°C.
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Figure 1. Thermal conductivity of alumina-oil
nanofluids as a function of temperature

The results also suggest that alumina-oil based
nanofluids have potential to reduce or eliminate the
negative slope of the thermal conductivity of the
base oil in respect to the temperature.

We have completed the design and construction of
the Nanofluid Heat Transfer Test Facility, as shown
in figure 2, for measuring heat transfer rates of a
variety of flowing nanofluids under various flow
conditions. The new Nanofluid Heat Transfer Test
Facility has been carefully scrutinized for instrument
accuracy, data acquisition process, and test
procedure. The Nanofluid Heat Transfer Test
Facility has been filled with ethylene glycol for
initial tests and shake-down purposes. Single-phase
pressure-drop and heat transfer testing has begun at
room temperature and at an elevated temperature of
100°C. During the first tests, it was found that it was
necessary to make some modifications to the Test
Facility. Transparent reservoirs were added to the
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pump suction and discharge to allow visual
confirmation of proper fluid fill level in the system.
An additional electrical isolation tube was added to
the flow circuit to insure that there is no current
leakage through the differential pressure transducer
across the test section. The test facility pump was
reconfigured and test procedures changed in a
manner to increase its precision over a long time
period. Finally, a high accuracy flow meter was put
in parallel with the test facility flow meter for use
only when base fluids, and not nanofluids, are the
test fluids.

S

Figure 2. Picture of nanofluid heat transfer test
facility

With these modifications in place, the test section
pressure transducers were recalibrated (to NIST
standards) and shake-down testing was resumed.
Special attention is being given to the test facility
pump and flow meter specially selected for
nanofluid use.

Systematical single-phase tests with the pure base
fluid (ethylene glycol) have been carried out on the
Test Facility. The results (figure 3) show good
agreement with the predictions of the Gnielinski
equation and all the experimental data are within
+20% range of the predictions. The single-phase
tests validated the test system designs, instrument
calibrations, and data reduction process.
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In 2005, we measured temperature-dependent
thermal conductivities of nanofluids with 11-nm-,
47-nm-, and 150-nm-sized alumina nanoparticles at
1 and 4 vol.% concentration to delineate the effects
of the nanoparticle size and nanofluid temperature.
Figure 4 shows the measured thermal conductivity
data normalized to the base fluid conductivity at
each specified temperature (symbols) and the
corresponding empirical correlations (curves) for
different nanoparticle sizes and volume
concentrations. It is clear that the nanofluid
conductivity increases with increasing nanofluid
temperature and with decreasing nanoparticle size.
The results are consistent with the theoretical
conjecture that the Brownian motion of
nanoparticles is one of the key mechanisms of the
thermal conductivity enhancement with increasing
temperature and decreasing nanoparticle size.

Motion of the nanoparticles can be divided into two
parts: the short-wavelength Brownian motion, which
cannot be easily controlled by thermal fields, and the
long-wavelength electrophoretic motion, which can
be controlled with the AC electric voltage,
frequency, and zeta potential. A theoretical analysis
of the motion of nanoparticles in nanofluids and
developed a theoretical model for controlling the
motion of these nanoparticles by means of an AC
electric field. We have measured the effect of
nanoparticle motion induced by an AC electric field
on the thermal conductivity of alumina nanofluids.
The results indicate a very large improvement in the
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thermal conductivity under an AC electric field over
that without the AC field.
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Figure 4. Temperature dependence of the thermal
conductivity enhancement of three different nanofluids
with 11-nm, 47-nm, and 150-nm sized Al,O5
nanoparticles at 1 and 4 vol. % concentration, normalized
by the thermal conductivity of the base fluid at the
specific temperature. Symbols represent experimental
data, and the corresponding curves represent empirical
correlation. At a fixed concentration, nanofluid
conductivity increases with decreasing nanoparticle size
and increases with increasing temperature. It should be
noted that the gradually accelerating temperature
dependence with increasing temperature is manifested as
a slightly nonlinear function of temperature.

The theoretical investigation of the effective thermal
conductivities of nanofluids is important in both
predicting and designing nanofluids with effective
thermal conductivities. We have developed a
thermal-conductivity model for nanofluids that is
based on the assumption that monosized spherical
particles are uniformly dispersed in the liquid and
are located at the vertexes of a simple cubic lattice,
with each particle surrounded by a liquid layer
having a thermal conductivity that differs from that
of the bulk liquid. Figure 5 shows the thermal

%

¢ as a function of the volume

* *

conductivity ratio
concentration for four 7 values, where where 7 is
the ratio of the thermal conductivity of the
nanoparticle to that of the base fluid. It is obvious

£

that the thermal conductivity ratio "¢ is a nonlinear
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function of the volume concentration with an
increase pattern that curves convex-upwards. This
significantly affects the effective thermal
conductivities of mixtures; it indicates that even at
very low volume concentrations, the effective
thermal conductivities of mixtures could be
enhanced compared with base liquids. A comparison
of predicted thermal conductivity values and
experimental data shows that the predicted values
are much higher than the experimental data, a
finding that could indicate that there is a potential to
further improve the effective thermal conductivities
of nanofluids with more uniformly dispersed
particles. Furthermore, this model nanofluid with a
cubical arrangement of nanoparticles gives a more
practical upper limit of thermal conduction than a
model nanofluid with a parallel arrangement of
nanoparticles.
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Figure 5. The thermal conductivity ratio as a
function of the volume concentration for four
kp* values where kp* is the ratio of the thermal
conductivity of the nanoparticle to that of the
base fluid

Future Directions

Future work will focus on the following four major
tasks.

Produce and Characterize Nanofluids
Containing Nanoparticles Less than 10 nm
Our experimental and theoretical studies show that

particle size is of primary importance in the
development of stable and high conductivity
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nanofluids. Size matters for achieving suspension
stability and dynamic thermal interactions.

Because the thermal conductivity of nanofluids
increases much more dramatically with decreasing
particle size, particularly when the particle diameter
is on the order of 1 nm, it should be possible to
design nanofluids at the molecular and nanoscale
level to create unprecedented thermal properties at
the macroscopic level. For this technology to
become a reality, new techniques are needed for
manufacturing nanoparticles smaller than 10 nm. We
will produce nanofluids containing nanoparticles
less than 10 nm using one-step physical and
chemical methods and characterize them. A small-
angle scattering technique using x-rays from the
Advanced Photon Source at ANL will be developed
to measure particle size and size distributions.

Conduct Nanofluid Flow and Heat Transfer
Experiments in Laminar and Turbulent Flow

We will explore the flow characteristic and measure
the heat transfer coefficient of nanofluids in tubes.
We will then relate enhanced thermal conductivity
and flow characteristic to enhanced heat transfer
coefficient of nanofluids. Control tests will be
conducted with base fluids as the test fluids.
Subsequently, nanofluid flow and heat transfer
experiments will be conducted. The flow and heat
transfer data for nanofluids will be used to determine
whether the flow and heat transfer correlations
developed for homogeneous fluids could be applied
to nanoparticle dispersions with various aspect
ratios.

Modify the One-step Nanofluid Production
System for a Larger Quantity of Nanofluids

The largest barrier to industrial applications of
nanofluids is scale-up of production techniques.
Finding a way to produce small (1-10 nm)
nanoparticles cheaply and disperse them without
agglomeration is the key hurdle to
commercialization. As a first step toward production
scale-up, we will investigate the possibility of
producing more nanofluids using one-step methods.
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Refine Models of Nanostructure-enhanced
and Nanoparticle-mobility-enhanced
Thermal Conductivity of Nanofluids

We have developed simple models of nanostructure
enhanced and nanoparticle-mobility-enhanced
thermal conductivity of nanofluids. However, much
is still unknown about the mechanisms of the
anomalous thermal behavior of nanofluids.
Therefore, we need to understand the fundamentals
of energy transport in nanofluids. As we discover
new energy transport mechanisms that are missing in
existing theories, we will refine the simple models or
develop a new model of energy transport in
nanofluids integrating new mechanisms. The
ultimate goal would be the theoretically based
design of nanofluids for transportation applications.

Conclusions

Argonne scientists have created nanotechnology
based, next-generation fluids that may revolutionize
heat transfer. By suspending nanophase materials
like copper or carbon nanotubes in liquids such as
water, ethylene glycol, or engine oil, researchers can
improve the ability to transfer heat by up to 100%.
Improved oils and coolants would make possible
more efficient engines and smaller and lighter
cooling systems. Such engines and cooling systems
would reduce aerodynamic drag and parasitic energy
losses, improve fuel savings, and reduce damage to
the emissions.
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Objective

e Determine if the use of fluids containing a variety of nanoparticles result in erosive damage to radiator
materials.

e Develop models to predict the erosive damage.

Approach
e Develop an experimental apparatus to measure erosive loss.

e Conduct experiments to study erosive damage of fluids containing various types and sizes of nanoparticles on
typical radiator materials.

e Develop methods to analyze the results.

Accomplishments

e Baseline data on aluminum using 50/50 mixture of ethylene and water and tricholoroethylene glycol
established that no erosive damage at impact angles of 30, 50, and 90° occurred for velocities up to 10 m/s.

o Initial experiments using tricholoroethylene containing 0.01% Cu nanoparticles indicate that erosive damage at
radiator velocities is negligible.
Future Direction

e  The erosion of fluids containing a variety of well-characterized nanoparticles will be tested on typical radiator
materials, varying both the angle and velocity of impact, volume percent of nanoparticles, and temperature.

e Initial friction and wear tests using nanofluids as lubricants.

Forward nanofluids was very limited. Furthermore, future
efforts will be shifted into development of
techniques to produce nanofluids that can be scaled
up for industrial applications. Hence, a great deal of
effort will be focussed on production and
characterization of nanofluids, as well as thermal
property measurements. As well-characterized

There is no doubt that the important nanofluid effort
at ANL was hurt because of the decrease in funding,
the demise of the Energy Technology Division and
the subsequent reorganization, and the reduction in
staff from about 7 to less than 2. This has hindered
the liquid erosion work because the supply of
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nanofluids become available, liquid erosion tests
will be performed.

Introduction

Many industrial technologies face the challenge of
thermal management. With an ever-increasing
thermal loads due to trends toward greater power
output for engines and exhaust gas recirculation for
diesel engines, cooling is a crucial issue in
transportation. The conventional approach for
increasing cooling rates is use of extended surfaces
such as fins and microchannels. Reducing radiator
size will reduce the frontal area and hence the
aerodynamic drag. However, current designs have
already stretched this approach to its limits.
Therefore, an urgent need exists for new and
innovative concepts to achieve ultra-high [
performance cooling. Nanofluids seem to show
enormous potentials as a coolant for radiators. Choi,
et al. have shown that fluids containing 1 vol.% Cu
nanoparticles increases thermal conductivity by 40%
[1] while 1 vol.% carbon nanotubes increase thermal
conductivity by 250% [2].

In order for the enhanced thermal conductivity to be
utilized it must be shown that liquid erosion of
typical radiator materials will be tolerable. Hence,
the Office of FreedomCar and Vehicle Technologies
funded a program on liquid erosion of radiator
materials using nanofluids.

Results and Discussion of Erosion

An apparatus was built and calibrated as described
in the FYO05 annual report. The initial measurements
were performed on a typical radiator material,
aluminum 3003 using a tricholoroethylene glycol
not containing any nanoparticles. Both 30 and 90°
angles of impact were used. Typical fluid velocities
in radiator tubing is about 1m/s, but velocities of 7.6
and 9.6 m/s were used to accelerate the damage
process. It would be expected that the damage would
be proportional to the square of the velocity. The
results are tabulated in Table 1.
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Table 1. Weight-loss measurements of 3003 aluminum
using trichloroethylene glycol at 30 and 90° angles at
velocities up to 9.6m/s

Impact Velocity Time Weight Loss
Angle (m/s) (hrs) (mg)
90° 7.6 238 0+0.2
30° 7.6 263 0+0.2
90° 9.6 242 0+0.2
30° 9.6 307 0+0.2

As can be seen from table 1, no erosive damage
(during the several hundred hours of each test)
occurs using this fluid that doesn’t contain
nanoparticles.

Results of using 0.01 vol.% Cu nanoparticles in
trichloroethylene glycol are shown in Table 2. It is
realized that the loading of the Cu nanoparticles was
much lower than one would use in an application,
however, we were using a nanofluid that had
previously been produced and characterized.

While it would appear that no damage occurs up to
approximately 300 hours of the test, longer-term test
results are shown in Fig. 1.

Table 2. Results of erosion of 3003 aluminum using 0.01
vol. % Cu nanoparticles in trichloroethylene glycol

Impact Velocity Time Weight Loss
Angle (m/s) (hrs) (mg)
90° 4.0 217 0+0.2
30° 4.0 311 0+0.2
90° 7.6 341 0+0.2
30° 7.6 335 0+0.2
30° 9.6 336 0+0.2

Fig. 1. Indicates that some steady-state weight loss
occurs under the most extreme conditions
(maximum kinetic energy transferred) tested using
this fluid, after several hundred hours of testing. In
order to calculate the erosion rate one needs to
measure the impact area. A surface of the 3003
aluminum was painted on impacted at various
velocities and angles and the impact area was
measured. A typical impact area is shown in Fig. 2.
Using the impact area, the steady-state erosion rate
was calculated to be 3.5x10° g/h. If one assumes
that the damage is proportional to the kinetic energy,
V2, the erosion rate at 1 m/s is 3.5x10™ g/h.
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Figure 1. Weight loss for 3003 aluminum versus
time measured at 90° and 9.6m/s using 0.01 vol.%
Cu nanoparticle in trichloroethylene glycol

Figure 2. Area of a painted surface resulting
from a fluid jet impacting at 10m/s at 90°

Based on 2500 h/year of engine operation, this
would result in a recession rate of 0.065 mils/year.
The recession rate should be compared to the
corrosion rate of steel in water that is approximately
2 mils/year, or two orders of magnitude smaller than
the erosion rate.

We must admit that the loading of the Cu
nanoparticles was very low and that nanofluids
containing higher loadings could cause more
damage. However, these were initial tests were
performed using the available nanofluid and the
results are encouraging.
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Friction and Wear Results

It is possible that the higher thermal conductivity of
nanofluids would make them good candidates for
lubricants in a sliding environment because they
could remove heat more quickly than conventional
lubricants. We have, therefore, performed some
preliminary friction and wear tests using nanofluids
as the lubricant.

Two concentrations of alumina nanoparticles

(25-40 nm) in water, 0.5 and 1.5 vol.%) were used in
the Ball-on-Disk Tribotester with a 4400 steel disk
and a 5210 steel ball. The trichloroethylene glycol
containing 0.01% Cu nanoparticles was also used.
The latter nanofluid containing Cu nanoparticles had
little effect on the coefficient of friction while the
wear rate increased about a factor of 3. The absolute
wear rate was still considered mild, about 6x10~
"mm’*/m-N. It is believed that the Cu nanoparticles
probably oxided and the resultant CuO was more
abrasive than pure Cu.

Friction results for the nanofluid containing alumina
are shown in Fig. 3. The alumina-containing
nanofluid has a slightly lower coefficient of friction
than the pure fluid. Wear results are shown in Fig. 4.
The relative wear rate is somewhat lower for the
nanofluids than for water, but, as expected , the
absolute wear rate is higher for the alumina
containing nanofluids than for the CuO containing
nanofluids. The nanofluid containing alumina
nanoparticles polished the steel surfaces.

Friction

0.5% Al203
Lubricant

1.5% AI203

Water

Figure 3. Coefficient of friction of 4400 steel on
5210 steel using water and water containing alumina
nano particles as the lubricant
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Figure 4. Wear rate for 4400 steel on 5210 steel
using water and water containing alumina
nanoparticles as the lubricant

Issues & Future Direction

Understanding mechanism(s) of weight loss of target
metal is vital to developing pre-dictive models to
describe the erosion behavior from nanofluids. At
the present time, it appears that erosion behavior by
nanofluids is not servere. However, it is not
conclusive because we have not tested a wide-
variety of nanofluids containing well-characterized,
and controlled volumes of larger percentages of
nanoparticles.

Furthermore, a parallel study to investigate the wear
properties using nanofluids has been explored.
Friction and wear behavior yielded interesting
results that show that proper selection of nanofluids
might reduce wear. This work will continue using
the same nanofluids as used in the liquid erosion
investigations.
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Conclusions

Baseline data indicates that no erosion of A13003
occurs using ethylene glycol and water (50-50), and
trichlorethylene glycol for 90°-30° impact angles
with velocities as high as 10 m/s. However, when
0.01 vol.% Cu was added to the trichlorethylene
glycol, erosion began to occur at long times under
the most extreme conditions (90°, and 10m/s).
However, the erosion rates were very small, about
2 orders of magnitude less than the corrosion rate of
steel in water. It remains to be seen how the erosion
rate varies with type, size, size distribution and
volume percent of nano particles in the fluid.
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II.D. Diesel Engine Underhood Thermal Analysis

Principal Investigators: Jimmy Chang and Tanju Sofu

Argonne National Laboratory

9700 S. Cass Avenue, Argonne, Illinois 60439

(630) 252-7547, fax: (630) 252-3361, e-mail: chang@anl.gov, tsofu@anl.gov

Field Project Manager: Tanju Sofu

Argonne National Laboratory

9700 S. Cass Avenue, Argonne, Illinois 60439

(630) 252-9673, fax: (630) 252-4500, e-mail: tsofu@anl.gov

Technology Development Area Specialists: Lee Slezak
(202) 586-4819, fax: (202) 586-2476, e-mail: lee.slezak@ee.doe.gov

Field Technical Manager: Lee Slezak
(202) 586-4819, fax: (202) 586-2476, e-mail: lee.slezak@ee.doe.gov

Contractor: Argonne National Laboratory
Contract No.: W-31-109-ENG-38

Objective

This work is to develop a simulation technique based on combined use of 3-D computational fluid dynamics (CFD)
and 1-D thermal-flow models. This technique can be used to predict diesel engine thermal performance and identify
potential hot-spots in engine compartments of diesel trucks. Optimizations of engine thermal system and cooling
package are also critical to improve energy efficiency of heavy vehicle systems.

Approach

In this CRADA, ANL has focused on developing a conjoined 1-D thermal-fluid model and 3-D CFD model for
diesel engine underhood thermal system. In the second year, Cummins will provide test data needed for the model
validation. The end product will be a validated truck underhood thermal model to predict engine compartment
temperatures, flow field distribution, and engine thermal performance. An optimal design of vehicle thermal system
is important for energy efficiency since less than one-third of the total fuel energy provides useful mechanical work
and the remainder is lost through the exhaust system and heat rejection. Determination of accurate temperature
distributions in an engine is critical to achieve fuel efficiencies through cooling system optimization and radiator
size reduction.

Accomplishments

So far, a 1-D network thermal-fluid model of a diesel Cummins engine with exhaust recirculation system (EGR) has
been developed with assistance from Cummins engineers using the commercial software Flowmaster. The 1-D
thermal-fluid model was developed to manage the underhood thermal control and enhance the cooling performance.
The developed 1-D model includes engine metal structure, underhood air, lubrication oil, and machine cooling
packages (cabin heater, EGR, and radiator subsystems). This 1-D model is a representation of engine internal flow
loops combined with a lumped-parameter approach to characterize the thermal interactions between them through
the engine structure as the major conduction paths. It simplifies the complex engine system by discretization based
on known heat transfer paths under equilibrium conditions and predicts the complete thermal system performance
and calculates thermal energy balance.
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Future Direction
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The 1-D model developed will be conjoined with the 3-D CFD model for a comprehensive underhood thermal
analysis of a diesel engine. Both CFD and thermal-fluid systems models on their own have inherent limitations:
CFD model is computationally prohibitive for simulations of the entire system and 1-D network model
oversimplifies multi-dimensional flow and heat transfer. Combined use of CFD and network models offers unique
advantages: Network model accounts for thermal energy balance and heat distribution inside the engine through 1[]
D network of flow loops and CFD model addresses multi-dimensional flow and heat transfer wherever needed. The
combined model will include exhaust-gas recirculation, radiator-fan, and cabin heater systems to form a complete

cooling analysis.

Introduction

As the diesel engine emission regulations becomes
increasingly stringent, emission control technologies
such as cooled exhaust gas recirculation (EGR) and
after-treatment devices are applied. As a result, the
engine heat rejection to both coolant and air
increases substantially, causing generally higher
underhood temperatures with potential hot spots. In
addition, warm air from the radiator can further heat
up as it passes over heat generating component
surfaces. The combination of these effects can
compromise the durability of certain temperature
sensitive components under the hood, leading to
reduced vehicle life, especially under extended
driving conditions. To remedy the situation, OEMs
often overdesign their cooling packages resulting in
reduced energy efficiency. To address these
challenges and shorten the design cycle, ANL has
partnered with Cummins, Inc. under a CRADA to
develop an integrated simulation technique for
underhood thermal analysis and cooling package
optimization for a conventional diesel engine.

Modeling Development

The 1-D thermal-fluid software Flowmaster is used
to account for overall energy balance and simulate
cooling system response. The CFD model Fluent is
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used to determine underhood air flow paths and
component surface heat transfer. The Flowmaster
will be conjoined with the Fluent to manage the
underhood thermal control and enhance the cooling
performance. The developed 1-D model is composed
of engine structure, air, oil, and coolant loops. The
coolant loop includes exhaust gas recirculation,
radiator-fan, and cabin heater subsystems to form a
complete cooling package.

Summary

A combined 1-D and 3-D simulation technique is
being developed to predict the underhood thermal
performance of a diesel engine with exhaust gas
recirculation system. A predictive analytical
capability can help redesign underhood
configuration while meeting new energy efficiency
and emissions requirements. An optimal design of
vehicle thermal system is essential for energy
efficiency since most of total fuel energy is
thermally wasted. Significant fuel efficiencies can be
expected from optimization of cooling system and
reductions in radiator size through simulations.
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III. FRICTION AND WEAR

III.A. Boundary Lubrication Mechanisms

Principal Investigators: O. O. Ajayi, J. G. Hershberger, C. Lorenzo-Martin,
J. Routbort, and G. R. Fenske

Argonne National Laboratory

9700 South Cass Avenue, Argonne, IL 60439

(630) 252-9021, fax: (630) 252-4798, e-mail: ajayi@anl.gov

Technology Development Manager: Lee Slezak
(202) 586-2335, e-mail: Lee.Slezak@hq.doe.gov

Technical Program Manager: Jules Routbort
(630) 252-5065, e-mail: routbort@anl.gov

Contractor: Argonne National Laboratory, Argonne, Illinois
Contract No.: DE-AC02-06CH11357

Objective

Develop a better understanding of the mechanisms and reactions that occur on component surfaces under boundary
lubrication regimes with the ultimate goal of friction and wear reduction in oil-lubricated components and systems
in heavy vehicles. Specific objectives are

e Determine the basic mechanisms of catastrophic failure in lubricated surfaces in terms of materials behavior.
This knowledge will facilitate the design of higher power density components and systems.

e Determine the basic mechanisms of chemical boundary lubrication. This knowledge will facilitate lubricant and
surface design for minimum frictional properties.

e  Establish and validate methodologies for predicting the performance and failure of lubricated components and
systems.

e Integrate coating and lubrication technologies for maximum enhancement of lubricated-surface performance.

e  Transfer the technology developed to OEMs of diesel engine and vehicle components and systems.

Approach

e  Characterize the dynamic changes in the near-surface material during scuffing. Formulate a material-behavior(
based scuffing mechanism and prediction capability.

e Determine the chemical kinetics of boundary film formation and loss rate by in-situ X-ray characterization of
tribological interfaces at the Advanced Photon Source (APS) of Argonne National Laboratory (ANL).

e Characterize the physical, mechanical, and tribological properties of tribo-chemical films, including the failure
mechanisms.

e Integrate the performance and failure mechanisms of all the structural elements of a lubricated interface to
formulate a method for predicting performance and/or failure. This task will include incorporation of surface
coatings.

e  Maintain continuous collaboration with OEMs of heavy vehicle systems to facilitate effective technology
transfer.
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e Conducted extensive characterization of microstructural changes during scuffing of 4340 steel, using scanning

electron microscopy (SEM) and X-ray analysis.

e  For metallic materials, developed a model of scuffing initiation based on an adiabatic shear instability
mechanism and scuffing propagation based on a balance between heat generation and heat dissipation rates.

e  Characterized the mechanical properties and scuffing resistance of a graded nanocrystalline surface layer
produced by severe plastic deformation resulting from the scuffing process.

e Conducted preliminary evaluation of scuffing mechanisms in ceramic materials.

e Using X-ray fluorescence, reflectivity, and diffraction at the APS, demonstrated the ability to characterize
tribo-chemical films generated from model oil additives.

e Designed and constructed an X-ray accessible tribo-tester for in-situ study of boundary film formation and loss

rates.

Future Direction

e  Experimentally validate the comprehensive scuffing theory for various engineering materials, including

ceramics.

e Develop and evaluate methods and technologies to prevent scuffing in heavily loaded oil-lubricated

components and systems.

e Using X-ray based and other surface analytical techniques, continue to characterize tribochemical films formed

by model lubricant additives.

e  Characterize the physical, mechanical, and failure mechanisms of tribochemical films with nano-contact probe

devices.

o Evaluate the impact of various surface technologies, such as coating and laser texturing, on boundary

lubrication mechanisms.

Introduction

Many critical components in diesel engines and
transportation vehicle subsystems are lubricated by
oil. Satisfactory performance of these components
and systems is achieved through the integration of
materials, surface finish, and lubricant oil
formulations. To that end, an Edisonian trial-and[’]
error approach is often followed. Indeed, experience
is likely the sole basis for new design and solutions
to failure problems in lubricated components. With
more severe operating conditions expected for
component surfaces in advanced engines and vehicle
systems, the trial-and-error approach to effective
lubrication is inadequate and certainly inefficient.
Departure from this approach will require a better
understanding of the fundamentals of both boundary
lubrication and surface failure mechanisms.

A major area of focus for the Department of Energy
in the development of diesel engine technology for
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heavy vehicles is emission reduction. Some essential
oil lubricants and diesel-fuel additives, such as
sulfur, phosphorus, and chlorine, are known to
poison the catalysts in emission-reducing after-
treatment devices. Although reduction or elimination
of these additives will make emission after-treatment
devices more effective and durable, it will also
render the surfaces of many lubricated components
vulnerable to catastrophic failure. Many of the
methods used to reduce diesel engine emissions may
also render critical-component surfaces vulnerable to
catastrophic failure, thereby compromising their
reliability.

Increases in vehicle efficiency will require friction
reduction and increase in power density in the
engine and powertrain systems. Higher power
density translates to increased severity of contact
between many components. This, again, will
compromise the reliability of various critical
components, unless they are effectively lubricated.
The efficacy of oil additives in reducing friction and
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in protecting component surfaces depends on the
nature and extent of the chemical interactions
between the component surface and the oil additives.

In addition to reliability issues, the durability of
lubricated components also depends on the
effectiveness of oil lubrication mechanisms.
Components will eventually fail or wear out by
various mechanisms and contact fatigue. Wear is the
gradual removal of material from contacting
surfaces, and it can occur by various mechanisms,
such as abrasion, adhesion, and corrosion. Also, the
repeated contact stress cycles to which component
contact surfaces are subjected can initiate and
propagate fatigue cracks and, ultimately, lead to the
loss of a chunk of material from the surface. This
damage mode is often referred to as “pitting.” Wear
and contact fatigue are both closely related to
boundary lubrication mechanisms. Antiwear
additives in lubricants are designed to form a wear-
resistant protective layer on the surface. The role of
lubricant additives on contact fatigue failure is not
fully understood, although it is clear that the
lubricant chemistry significantly affects contact
fatigue. Again, lack of a comprehensive
understanding of the basic mechanisms of boundary
lubrication is a major obstacle to a reasonable
prediction of the durability of lubricated components
and systems.

Significant benefits would accrue by extending the
drain interval for diesel engine oil, with an ultimate
goal of a fill-for-life system. Successful
implementation of the fill-for-life concept for the
various lubricated systems in heavy vehicles
requires optimization of surface lubrication through
the integration of materials, lubricant, and, perhaps,
coating technologies. Such an effort will require an
adequate fundamental understanding of surface
material behavior, chemical interactions between the
material surface and the lubricant, and the behavior
of material and lubricant over time.

Some common threads run through all of the
challenges and problems in the area of surface
lubrication of engine components and systems
briefly described above. The two key ones are lack
of adequate basic and quantitative understanding of
the failure mechanisms of component surfaces, and
lack of understanding of the basic mechanisms of
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boundary lubrication, i.e., how lubricant chemistry
and additives interact with rubbing surfaces, and
how this affects performance in terms of friction and
wear. To progress beyond the empirical trial-and[]
error approach for predicting lubricated component
performance, a better understanding is required of
the basic mechanisms regarding the events that
occur on lubricated surfaces. Consequently, the
primary objective of the present project is to
determine the fundamental mechanisms of boundary
lubrication and failure processes of lubricated
surfaces. The technical approach taken in this study
differs from the usual one of posttest
characterization of lubricated surfaces but, rather,
will involve developing and applying in-situ
characterization techniques for lubricated interfaces
that will use the X-ray beam at the Advanced Photon
Source (APS) located at ANL. Using a combination
of different X-ray-based surface analytical
techniques, we will study, in real time, the
interactions between oil lubricants and their
additives and the surfaces they lubricate. Such study
will provide the basic mechanisms of boundary
lubrication. In addition to surface chemical changes,
the materials aspects of various tribological failure
mechanisms will be studied.

Results and Discussion

Efforts during the past year (FY 06) were devoted to
the study of scuffing mechanisms in ceramic
materials, especially zirconia. Such study will
provide significant input into the development of a
comprehensive scuffing model that is applicable to
all classes of engineering materials. Preliminary in-
situ x-ray fluorescence analysis tests were also
conducted with an X-ray accessible tribo-tester with
model lubricant containing molybdenum
dithiocarbamate (MoDTC) and zinc dialkyl
diathiophosphate (ZDDP) additives.

Scuffing Zirconia Ceramic Material

In the past years, a scuffing theory was developed
for metallic materials based on experimental
observations from hardened 4140 steel. Scuffing
initiation occurs when the rate of thermal softening
as a result of heat generated by plastic deformation
exceeds the rate of work hardening due to an
increase in dislocation density associated with
plastic deformation. Under such condition, the
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plastic deformation process becomes unstable and a
severe localized plasticity ensues, accompanied by a
large amount of heat generation — scuffing initiation.
Progression of scuffing to a catastrophic stage is
dependent on whether its propagation occurs or not.
If the rate of heat dissipation from the initiation site
exceeds the rate of heat generation from continued
deformation, then scuffing does not propagate. If the
rate of heat generation exceeds the rate of heat
dissipation, scuffing will propagate into a run-away
thermal process, ultimately resulting in a
catastrophic failure.

Structural ceramic materials are currently being used
in some tribological systems to address scuffing
problems in the lubricated components of such
systems. For example, zirconia (ZrO,) ceramic
plungers have been successfully used in fuel injector
systems for heavy duty diesel engines, primarily to
address scuffing failures in low-lubricity diesel
fuels. Given the fact that scuffing, at least in metals,
involves severe plastic deformation, and that
ceramic materials in general do not plastically
deform as easily as metals do, it is reasonable to
assume that ceramics are less susceptible to scuffing.
However, ceramic materials are capable of plastic
deformation, and other material mechanisms may be
involved in scuffing failure. For effective use of
ceramic materials to address scuffing problems, it
will be very instructive to assess if scuffing can
occur in this class of material and what mechanisms
are involved.

Two variants of Y,0;-stabilized ZrO, alloys were
used for the scuffing study; single crystal cubic
Zr0,-9Y,05 and tetragonal ZrO,-3Y,05. Scuffing
tests were conducted with a block-on-ring contact
configuration, with ZrQO, as the block and steel as the
ring. The block is held stationary and loaded against
a rotating ring partially submerged in lubricant,
thereby creating a fully flooded and well-lubricated
contact interface. A three-axis load cell allows
measurement of normal, lateral, and traction forces.
Loading and unloading are done by a fast-response
pneumatic system attached to the load cell, enabling
fast unloading when scuffing occurs.

Figure 1 shows the frictional behavior during the test
with cubic ZrO, material. In this material,
phenomenological scuffing (i.e. a sudden rapid
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increase in friction) was observed in all the tests
conducted at various speeds. Prior to the final
failure, the friction coefficient for each test was
nearly constant in the range of 0.1 to 0.15 with
occasional perturbation, especially at load change
points. The friction coefficients for tests conducted
at higher speeds are slightly lower because of the
formation of a lubricant fluid film with higher
thickness. Although the friction behavior is typical
of what is observed during scuffing tests with
metals, the final failure occurred by fracture of the
cubic ZrO, ceramic block, as opposed to the typical
severe plastic deformation for metals. In all the tests
with cubic zirconia, the sudden rise in friction at the
end is always accompanied by the block specimen
breaking into two pieces.

The frictional behavior during the test with
tetragonal ZrO, blocks is shown in Figure 2. For this
material, all the tests at various speeds usually
started with a relatively high friction coefficient
(about 0.2), but gradually decreased to a near steady
value in the range of 0.05 to 0.07. Like the cubic
material, occasional perturbations in the friction
occurred at load changes, but unlike the cubic
material, an irreversible sudden rise in friction was
not observed at the end of the test to signify the
occurrence of scuffing. Indeed, phenomenological
scuffing did not occur in all the tests with tetragonal
ZrO, material up to the maximum speed and load
range of our test rig. Because of the high severity of
contact in tests with tetragonal ZrO, material, a
considerable amount of heat was generated, as
indicated by the excessive smoking of the lubricant
in all cases.

As shown in Figure 3, the cubic material exhibited
extensive cracking, generally oriented perpendicular
to the sliding direction. There was evidence of little
or no plastic deformation. The tetragonal material,
on the other hand, underwent significant plastic
deformation and limited cracking (Figure 4). This
difference is in spite of a significantly higher
severity of contact during the test with tetragonal
material. The observed plastic deformation of the
tetragonal material reflects the operation of several
possible deformation mechanisms during the
progressively increasing contact severity that occurs
in the scuffing test. At the initial stage of relatively
low contact stress, ferroelastic domain switching by
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reorientation of tetragonal domains is responsible for
plastic deformation. A crystal is ferroelastic if it has
two or more stable orientation states that can be
readily changed from one to another when subjected
to mechanical stress. Single-crystal tetragonal ZrO, [
3Y,05 has been shown to readily deform plastically
by ferroelastic domain switching. At high contact
stress, plastic deformation of tetragonal material can
also occur by a phase transformation process, from
tetragonal to monoclinic (t—m). This
transformation-induced plasticity is stress induced
and is accompanied by a volume increase that
imposes compressive stresses, thereby suppressing
cracking and fracture. This is indeed the mechanism
for the transformation toughening of ZrO, or ZrO,
containing structural ceramic materials and
composites. In the present study, x-ray diffraction
from the wear track and the non-contact areas of the
tetragonal material showed the presence of
monoclinic phase in the wear track (Figure 5). Thus,
the plasticity observed in the tetragonal ZrO,
material during scuffing test is partially due to t—m
phase transformation in the contact area.

X-ray Characterization of Boundary Films

During the past year, the effort on boundary film
characterization was devoted to the development of
an x-ray accessible tribo-tester. Such a system is
needed for in-situ characterization of boundary films
at APS with various available x-ray-based surface
analytical techniques.

Figure 6 shows a picture of the new x-ray accessible
tribo-tester system, which combines a commercial
pin-on-disc high-temperature test rig and an X-ray
fluorescence (XRF) detector. A new 30-kV X-ray
source was integrated into the system. XRF analysis
can be conducted concurrently with friction and
wear testing. Both the XRF analysis and the friction
data collection are done by the same computer,
making it possible to correlate friction behavior with
surface chemical changes as indicated by XRF. A
schematic of x-ray fluorescence analysis of the wear
track during testing is shown in Figure 7.

Figure 8 shows a typical result of friction test with a
model lubricant of poly-alpha olefin (PAO) with 1%
MoDTC and ZDDP oil additives. The variations of
the Zn and Mo atom concentration on the disc
surface and the friction coefficient with test time are
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shown. Figure 9 is an optical image of the
tribochemical films formed during the test.

Conclusions

During FY2006, the efforts on this project were
focused on the study of scuffing mechanisms in
ceramic materials. In the cubic zirconia material,
“scuffing” occurred by a sudden catastrophic
fracture, instead of the severe plastic deformation
typical for metallic materials. The tetragonal
zirconia material underwent no sudden catastrophic
failure in spite of much higher contact severity
during the test. This behavior is the result of
sequential operation of several frictional stress
dissipation mechanisms of plastic deformation.
Ferroelastic domain switching occurred at lower
loads, followed by tetragonal to monoclinic phase
transformation and finally deformation by slip at
elevated temperatures toward the end of the test.
Based on the results of the present study, materials
with multiple sequential dissipation mechanisms are
expected to exhibit higher scuffing resistance.

In the area of tribochemical film characterization, a
new X-ray accessible tribo-tester system was
designed and constructed. In initial tests with the
new rig, the variation of Zn and Mo atom
concentration in the surface film as a function of test
time was determined concurrently with the friction
coefficient. This in-situ test system will be used to
determine the boundary film formation and loss rates
during sliding contact of a lubricated surface.

Publications

1. O. 0. Ajayi and J. Hershberger, “In-situ
characterization of boundary films by X-ray,”
Presented at International conference on
Frontiers in Boundary Lubricating Films, Lyon,
France, April 9-14, 2006.

2. J. Hershberger, O. O. Ajayi, and G. R. Fenske,
“X-ray accessible tribo-tester as a surface
engineering tool”, Presented at STLE Annual
Meeting, Calgary, Canada, May 7-11, 2006.

3. 0. 0. Ajayi, “Assessment of scuffing resistance
of sliding surfaces,” Presented at STLE Annual
Meeting, Calgary, Canada, May 7-11, 2006.
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Figure 2. Friction variation during scuffing test with tetragonal zirconia
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Figure 4. SEM micrograph of scuffed surface of tetragonal zirconia
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transformation after scuffing test

Figure 6. Picture of x-ray accessible tribo tester system
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Figure 9. Optical micrograph of tribo-chemical film formed on disc surface during
test with a model lubricant
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III.B. Parasitic Engine Loss

Principal Investigators: George Fenske, Robert Erck, Ali Erdemir, and Layo Ajayi
Argonne National Laboratory

Argonne, IL 60439

(630) 252-5190, fax: (630) 252-4798, e-mail: gfenske@anl.gov

Technology Development Area Specialist: Lee Slezak
(202) 586-2335, fax: (202) 586-2476, e-mail: Lee.Slezak@hq.doe.gov

Field Project Manager: Jules Routbort
(630) 252-50065, fax: (630) 252-4798, e-mail: routbort@anl.gov

Participants

Robert Erck, Argonne National Laboratory
Layo Ajayi, Argonne National Laboratory
Ali Evdemir, Argonne National Laboratory
James Kezerle, Ricardo Engineering

Lee Oberto, Ricardo Engineering

Zoran Fillipe, University of Michigan

Contractor: Argonne National Laboratory
Contract No.: DE-AC02-06CH11357

Objective

Develop and integrate mechanistic models of engine friction and wear to identify key sources of parasitic losses
as functions of engine load, speed, and driving cycle.

Develop advanced tribological systems (lubricants, surface metrology, and component materials/coatings) and
model their impact on fuel efficiency with a goal to improve vehicle efficiency by 3% in FY12. Develop engine
component maps to model the impact on fuel efficiency for use in analytical system toolkits.

Develop database of friction and wear properties required for mechanistic friction and wear models —coatings,
lubricant additives, and engineered surface textures.

Validate mechanistic models by performing instrumented, fired-engine tests with single- and cylinder engines
to confirm system approaches to reduce friction and wear of key components.

Integrate models into vehicle system codes (PSAT).

Approach

Predict fuel economy improvements over a wide range of oil viscosities using physics-based models of asperity
and viscous losses.

Model changes in contact severity loads on critical components that occur with low-viscosity lubricants.

Develop and integrate advanced low-friction surface treatments (e.g., coatings, surface texturing, and additives)
into tribological systems.

Measure friction and wear improvements on advanced lab rigs and fired engines to confirm model calculations.

Develop component maps of parasitic energy losses for heavy-vehicle system models.
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Accomplishments
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e  Modeled the impact of low-friction coatings and low-viscosity lubricants on fuel savings (up to 4%) and
predicted the impact of low-viscosity lubricants on the wear/durability of critical engine components.

e Developed experimental protocols to evaluate the friction and wear performance of advanced engine materials,
coatings, and surface treatments under prototypical/piston/ring/environments.

o Initiated lab testing of surface modified ring and liner components to optimize treatments for single-cylinder

engine tests.

Future Direction

e  Apply superhard and low-friction coatings on actual engine components and demonstrate their usefulness in

low-viscosity oils.

e  Optimize coating composition, surface finish, thickness, and adhesion to achieve maximum fuel savings.

e Evaluate the impact of advanced lubricant additives on asperity friction.

Introduction

Friction, wear, and lubrication affect energy
efficiency, durability, and environmental soundness
of critical transportation systems, including diesel
engines. Total frictional losses in a typical diesel
engine may alone account for more than 10% of the
total fuel energy (depending on the engine size,
driving condition, etc.). The amount of emissions
produced by these engines is related to the fuel
economy of that engine. In general, the higher the
fuel economy, the lower the emissions. Higher fuel
economy and lower emissions in future diesel
engines may be achieved by the development and
widespread use of novel materials, lubricants, and
coatings. For example, with increased use of lower
viscosity oils (that also contain lower amounts of
sulfur- and phosphorus-bearing additives) the fuel
economy and environmental soundness of future
engine systems can be dramatically improved.
Furthermore, with the development and increased
use of smart surface engineering and coating
technologies, even higher fuel economy and better
environmental soundness will be feasible.

Integration of advanced lubricant chemistries,
textured/superfinished surfaces, and advanced
component materials and coatings necessitates a
systems approach. Changes in one system
component can readily change the performance of
other system components. For example, application
of a hard coating on a liner to improve its durability
may decrease the durability of the mating rings.
Also, lowering the viscous drag will cause certain
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components (e.g., bearings) to operate under
boundary lubrication regimes not previously
encountered, resulting in accelerated degradation. A
systems approach is required to not only identify
what are the critical components to address in terms
of energy savings, but also to identify potential
pitfalls and solutions.

The main goal of this project is to develop a suite of
software packages that can predict the impact of
smart surface engineering technologies (e.g., laser
dimpling, near frictionless carbon, and superhard
coatings) and energy-conserving lubricant additives
on parasitic energy losses from diesel engine
components. The project also aims to validate the
predictions by comparison with experimental
friction and wear data from Argonne National
Laboratory. Such information will help identify
critical engine components that can benefit the most
from the use of novel surface technologies,
especially when low-viscosity engine oils are used
to maximize the fuel economy of these engines by
reducing churning and/or hydrodynamic losses. A
longer-term objective is to develop a suite of
computer codes capable of predicting the
lifetime/durability of critical components exposed to
low-viscosity lubricants.

Since FY 2003, Argonne and Ricardo, Inc., have
collaborated to identify engine components that can
benefit from low-friction coatings and/or surface
treatments. The specific components considered
included rings, piston skirt, piston pin bearings,
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crankshaft main and connecting rod bearings, and
cam bearings. Using computer codes, Ricardo
quantified the impact of low-viscosity engine oils on
fuel economy. Ricardo also identified conditions
that can result in direct metal-to-metal contacts,
which, in turn, can accelerate engine wear and
asperity friction. Efforts were also initiated to
identify approaches to validate the predictions under
fired conditions.

Argonne also worked on the development and
testing of low-friction coatings under a wide range
of sliding conditions using low- and high-viscosity
engine oils. These coatings (such as near frictionless
carbon) as well as laser-textured surfaces were
subjected to extensive friction tests using bench-top
rigs. The test conditions (i.e., speeds, loads, and
temperatures) were selected to create conditions
where direct metal-to-metal contacts will prevail, as
well as situations where mixed or hydrodynamic
regimes will dominate. Using frictional data
generated by Argonne, Ricardo estimated the extent
of potential energy savings in diesel engines and
identified those components that can benefit the
most from such low-friction coatings and/or surface
treatments. Argonne developed a test rig to simulate
engine conditions for piston rings sliding against
cylinder liners — one of the major sources of
parasitic energy losses identified in Ricardo’s
studies. Wear data generated by Argonne can be
used to develop models and computer codes that
predict the lifetime/durability of diesel engine
components. Several techniques were surveyed to
validate the models. A fired, single-cylinder, fixed-
sleeve technique available at the University of
Michigan was selected to provide in-situ friction
force measurements between the cylinder liner and
the piston/piston ring assembly — a major source of
friction losses. Efforts also progressed on the
development of a benchtop ring-on-liner rig for
testing in the tribological conditions under which
advanced surface treatments and additives optimally
function.

During FY 2006, Ricardo and the University of
Michigan completed design of the single-cylinder
test bed and initiated fabrication of components
necessary to measure combustion chamber friction
forces under fired conditions. In addition, Argonne
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initiated benchtop tests on experimental and
commercial-engine lubricant additives.

Results

Phase I and Phase II activities for this project
focused on modeling the impact of low-friction
surfaces and low-viscosity engine lubricants on
friction losses and fuel economy. Figure 1 [1]
summarizes the results of Ricardo’s calculations on
the impact of boundary friction and engine lubricant
viscosity on the fuel economy of a heavy-duty
diesel-powered vehicle. These curves are based on
detailed calculations of the friction mean effective
pressure (FMEP) for the piston rings and skirt,
valve-train components, and engine bearings under a
range of driving conditions. The results predicted
fuel savings up to 4-5%, depending on lubricant
viscosity grade and asperity friction.

Plans were established for a Phase III activity to
validate the calculations using measurements with a
fired diesel engine. Several approaches were
considered, including a) direct fuel consumption
measurements in a running, mass-production, diesel
engine, b) friction force measurements in a running,
mass-produced engine, and c) friction force
measurements in a running, single-cylinder test
engine. The last approach was selected due to
considerations of simplicity and ability to accurately
measure friction forces.

Three different methods were considered to measure
forces during operation. A force-difference method
based on cylinder-pressure and connecting-rod strain
measurements and a floating liner method based on
load cell measurements of liner forces were ruled
out due to large statistical errors associated with the
first method and gas leakage and structural vibration
issues associated with the second method. In the
end, a fixed-sleeve method (Figure 2) was chosen.
The fixed-sleeve method employs strain gauges
applied to a rigidly supported cylinder liner to
measure the friction forces transmitted to the
cylinder liner from the piston skirt and rings.

The fixed-sleeve method will be used with a Ricardo
Hydra test engine installed at the University of
Michigan. To this end, a sliding sleeve will be
inserted inside a modified Hydra cylinder liner. The
sleeve will be fixed radially near its top by a
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supporting wire and will be restrained axially by a
locknut at its bottom. Axial forces on the sleeve will
be transmitted through the locknut joint to the liner.
Friction forces will be calculated from the measured
liner strain.

The contract with Ricardo and the University of
Michigan has been established, and Phase III
activities are underway. The first task of Phase III
involves adapting the Hydra engine to accept an
instrumented fixed sleeve (strain gauges and
thermocouples). Figure 3 shows a photograph of the
Hydra engine mounted on the Cussons-dyno test
stand at the University of Michigan. Current
activities for this task are focused on design,
fabrication, and instrumentation of combustion
chamber components (in collaboration with Ricardo
and Mahle). The second task will involve
establishing a baseline to compare the engine to
obtain friction measurements at different engine
conditions (speeds and loads) and lubricant
viscosities. Part of this task will involve in-situ
friction measurements of unformulated basefluids
(at two viscosities) with and without low-friction
additives. Subsequent tasks will concentrate on
measurements using low-friction technologies
(e.g., low friction coatings, superfinishing, textured
surfaces, and low-friction additives).

Experimental activities at Argonne concentrated on
the development of a ring-on-liner rig to measure
friction in an effort to confirm/validate asperity
friction values used in the Ricardo models, to
measure the boundary friction of advanced low-
friction technologies on prototype ring and liner
components, and to integrate/optimize advanced
technologies for rings, liners, and pistons. The test
system uses segments of rings and liners obtained
from standard rings and liners, currently 137- mm
and 145-mm diameter liners — comparable to those
modeled by Ricardo. The system is capable of
applying loads up to 2000 N, speeds up to 10 Hz,
strokes up to 37 mm, and temperatures to 300°C.
Data recorded during the tests include friction
forces, temperature, ring position, and contact
resistance (between the ring and liner) at rates in
excess of 2000 Hz. High data acquisition rates
(above 2000 Hz) are used to obtain “flash shots” of
the friction, position, and contact resistance during
each stroke. Such information provides detailed data
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required to determine which lubrication regime
(boundary, mixed, or hydrodynamic) is dominant
during the stroke.

Figure 4 shows the friction as a function of time for
a stock CrN-coated ring sliding against a stock liner
with a commercial, formulated 10W-30 synthetic
lubricant (top) and a concentrated commercial
additive package (bottom). The tests in Figure 4
were performed with a load of 150 N at a
reciprocating speed, 15 rpm, sufficiently low to
ensure boundary lubrication over the entire travel or
the baseline lubricant (top curve). At the point of
stroke reversal where the speed is near zero with the
baseline fluid, boundary lubrication is dominant
with a friction coefficient around 0.12 to 0.15. As
the velocity increased (near midstroke), the friction
of the top curve remained high, indicating that the
lubrication was dominated by boundary friction. The
bottom curve in Figure 4 shows a significantly lower
friction behavior than that of the baseline fluid — at
reversal, the friction is around 0.09, but them rapidly
decreases to around 0.05. The difference can be
attributed to the high viscosity of the additive
package (bottom curve). The high viscosity resulted
in a rapid transition to mixed/hydrodynamic
lubrication, thus providing lower friction. Overall,
the friction was reduced by approximately 60 %. At
higher speeds (150 rpm), the friction was also
reduced by 60 % [2].

Other Phase 111 activities involve cost/benefit studies
of treating specific engine components. Figure 5
shows cost/benefit analysis based on the Ricardo
models. Fuel savings on the order of 100 gallons per
1000 hours of operation can be realized by using
technologies (e.g., a low friction coating, low-
friction additive, or surface texturing) that reduce
boundary friction by 90% and a low-viscosity

(e.g., SAE 20 wt) engine lubricant. At a price of
$3/gallon, one would realize a cost savings of

$300 per 1000 hours of operation, which should
more than offset the cost of many low-friction
coating treatments.

Summary

Computer simulation of parasitic energy losses in
diesel engines indicate that fuel savings up to 5 %
can be achieved through the use of low-viscosity
engine lubricants and low-friction surface
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treatments. Work is underway to experimentally
validate the models by tests with a fired, single-
cylinder diesel rig outfitted with an instrumented
fixed -sleeve to measure the friction forces
continuously as a function of crank angle.

A rig-on-liner test rig was developed and brought
on-line to validate the friction coefficient data used
to model the parasitic friction losses, as well as to
optimize advanced surface modification
technologies for engine applications. Tests are
underway to evaluate two technologies: a boric-acid
based lubricant additive and a surface texturing
technique. Both technologies, in addition to the use
of low-friction coatings, will be further examined
and optimized in FYQ7 in preparation for fired
engine tests on the instrumented Hydra test engine in
FYO08. Cost/benefit analysis indicated a saving at
about $300 per 1000 hours of operation with
advanced tribological systems.
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Figure 3. Photograph of the Ricardo hydra engine under modification for in-situ friction measurements
(University of Michigan)
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III.C. Efficiency Improvement Through Reduction of Friction and Wear in
Powertrain Systems
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Contractor: Eaton Corporation4201 North 27th Street, Milwaukee W1 53216
Contract No.: DE-FC26-04NT42263

Objective

e To reduce friction and parasitic energy loss by 30-50% in truck transmissions and axles used in class 3-8
trucks by conducting research and development resulting in an integrated procedure for component design
and analysis for minimizing friction and oil churning losses without compromise in performance and
durability.

e During the first three (3) years, develop computer simulation tools for various contact geometries to predict
friction, interface temperatures, wear, and other performance parameters for gears, bearings, seals, and oil
churning losses. These simulation tools will be calibrated and validated utilizing coupon fixture testing and
component bench testing.

e During the following two (2) years, to integrate the various simulation tools into a design procedure and
prove its utility by designing specific components for transmissions and axles and conducting limited
testing on dynamometers and vehicles.
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Identify potential commercialization strategies for efficiency improvement methods in transmissions and
axles.

Approach

Reduction of boundary friction through development of boundary film technologies, which involves low
friction materials, coatings and lubricant additives. (see Figure 1)

Reduction of hydrodynamic friction and churning loss via advanced lubrication technologies, improved
system design, lubricant properties and surface texturing;

Optimization of design parameters, operating conditions and surface finish processes to minimize the
severity of surface contact and maximize hydrodynamic lubrication effectiveness through next-generation
integrated design and analysis tools;

Development of surface failure analysis and prediction tools and their correlation with experimental data to
improve the component design for longer life and higher reliability.

Accomplishments

Developed models to predict friction and wear of rough surface contacts and conducted limited
verifications. A model for virtual texturing was also developed and results were judged appropriate based
on limited experimental testing. A model for coated surfaces was developed to predict contact pressure and
friction as a function of coating modulus and thickness. This model needs verification. Modeling of
boundary lubrication will be done on experimental basis only as a “look-up” table to be used with other
models.

Using coupon bench testing, determined that although surface topography changes over time, significant
reductions in friction could be achieved by improving original surface roughness. Surface texturing can
have either positive or negative effect on friction, so careful texture design is required. Gear efficiency was
evaluated using an FZG equipment and impact of additives was investigated.

Low friction coatings tested to date have not demonstrated required durability, thus requiring further
evaluations regarding optimum sub-surface characteristics, coating modulus, and thickness.

Fuel efficiency simulations indicate that the 2.5% fuel savings can be met.

Future Direction

Integrate all modeling modules into a design capability for prediction of friction and durability of
contacting surfaces.

Complete coupon testing and begin component testing to verify selection of specific surfaces, coatings,
lubricants and additives for friction reduction without adverse effect on durability.

Conduct limited dynamometer and field tests to verify energy efficiency gains of a selected truck driveline
and develop required durability data.

Develop commercialization approaches for the best value surface treatments and lubricant conditions.

Introduction e Oil churning: 15-35%

This report is a second annual report on the project.

e Bearings and thrust washers: 10-25%

The FY2005 Annual Report described the current * Seals/other parts (as shift yoke/shaft): 10-20%
technologies utilized in truck powertrains regarding

gears, bearings and seals. The sources of parasitic
losses in drivetrains had been identified as:

Gear tooth contact friction: 25-70%

The FY2005 Annual Report also documented the
project structure, project team, and team members’
roles for this project, which remained unchanged for
FY2006. The technical progress was reported under
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specific headings, which focused on the effect of
various parameters on friction reduction. These same
headings are used in this report to document
progress in FY2006 and allow for easy and
continuous tracking of technical progress achieved
in the FY2006.

This progress report uses same topical areas for
progress presentation and allows for easy and
continuous tracking of technical progress achieved
since the start of the project. Each topic combines
theoretical and experimental results, as appropriate,
to help the reader to easier comprehend and integrate
project activities and results.

Effect of Surface Topography and Surface
Texture on Friction

The work conducted in FY2006 concentrated on the
effect of running time and resultant wear on friction.
Also, modeling of texture effect was initiated and
some textured and engraved surface effects were
experimentally evaluated in sliding as well as in
rolling contact fatigue (RCF), which allows for
simultaneous sliding and rolling conditions at
contacting surface, typical of gear tooth contact.

Figure 1 shows the effect of running time on friction
and the resultant change in topography due to wear.
Similar effect has been observed in lubricant testing
using the Wedeven friction testing, as the rest
required a minimum of 3 “break-in” runs for the
friction to stabilize. Therefore, the modeling efforts
required ability to account for that change in
topography due to wear. This is reported in the next
section. Texture effects can also have impact on
friction. Experiments with macro-texturing, such as
engraving and shot peening, did not show significant
improvements, but the effect of texture directionality
with respect to rolling and sliding direction is
critical. The effect of laser micro-texturing was
reported in the previous year-end report. The results
of modeling regarding dimple characteristics are
shown in Figure 2. This approach allows for
generation of ‘synthetic’ dimples and studying their
effect on friction and on durability, which is
impacted by contact ration resulting in contact
stress.

D:dW:kpCV:k(pWC)V
dt H H
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Effect of Surface Topography on Durability

In order to generate a commercially meaningful
integrated model, surface durability must be
incorporated so that optimization of the low friction
and high durability can be achieved. In the 2005
report, a simplified model was described based on
the approach of knowing the maximum stress
location and magnitude is known, then the crack
formation and growth is predicted using the
FATG3D model, previously developed at
Northwestern University, which yields an accurate
analysis of intensity factors and it is capable of
dealing with multiple cracks and their coalescence
into larger cracks or one large crack. However,
contact surface topography changes as a function of
running time, thus requiring new input data for the
FATG3D model. Therefore, a wear model
development was initiated. The wear model
incorporates only the effects of topography and the
wear rate coefficient is a combination of various
effects, such as lubricant effects, boundary layer
effects, and thermal effects. The total wear is on a
surface is expressed in the following equation:

Where:

We = f(A) = f(h/o) (contact load ratio)
H - surfaces hardness (Gpa)

k - wear coefficients for the surface

V — rolling speed (mm/s)

p — Contact load (Gpa)

o — composite surface roughness (um)
h — lubricant film thickness (mm)

Figure 3 shows the change in surface topography as
well as the resultant change in friction, contact ratio,
amount of wear, and dimensionless film thickness.
The contact conditions for this simulation are shown
in the figure.

Some initial calibration of the model was done using
three-ball-on-ring testing and measuring scar
dimensions. That test showed that the assumed wear
coefficient was about a factor of 14 greater than
actual wear. So actual measurement of the wear scar
could be used for model calibration. However, it
must be recognized that the wear coefficient is
specific to the conditions of the test, including
lubricant, loads, speeds, and other parameters.
Therefore, specific selections of surface topography,
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and other conditions will be made for future
evaluations and modeling. Figure 4 shows the result
of this calibration test.

Also, residual stress effects due to localized plastic
deformation of contacting asperities will influence
the stress state of the contacting surfaces. Residual
stress distribution prediction model has been
developed and a typical result of sub-surface
distribution is shown in Figure 5 along with the 3-D
distribution of plastic deformation due to rough
contact with a mating surface.

Lubricant Effect on Friction and Power Loss

There is a significant potential to reduce contact
friction by developing new formulations. In the
2005 report, the effect of lubricants on friction and
use of specific additives was described. In 2006,
specific lubricant selection was conducted and the
effect on power loss measured using an instrumented
FZG standard gear testing machine. Eighteen
lubricants with three surface conditions were
evaluated. Figure 6 shows reduction in power loss as
a function of pinion speed. It is noted that there is a
strong function of speed as well as a particular
lubricant selection.

Regarding the boundary film modeling, a decision
was made during 2006 project year, that this task is
too complex for theoretical modeling and that a
“look-up” tables will be developed for specific few
lubricants of interest at selected test conditions of
interest for transmissions and axles. The
development of these look-up tables was initiated. In
addition, 4-ball testing was conducted using some
commercially available antiwear and antifriction
commercial additives under mild wear conditions.
Of he additives tested, Molyvan L, which has Mo, S,
and P as additives, was best for wear resistance.
Figure 7 shows a summary of results.

Low Friction Coatings

A number of coatings were evaluated on the
modified “pin-on-disc” test using line contact
condition and stepped loading condition. Argonne
leads this technological area and provided ring
samples coated with ‘near-frictionless coating’
(NFC) and nano-composite coating. The results are
shown in Figure 8 with an unusual behavior of the
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nano-coating as load changes occurred, which
exhibited lowest friction. However, rolling contact
fatigue testing was not successful as the coatings
failed by scuffing under 25% sliding condition.
These failed rings are under investigation to
determine if the failure was due to delamination or
some other effect, such as lack of boundary film
formation.

Modeling of friction and contact pressure as a
function of coating thickness and modulus
difference with substrate was developed for smooth
surfaces. These relationships are shown in Figure 9.

The assessment is that use of high modulus coatings
will result in least friction but there may have
durability issues, especially for asperity contact in
real rough surfaces of different hardnesses.

Fuel Economy Modeling

Preliminary fuel economy modeling was conducted
using a US-1 route and applying engineering
judgments as to potential efficiency improvements
in axles and transmissions as a function of speed and
load represented by the terrain of US-1. Figure 10
indicates that the fuel economy target of 2.5% is
possible based on the conservative, likely, and
optimistic efficiency improvements. The literature
survey conducted in 2006 did not result in any
reported correlations of friction reduction on
efficiency of truck transmissions or axles. Future
project years will evaluate and correlate these
effects.

Summary

Highlights of the progress during FY 2006 are:
1. Rough surface contact models were extended to
include texturing, residual stress, and wear
prediction.

Experimental testing supported model
predictions and limited calibrations of the
models were initiated

Modeling of boundary lubrication films will be
based don “look-up” tables to be developed for
specific tribological conditions only.
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Testing of coated surfaces identified
shortcomings in coating durability, but friction
reduction has potential.

Four quarterly reports, and six deliverables
reports were submitted on time. Two Phase I
Reviews were conducted at DOE Headquarters.

Conclusions

Surface contact models to predict friction have been
developed, but require more calibration. Boundary
film modeling will be done by developing
experimental look-up tables for selected Iubricants
and contact conditions. Also, a model for prediction
of sub-surface residual stress distribution will
enhance pitting fatigue modeling. Models for coated
surfaces and textured surfaces are under
development with encouraging initial results.
Preliminary wear models show much promise, but
wear coefficients are a function of complex
variables, which need to be experimentally verified.
Because of that, only selected conditions will be
used for experimental testing in future years.

Experimental results support model predictions for
friction and wear, but more statistical data needs to
be accumulated for model verification and better
assessments of friction differences among various
surface/lubricant/texture/roughness conditions.

Coatings have not yet demonstrated reliable
behavior either as friction reduction or durability
enhancers. More study is required, as the test results
to date show potential for friction reduction.
Modeling of coated surface contacts (friction and
stress) conditions will be instrumental in proper
selection of both the coating and its thickness for
optimization.

Initial fuel economy simulations indicate that a
project goal of 2.5% savings is attainable.
Experimental work in future years will validate that
model result.

Future work in FY 2007 will be focused on
development of boundary film look-up tables,
development of specific wear coefficients, and
integration of all model modules into a preliminary
predictive tool. Specific model calibration and
validation will be done by first using them for
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prediction purpose and then conducting selected
testing to obtain predicted results. Also, additional
experimental work will be done for the purpose of
sump fill optimization to minimize churning losses.
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Tribology
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Figure 1. Left: Friction as a function of running time on
the RCF test for common gear surface roughness. Right:

Corresponding surface roughness change as a function or
funning time for large and small rollers.
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Figure 2. Effect of dimple parameters on lubricant film thickness (friction) and on contact ratio (percent of
surface supporting contact load). Optimization of both, film thickness and contact ratio is possible to
generate lowest friction and assess surface durability.

110



Heavy Vehicle Systems Optimization Program FY 2006 Annual Report

aw . pV . (pW )V
L D == k c = kic
Wear Model. Rl 7
Wear Amount vs. Time Step Contact Load Ratio: e =/(4)=1(h/2)

Hardness H,=H,= 5.0 GPa

Wear Coefficient K,=K,=0.005

Rolling Speed U= 50 mm/s

Slide-to-roll Ratio S=-2.0

P,=1.730 GPa, a= 0.470 mm

Time Step Length AT= At U/a= 0.005859
Surface 2 ) i Composite Surface Roughness:

Smooth, Flat Surface

Surface 1

Wear (mm’)

&
’C
S
g
I
Step 10 Step 150 Step 350 Step 1000 ;
8 (5]
. £ °
Motion 1 g
3 9
£ -
= o
E £
£ 8
. . . 0.0000 T T T 0.0
Sinusoidal Textured Ball Rolling on Smooth Surface o 250 00 750 1000

Number of Time Step

Figure 3. Wear model results showing change in mating surface wear as a function of time steps and changes in
friction, load ratio, and lubricant film thickness for a sinusoidal textured ball sliding on a flat surface

| Predicted

ED.M- .Surlace i:BaII.
g.o-xs
gm T ongma e 1| Predicted
£
Prediction: 5 passes 3.
Measurement: % '_
about 70 passes 8 o[ Sutacez0i |

0o 05 10 15 20
X {mm)

Revised Wear Coefficient “4” = 0.002*(5/70) = 0.00014286

Figure 4. Computed ‘transition load” form surface to subsurface as a function of surface roughness for specific
tribological conditions of rough surface contact. (RMS = Root Mean Square)

111



FY 2006 Annual Report Heavy Vehicle Systems Optimization Program

Rough contact pressure Plastic displacement distribution
? S N
Q 355
¢ : 1
Soge| oy t‘:ﬁ%‘:’:éﬁ‘:s:‘{li
' e
O, R
5 5 N gy,
R < g
R =
- X

0.0 e Ty S
0.1-

0.2-
0.3-
-0.4-
-0.5-

T T T
-1.50 -1.00 -0.50 0.00 0.50 1.00 1.50

Figure 5. Residual stress subsurface distribution modeling results due to rough surface contact pressure (upper left)
and resultant plastic deformation (upper right)

% Reduction in Power Loss Vs. Pinion Speed Oil #1
(Baseline: Lubricant 18 with Ground Surface)

< Oil #11
é 25 | /
5 20
E 15 - —
.8
E 10 -
5 5
=
=
Q
o
®

0 T
5 K 250 50 0
—
-10 il

15 N g

Pinion Speed (rpm) OI/ #1 8
11-Ground 1-Ground —¥— 18-ISF —&— 11-ISF
—+— 1-ISF —— 18-ISF & Coated 11-ISF & Coated —@— 1-ISF & Coate

Figure 6. Reduction of power loss as a function of pinion speed in the FZG machine for straight spur gear
configuration for three selected oils from 18 oils tested on the Wedevan machine in 2005

112



Heavy Vehicle Systems Optimization Program FY 2006 Annual Report
1.2

—

€ 1] 1l [ 0

S

~— ___

5 0.8 B

n

= 0.6

>

o 0.4

1o

S 02

<z Y

0 T T T T T T T T T

o c o o o m o o ® - N o
~ S Sq Sk 52 © 53 S0 Sd £ ] < Sg
g 28 €5 €Y E- g =R =g e £/ g =¢
S 8%® g© g™ so0o € &~ 8™ 859 5 € &©°
= = > > >~ = > > > § < >
© ©
> 3 3

Figure 7. Effect of lubricant additive on wear. “WSD” is the wear scar diameter on three stationary balls in the

4-ball test rig.

0.25
ilbox pins Lubricant: Roadranger CD-50
apped load test
0.20
0.15
L
O
&)
010 } 8620 carburized
okl u WC#1
NFC Coating i o W Pl
from ANL RS o, e AT T
0.05
Om 1 1 1 1 1 1 1 1 1

0 10 20 30 40
Test duration, min

Baseline

Nano-Coating
from ANL

Figure 8. Coefficient of friction for coated surfaces using stepped energy Falex pin-on-disc test with line contact in

standard transmission oil

113



Heavy Vehicle Systems Optimization Program

T T T T T T T T T T T
Dimensionless coating thickness Hea

0.050

JUaI214909 UodLI4

0 4‘ [ Average Speed [ Weighing Percentage ’7

plains

hilly

1
30

/) 103084 BuyBiap Jo (ydw) paadg

T
25

T
20

15

114

10

Dimensionless coating thickness H=h/a

T
05

0.0

[edD] ainssaid j0jejuo) wnwixep

Figure 9. Effect of coating modulus on maximum contact pressure and friction coefficient for

smooth surfaces as a function of coating thickness

|

|
-____ 2.94%

FY 2006 Annual Report

4.00%

Optimistic

4.35%

Probable

Figure 10. Fuel economy impact simulation results (left) using US-1 route (right)

3.00%
2.00%



Heavy Vehicle Systems Optimization Program FY 2006 Annual Report

IL.D. Superhard Coatings

Principal Investigators: A. Erdemir, L. Ajayi, and O. Eryilmaz
Affiliation: Argonne National Laboratory

Address: Energy Systems Division, Argonne, IL 60439

(630) 252-6571, fax: (630) 252-4798, e-mail: erdemir@anl.gov

Technology Development Area Specialist: Lee Slezak
(202) 586-2335, fax: (202) 586-2476, e-mail: Lee.Slezak@hq.doe.gov

Field Project Manager: Jules Routbort
(630) 252-5065, fax: (630) 252-4798, e-mail: routbort@anl.gov

Contractor: Argonne National Laboratory
Contract No.: DE-AC02-06CH11357

Objective

e Design, develop, and optimize low-friction, superhard, nano-composite coatings.

e Demonstrate their durability and energy-saving benefits in actual diesel engine systems.

o Elucidate their friction and wear-reducing mechanisms.

e Explore large-scale production of such coatings in commercial-scale deposition systems.

e Implement demonstrated technology in engine systems in collaboration with industrial collaborators.

e  Confirm performance under severe running conditions of fired engines.

Approach
e  Obtain test samples and components and prepare for coating deposition.

e  Optimize and employ deposition protocols that can consistently produce superhard coatings on these
samples and components.

e  Characterize coating adhesion, thickness, and uniformity and surface roughness.

e  Optimize the superhard coatings to provide the lowest possible friction and wear coefficients and longest
wear life.

e Test and demonstrate their superior friction and wear performance under a wide range of conditions using
bench-top test machines and actual engines.

e Analyze test data and examine sliding surfaces.
e  Determine friction and wear mechanisms.

e  Prepare reports.

Accomplishments

e During FY06, we further optimized our physical vapor deposition conditions and successfully produced a
range of superhard coatings on test samples and components using a commercial-scale CemeCon sputter
ion plating system.
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We optimized the bonding, thickness, and surface finish of these coatings by effectively controlling the
deposition conditions.

Using coated test samples, we demonstrated that they possessed extreme resistance to scuffing (exceeded
the load limits of our bench-top test systems), dramatic reductions in friction under boundary-lubricated
sliding regimes, and near-zero wear.

We tested the performance of optimized superhard coatings on cut segments of piston rings and cylinder
liners. Significant reductions in friction were achieved on these parts. Furthermore, these coatings virtually
eliminated the wear of the components.

We used time-of-flight secondary ion mass spectrometry and x-ray photoelectron spectroscopy to
determine the lubrication mechanisms of these coatings.

Several companies (Bekaert, Hauzer, and CemeCon) are interested in licensing and mass-producing these
coatings for large-scale engine applications.

Several engine companies and OEMs (GM, Burgess-Norton, Eaton, and Caterpillar) are interested in
testing the performance of these coatings on sliding and rolling engine components.

Future Direction

Explore new coating compositions based on MoN-Sn, MoN-Sb, and MoN-C while finalizing the current
deposition protocol for the MoN-Cu system and transitioning this technology to coating manufacturers and
engine companies.

Continue to test the friction and wear performance of these new coatings with bench-top ring-liner and
block-on-ring test machines.

Determine the coating friction and wear behavior as a function of temperature under lubricated sliding
conditions.

Perform surface analytical studies characterization on as-deposited and friction- and wear-tested surfaces
to understand the fundamental tribological mechanisms behind the superlow friction and wear of superhard
coatings.

Increase collaboration with Eaton, Caterpillar, GM, Federal Mogul, and Burgess-Norton. Have some of the
tests run in their engine test systems. We held several meetings with representatives of these companies in

recent months, and they are extremely interested in this technology.

Introduction

Increasing demands for higher power density and
reduced emissions in future diesel engines are
pushing current materials and lubricants to their
limits. In particular, higher loads and speeds and
other harsh operating conditions are rendering
current materials and lubricants essentially useless.
Therefore, the development of novel materials
(including hard coatings) and lubricants is extremely
important for satisfying the increasingly more
stringent application conditions of future engine
systems. One of the major goals of this project is to
design, develop, and optimize novel superhard and
low-friction coatings for use in critical diesel engine
parts and components that are subject to severe
operating conditions. Another important goal is to
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optimize and apply these coatings in engines to
improve their performance, efficiency, and
durability even under the most stringent operating
conditions.

Synthesis of Superhard Coatings

The superhard coatings used in our experiments
were synthesized in a commercial-scale sputter ion-
plating system (CemeCon, Model # CC800/9XL).
They are made of two distinct phases: MoN and Cu.
The choice of these two phases is based primarily on
the fact that they could tribochemically react with
the oil and its additives during sliding and result in a
boundary film that can provide low friction and
wear. To prevent wear under lubricated sliding
conditions, we felt that such coatings must have
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sufficient hardness; thus, we optimized the
proportion of each phase in the coating to achieve
superhardness while still maintaining low friction.

The sputter ion plating system consists of two
sputtering targets. One of these targets is made of Cu
and used as the minor alloying phase during the
production of superhard coatings. We felt that Cu
was critical for achieving a high degree of chemical
compatibility with, or response to, lubricating oils.
Specifically, CuS,, which may result from reactions
with sulfur-bearing additives in formulated oils, can
provide easy shear to sliding surfaces. It has a strong
affinity toward, or chemical reactivity with,
additives in oils and thus can provide a low-friction,
high-scuff-resistant boundary film during sliding.
The MoN phase is very hard and hence can increase
resistance to wear.

During our deposition trials, we tried a range of Cu
concentrations (1 wt.% to 10 wt.%) in nano[]
composite coatings. Depending on the
concentration, we were able to produce films with
hardness values as low as 30 GPa and as high as

50 GPa. To improve their adhesion to the substrate
surface, we had to remove organic contaminants
from the surfaces by means of chemical solvents in
an ultrasonic bath. After loading these ultrasonically
cleaned substrates into the deposition chamber, we
had to perform an Ar ion etching step to remove
remaining contaminants and most of the natural
oxide layers from the substrate surface. Earlier trials
had shown that preparation of such atomically clean
surfaces was important for attaining very strong
bonding to the superhard coatings. To further help
adhesion, we always deposited a pure Mo bond or
transition layer that can provide a smooth transition
from the base steel to the superhard coating. Finally,
the appropriate plasma deposition conditions were
established, and the deposition of superhard coatings
on steel substrates was started. In most cases, we
produced 2- to 3-um-thick coatings on substrate
surfaces.

Tribological Tests

Tribological testing of superhard coatings was
carried out with two types of test machines: a pin[’
on-disk tribometer for screening tests and a block-
on-ring test machine for scuffing studies. All of the
tests were performed under heavy loads and
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relatively low sliding velocities to create a
boundary-lubricated sliding regime where direct
metal-to-metal contacts occur.

Figure 1 compares the typical friction coefficients of
control and superhard-coated test pairs under
lubricated sliding conditions. These tests were
performed in the pin-on-disk tribometer. The
lubricant used was an SAE 15W-40 grade
formulated engine oil. As evident in Fig. 1, after the
initial low-friction run-in period, the friction
coefficient of the control test pair increases rapidly
and stabilizes at around 0.09. The friction coefficient
of the superhard coated test pair is initially high but
decreases steadily and finally stabilizes at around
0.04 for the rest of the test. Such a reduction in
friction is expected to result in increased fuel
savings in actual engines.

In addition to impressive friction test results, the
wear of superhard coated surfaces was so low as to
be hard to measure, while a very large wear scar and
track had formed on the control test samples.

0.12

15W-40 Formulated Mineral Oil

0.10

0.08

0.06

0.04

Friction Coefficient

0.02

—— steel/steel 10 rpm distance vs steel/steel 10 rpm p
—— steel/SHNC 10 rpm distance vs steel/SHNC 10 rpm p

0.00

0 10000 20000 30000 40000 50000

Sliding Distance (cm)

Figure 1. Typical friction coefficients of uncoated
(control) and superhard-coated steel test samples under
boundary-lubricated sliding conditions of a pin-on-disk
tribometer

Using the block-on-ring test machine, we performed
a series of scuffing tests on control and superhard
coated steel samples. Scuffing is a catastrophic
failure of a lubricated surface subjected to severe
loading and/or inadequate lubrication. It is a major
problem in heavy duty engines. Figure 2 shows the
scuffing performance of a superhard coated sample
in the block-on-ring test machine where the contact
load was increased stepwise until a sudden increase
in friction was observed. When such a test was run
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on uncoated or control samples, scuffing always
occurred between 650 and 700 N loads. However,
for a superhard coating on the surface of the rubbing
steel samples, scuffing did not occur even up to the
load limit (1700 N) of this machine. Overall, the
superhard coatings developed under this program
possessed exceptional resistance to scuffing. Such a
property would be extremely useful for engine
applications involving severe loading, high
temperatures, low viscosity oils, and/or starved
lubrication conditions.

Load (N

Ring Temp *10°

Friction Coefficient

T T T o
2880 3360 3840 4320

1440

1920 2400
Time (s.)

Figure 2. Scuffing performance of superhard
coated steel sample in block-on-ring test machine

Surface Analytical Studies

During FY06, we conducted numerous surface
analytical studies on the sliding surfaces of
superhard coated test samples. The main motivation
was to elucidate the fundamental tribological
mechanisms controlling the friction, wear, and
scuffing behavior of these coatings. One of the tools
we used was a time-of-flight secondary ion mass
spectrometer (or ToF-SIMS), which is well-known
for its surface sensitivity (capable of providing
chemical information from surface layers that are a
few Angstroms thick). In support of the ToF-SIMS,
we also used x-ray photoelectron spectroscopy
(XPS).

ToF-SIMS images of the sliding surfaces clearly
show high phosphorus and sulfur concentrations
within the wear track, while in the area away from it
these species were not evident. As is well known,
both sulfur and phosphorus are integral parts of the
formulated engine oils, and they exist in most
boundary films. XPS study of the same sliding
surfaces yielded supporting information.
Specifically, it suggested that sulfur existed in at
least two reacted forms: MoS, and CuS,. Some FeS,
was also found on the sliding surfaces.
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(b)

(c)

Figure 3. (a) Superhard-coated block sample used in a
block-on-ring test and ToF-SIMS chemical images for
(b) PO4- and (b) S in a region covering both the
undisturbed and sliding contact portions of the sample
surface

Conclusions

During FY06, we produced superhard coatings on
test samples using a commercial-size deposition
system. We performed systematic studies on their
friction, wear, and scuffing performance. Friction
and wear tests in a pin-on-disk machine confirmed
more than 50% reduction in friction, while wear was
reduced to unmeasurable levels. These superhard
coatings drastically improved the resistance of steel
samples to scuffing. Using a block-on-ring test
machine, we could not scuff these surfaces up to the
load limit of this machine. Detailed surface
analytical studies with ToF-SIMS and XPS revealed
high concentration of MoS, and CuS; (and some
FeS,) within the wear track, suggesting that these
species were perhaps responsible for the exceptional
scuffing resistance of these coatings.



Heavy Vehicle Systems Optimization Program FY 2006 Annual Report

Patents and Publications 3. “Development of Multifunctional
Nanocomposite Coatings with Extreme
Resistance to Wear and Scuffing under
Boundary Lubricated Sliding Conditions,”

A. Erdemir, O. L. Eryilmaz, O. O. Ajayi,

M. Urgen, and K. Kazmanli, presented at Intl.
Conf. on Metallurgical Coatings & Thin Films
ICMCTF 2006, San Diego, May 1-5, 2006.

During FY06, we filed one provisional patent and
published and/or presented three new papers on the
work that was performed under this project.

1. “Design of Novel Nanocomposite Films For
Improved Boundary Lubrication and Scuff
Resistance,” A. Erdemir, O. L. Eryilmaz,

0. O. Ajayi, M. Urgen, and K. Kazmanli,
presented at the Annual Meeting of the Society
of Tribologists and Lubrication Engineers,
Calgary, Canada, May 7-11, 2006.

2. “Multifunctional Nanocomposite Hard Coatings
for Improved Boundary Lubrication,” A.
Erdemir, invited keynote paper presented at
Joint COST 532 & U.S. Dept. of Energy Conf.
on Triboscience & Tribotechnology, Porto,
Portugal, Oct. 12-14, 2005.
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III.LE. Residual Stresses in Thin Films

Principal Investigator: J. L. Routbort (co-workers: D. Singh and Gang Chen)
Argonne National Laboratory

9700 S. Cass Avenue, Argonne, IL 60439-4838

(630) 252-5065, e-mail: routbort@anl.gov

Program Manager: Lee Slezak
(202) 586-2335, e-mail: Lee.Slezak@ee.doe.gov

Contractor: Argonne National Laboratory
Contract No.: W-31-109-Eng-38

Objective

Measure residual stresses in thin films and coatings as a function of film thickness and relate stresses to film
properties such as hardness, fracture toughness, and adhesion energy to relate to film processing variables and
to predict durability

Approach

Develop X-ray technique to measure change of lattice parameter as a function of depth and hence to calculate
the lattice strains and stresses

Develop indentation technique to measure hardness, fracture toughness, and adhesion energy of films and
coatings

Relate stresses, properties, and processing conditions to durability

Accomplishments

Advanced Photon Source (APS) used to measure stresses in 3—pm thick thin films of nanocrystalline MoN as a
function of depth using the established “wire” technique, and a new “cross sectional technique”

Stresses are sensitive to deposition conditions and thermal annealing
Software modified to calculate lattice spacing from diffraction patterns
Initial results accepted for publication in Applied Physics Letters

Invention report filed on cross section technique

Future Directions

Continue to refine and improve resolution of X-ray technique
Develop indentation technique to measure film adhesion

Investigate stresses in superhard, nanocrystalline MoCuN films as a function of deposition conditions and Cu
concentration
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Introduction

Because of their unusual structural, mechanical, and
tribological properties, superhard, nanocrystalline
coatings can have an immediate and far-reaching
impact on numerous advanced transportation
applications including FreedomCar and 21st Century
Truck Programs of DOE by reducing parasitic
friction losses (hence increasing fuel economy) and
wear (hence increasing durability/reliability). They
can also be used to overcome toxic emission
problems associated with exhaust gas recirculation
in diesel engines. Durability of hard coatings is a
critical property. The durability is determined by the
surface adhesion energy, but is the result, in a large
part, of the residual stresses that form as a result of
materials, and processing parameters such as bias
voltage, ion flux, and temperature.

Using high-brilliance X-rays produced by the
Advanced Photon Source at Argonne National
Laboratory, and a microfocus beam, we have
preformed initial measurements of the residual
stresses of MoN thin films as a function of depth
from the surface through the interface to the
substrate. Results have been correlated to processing
and growth conditions in the sections that follow.

Experimental

MoN/Mo bilayer films were prepared by physical
vapor deposition (PVD) using magnetron sputtering.
A 99.5% pure molybdenum plate was used as
sputtering target. The substrate was p-type (100)
single-crystal silicon wafer (cleaved into 3 cm x

3 cm x 0.1 cm pieces) with native oxide layer. The
substrates were rotated and heated during deposition
with an estimated temperature between 250 and
300°C. A Mo bond layer was first deposited on the
Si substrate, followed by deposition of a MoN layer.
For the Mo layer deposition, the argon gas pressure
was 0.15 Pa, and the substrate bias was -300 V. For
the MoN layer, the partial pressure of argon and
nitrogen was 0.22 and 0.78 Pa, respectively, and the
substrate bias was -200 V. The deposition rates for
MoN and Mo were 0.22 and 0.45 A/s, respectively.
After deposition, some of the films were annealed at
500°C in vacuum for one hour. The as-deposited and
annealed films were fractured along Si {110} planes
to create smooth cross sections. Figure 1 is a
scanning electron microscopy (SEM) micrograph of
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the cross section of an as-deposited MoN/Mo film.
The Mo and MoN layers show a dense columnar
structure.

Figure 1. Cross-sectional scanning electron
micrograph of a MoN/Mo bilayer film deposited
on a Si substrate

X-ray microdiffraction was performed on beamline
34-1D-E at the Advanced Photon Source (Argonne
National Laboratory) [1]. The x-ray beam was
focused by Kirkpatrick-Baez mirrors down to

0.4 (horizontal) x 0.6 (vertical) pm?. The angle
between the x-ray beam and the sample cross-
section plane was 45°. A high-resolution charged
coupled device (CCD) x-ray detector was placed
30 mm above the sample to collect x-ray diffraction
(XRD) patterns from the x-ray microbeam with an
energy of 8.9 keV (1.39308 A). Before the XRD
patterns were taken, the sample was aligned by an
x-ray fluorescence method so that the film surface
(i.e., the yz plane in Figure 1) was parallel to the
x-ray beam. The position of the x-ray beam was
scanned along the film normal (x in Figure 1)
direction with a step size of 0.25 um.

Figures 2a and 2b show typical polycrystalline XRD
patterns from the MoN and the Mo layers,
respectively. The MoN film is a hexagonal phase
with fiber texture such that the c axis is parallel to
the film surface. The Mo film is a cubic phase with
<110> fiber texture. Some of the films were scraped
off the Si substrate using a diamond scriber and
ground into a powder for determination of the strain-
free lattice parameter. For the as-deposited and
annealed hexagonal MoN, the measured strain-free
lattice parameters are a = 5.763 A, ¢ = 5.6242 A, and
a=15.7268 A, c = 5.6204 A, respectively. For the as-
deposited and annealed cubic Mo, the parameters are
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Figure 2. Two-dimensional x-ray diffraction patterns of
the MoN layer (a) and the Mo layer (b); (c) and (d) are
integrated 1-D patterns from (a) and (b), respectively

122

Heavy Vehicle Systems Optimization Program

a=3.1516 A and a = 3.1549 A, respectively.

Figure 2c and 2d are the 1-D patterns of MoN and
Mo derived from the 2-D patterns shown in Figure
2a and 2b, respectively. The (420) peak of MoN and
(310) peak of Mo were selected for data analysis to
have scattering vectors close to the normal of the
cross-sectional plane (i.e., y in Figure 1). Assuming
isotropy in the plane of the film, this approach
measures the in-plane lattice parameters, from which
the in-plane strain can be determined. The XRD
peaks were fit by using an asymmetric pseudo-Voigt
function, and the strain and the full width at half
maximum (FWHM) of the diffraction peaks were
derived as a function of depth from the film surface.
Using the Scherrer formula [2], the average grain
sizes for the MoN and Mo layers were found to be 5
and 20 nm, respectively. The cross-sectional point-
by-point scanning was repeated at different x
positions along the sample to determine the variation
of measured strain along the x direction.

Results and Discussion

Figure 3a shows depth-resolved strain (&) profiles
for the as-deposited and annealed MoN/Mo films.
The thicknesses of the MoN and Mo layers were
2.7 um and 0.8 um, respectively. For the as-
deposited film, the MoN layer was under in-plane
compression, and the magnitude of the in-plane
strain (g,) increased almost linearly with the depth.
The maximum strain reached 0.005 at the MoN/Mo
interface. The Mo layer was found to be under in-
plane compression also, but the strain magnitude
decreased with increasing depth. The maximum
strain of 0.003 in the Mo layer appeared at the
MoN/Mo interface.

After annealing, the strain in the Mo film changed
little and was still under in-plane compression.
However, for the MoN layer, the overall strain
magnitude decreased dramatically. The strain had its
maximum of 0.0012 at the MoN surface and
decreased linearly to essentially zero at the MoN/Mo
interface. Figure 3b is a plot of the FWHM as a
function of depth for both as-deposited and annealed
films. For the as-deposited film, the FWHM of the
MoN layer varied little with depth, while the
diffraction width of the Mo layer increased with
increasing depth. The FHWM of the MoN layer
decreased slightly with annealing, but it was still
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Figure 3. Depth-resolved residual strain (a) and FWHM
(b) for as-deposited and annealed MoN/Mo bilayer films

relatively constant as a function of depth. For the
Mo layer, the FWHM increased near the MoN/Mo
interface, but there was almost no change near the
Mo/Si interface.

Residual strains in PVD coatings are very complex
because they include both intrinsic and extrinsic
strains [3]. The intrinsic strains are related to the
microstructure of thin films, which varies with
material as well as with film deposition conditions.
Extrinsic effects here refer to thermal strain caused
by the thermal expansion coefficient mismatch
between film and substrate. The differential thermal
strain in the Mo and MoN layers of as-deposited and
annealed films was estimated to be less than 107;
this value is much smaller than the residual strains
observed in the films and will be neglected in further
discussion.

In PVD films, the intrinsic residual strain is strongly
affected by deposition conditions and is very
difficult to model. Nonetheless, it is believed that
compressive strains in thin films that have been
subjected to ion or atom bombardment are caused by
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atomic peening [4], which is enhanced by low
sputtering gas pressure and high substrate bias
during deposition [3]. The strain profile observed in
the Mo layer is similar to the near-surface strain
profiles in shot-peened bulk metals [5], i.e., both
have high compressive strain near the surface, and
the magnitude of strain decreases as the depth
increases. Since strain profiles in PVD films may be
complicated by defects, voids, trapped gas ions,
impurities, and dislocations introduced during film
deposition [3], there should be differences between
these two peening processes. However, the
similarity in strain profiles suggests that the
bombardment of the film by atoms/ions during its
growth may be partially responsible for the observed
strain profile in the Mo layer. The case of the MoN
layer is more complicated since N, was introduced
during the film growth to form the metal nitride. The
maximum residual strain in the MoN layer is at the
MoN/Mo interface, decreasing sharply as the film
surface is approached. It is possible that the decrease
is the result of a relaxation process during growth.
As shown in Figure 1, the Mo layer has a dense
columnar structure, and the MoN columns are also
dense near the MoN/Mo interface. However, as the
MoN layer grows, the columns start to regroup into
large clusters, and voids start to appear between the
clusters. Therefore, some strain relaxation may
occur as the MoN columns attempt to fill the voids.

In the MoN layer of the as-deposited film, the
FWHM of the diffraction peak is independent of the
film depth (Figure 3b). This relationship implies that
strain in the MoN layer is uniform at different
depths since uniform strain does not change the peak
width [2]. For the Mo layer, the FWHM of the
diffraction peak is larger at the Mo/Si interface than
at the MoN/Mo interface. This difference implies
that the Mo grain size is smaller and/or the grains
are more defective near the Si interface than near the
MoN/Mo interface. After annealing, the FWHM of
the MoN layer was observed to decrease,
accompanied by a significant relief of the residual
strain (Figure 3a). In comparison, an increase in the
FWHM of the Mo layer accompanied a slight relief
of the strain. Note that the melting temperatures of
MoN and Mo are 1750°C and 2623°C, respectively
[6]. These temperatures indicate that the annealing
temperature (500°C) is probably not high enough to
initiate recrystallization or grain growth. Therefore,
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the decrease in the FWHM of the MoN layer could
be caused by the reduction of defects, which may
include crystallite defects, trapped gas ions and
molecules, and voids. For the Mo layer, the increase
in the FWHM after annealing probably means an
increase in the defect concentration near the
MoN/Mo interface. From these analyses, we
conclude that annealing relieves strain and alters
defect concentrations in the MoN and Mo layers.

Since the microstructure of films is sensitive to
defects in general, annealing-induced changes in
defect concentration might be expected to change
the microstructure. This hypothesis was confirmed
by examining the SEM micrographs of the MoN
film before and after annealing. In the as-deposited
film (Figure 4a), there are large clusters with
diameters of a few hundred nanometers, and the
boundary around these clusters can be clearly seen.
Each cluster consists of many very small columns
(Figure 1). After annealing (Figure 4b), the
microstructure changed significantly: the boundary
between clusters was no longer well defined, and the
grains in the clusters could be seen clearly.

Figure 4. Scanning electron micrographs of the surface
of the MoN layer before (a) and after (b) annealing at
500°C for one hour
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Therefore, annealing significantly changed the
microstructure of the MoN layer, as is consistent
with the observed large relief of strain in the
annealed MoN layer.

In conclusion, we have applied cross-section x-ray
microdiffraction to study depth-resolved residual
strain in magnetron-sputtered MoN/Mo bilayer
films. The MoN and Mo layers in the as-deposited
film were found to be under in-plane compression,
with large strain gradients as a function of depth.
The observed strain profiles were explained in terms
of atomic peening and void-induced strain
relaxation. Annealing of the film causes significant
strain relief and defect reduction in the MoN layer.
In contrast, residual strain in the Mo layer is only
slightly relieved, and the defect concentration
increases after annealing. This study provides
insights into the annealing effect on the depth-
dependent structure and property of magnetron-
sputtered nano-crystalline MoN/Mo films.

Measurement of Thin Film Adhesion Energy

An indentation technique is used to measure
adhesion of residually stressed MoN thin film
deposited on silicon substrate. Vickers indent on the
film causes formation of lateral cracks at the
film/substrate interface. The delaminated film bulges
out as shown in Figure 5. Surface profilometer is
used measure the size of the lateral crack. This
procedure is conducted at various indentation loads.
By measuring the lateral crack length as a function
of applied load and using a fracture mechanics
model, interface toughness or a adhesion energy of

0

60
50 /
Y[um] 40 /

20 X[um]
40

Figure 5. Vickers indent on a MoN film on Si substrate
as imaged on a surface profilometer
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the film can be determined. As part of the future
effort, the role of residual stresses on the adhesion
energy of the film will be investigated.

Future Direction

Residual stresse measurements will be extended to
superhard, nanocrystalline MoCuN thin films and to
commercial films, namely NizB. The indentation
technique will be exploited to measure the thin film
or coating properties and the adhesion energy. The
stresses and adhesion energy will be related to the
film deposition conditions.
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IV. ANALYSIS

IV.A. Powertrain System Analysis Toolkit (PSAT) Heavy Duty
Development

Aymeric Rousseau (project leader)
Argonne National Laboratory

9700 South Cass Avenue

Argonne, IL 60439-4815

(630) 252-7261, e-mail: arousseau@anl.gov

DOE Technology Manager: Lee Slezak
(202) 586-2335, e-mail: Lee.Slezak@ee.doe.gov

Objectives

e  Expand the utility of the Powertrain Systems Analysis Toolkit (PSAT) by developing and integrating
heavy duty vehicle modeling capabilities.

Approach

e Gather data and information from 21* Century Truck Partners to develop model specifications and
needs.

e  Modify the PSAT GUI and the initialization files to separate data in to either the light duty class or the
heavy duty class.

e  Modify the GUI to add multiple non-drive axles.

e  Modify the building algorithms to accommodate braking on multiple non-drive axles.

Accomplishments
e The GUI can present light duty or heavy duty data based on the user choice.
e  The user can select any number of non-drive axles from the GUI.

e  The building algorithm can build a vehicle with any number of drive axles.

Future Directions
e Collection and integration of more component and vehicle data.

e Allow the user to select any number of drive axles

Introduction the existing light duty platform of PSAT have begun

Observing the success of PSAT as a light duty in order to create a heavy duty vehicle module.

vehicle model for the FreedomCAR program, the
21* Century Truck Program would like to have the
same success with a vehicle model that is tailored to
meet their heavy duty needs. Thus, modifications of

Before starting the development of the heavy duty
version of PSAT, several meetings were held with
key heavy truck manufacturers to review the current
capabilities and list the ones that should be
developed specifically for Heavy Duty applications.
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This input was disseminated and prioritized in order
to establish which features should be implemented
first.

Results

Figure 1 shows the new start screen developed for
the PSAT 6.1 release. Shown here is the option for
the user to select either light duty vehicle
applications, or the newly implemented heavy
vehicle models.

= Starting PSAT

Figure 1. Launch Screen for Heavy Duty PSAT

Figure 2 shows the new PSAT 6.1 graphical user
interface with a block diagram representation of a
heavy vehicle that adds passive axles to the
drivetrain.

Figure 2. PSAT main screen depicting heavy
vehicle powertrain with multiple passive axles

Figure 3 shows an actual SIMULINK model of a
heavy duty vehicle powertrain with 2 passive axles
and 1 driven axle.
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Figure 3. PSAT heavy duty vehicle model
using one driven axle and two passive axles

To fulfill the requests from our heavy duty 21*
Century Truck partners, a hydraulic hybrid
configuration and generic hydraulic component
models were added to PSAT. Two entirely new
component models were defined in PSAT: the
hydraulic pump and the hydraulic energy storage
system, also known as the accumulator.

This new configuration was developed to support an
on-going project within a truck manufacturer.

Non-disclosure agreements have been signed to
allow the exchange of proprietary component
models and data.

Conclusions

Preliminary modifications leading towards a heavy
duty version of PSAT have been implemented.
PSAT is ready to do basic heavy duty simulation;
however more work can be done in incorporating
special heavy duty models, controls and most
importantly component and vehicle data.
Configurations with additional drive axles can also
be incorporated into PSAT.

Collaborations have planned with national
laboratories and universities to validate component

models using test data.

Publications / Presentations

1. Heavy Duty Powertrain System Analysis
Toolkit (PSAT - HD) — presentation: Aymeric
Rousseau, Phil Sharer, Glenn Keller, Shane
Halbach, Sylvain Pagerit
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IV.B. Development of Medium- and Heavy-Duty Truck Systems
Sub-Models

K. Dean Edwards (Principal Investigator)
Oak Ridge National Laboratory

National Transportation Research Center

2360 Cherahala Boulevard, Room L-04
Knoxville, TN 37932-6472

(865) 946-1213, e-mail: edwardskd@ornl.gov

DOE Program Manager: Lee Slezak
(202) 586-2335, e-mail: Lee.Slezak@ee.doe.gov

Objectives

e To support the Office of FreedomCAR and Vehicle Technologies Heavy Vehicle Systems activity and
21st Century Truck Partnership through the establishment of an updated medium and heavy truck
dedicated model platform for PSAT-type simulations and evaluations.

Approach

e Engine maps for PSAT are being developed using dynamometer data from heavy-duty diesel engines.

Accomplishments

e Engine dynamometer data necessary to produce the engine maps has been obtained from four, 2004
emissions compliant, heavy-duty diesel engines.

e A technique has been developed for producing the PSAT engine maps from the engine data.

e PSAT engine maps for one of the engines have been completed.

Future Directions
e Completion of the PSAT engine maps for the 2004-compliant engines.

e Re-configure aftertreatment models developed for light-duty vehicles for the heavy-duty PSAT
application and explore the development of simulated engine maps to predict the impact of advanced
combustion technologies.

Introduction train components as well as their combined
performance effects under realistic driving
conditions. However, the accuracy and usefulness of
PSAT simulations ultimately depend on the
accuracy of the individual component sub-models or
maps and the variety of systems which can be
modeled.

Accurate systems simulations of the fuel efficiency
and environmental impact of advanced vehicle
propulsion and emissions control technologies are
vital for making informed decisions about the
optimal use of R&D resources and DOE
programmatic priorities. One of the key modeling
tools available for making such simulations is the
Powertrain System Analysis Toolkit (PSAT)
maintained by Argonne National Laboratory (ANL).
A distinctive feature of PSAT is its ability to
simulate the transient behavior of individual drive-

Oak Ridge National Laboratory (ORNL) is
collaborating with ANL in this endeavor and is
specifically tasked with providing data and sub-
models that augment PSAT’s capabilities.
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Specifically, ORNL’s role has focused on the
experimental measurement of performance data
from advanced diesel engines and emission control
components and the incorporation of that data in the

form of maps or low-order transient models into
PSAT.

In addition to considerable effort on light-duty
systems, in FY2006, ORNL has begun efforts to
expand PSAT capabilities on the heavy-duty side by
providing engine maps for heavy-duty diesel
engines. The maps are based on dynamometer data
from four, 2004 emissions compliant engines.

Approach

The PSAT engine maps are generated from a small
subset of data that is obtained through the evaluation
of the actual engine using an engine dynamometer.
Data is collected at a number of speed and load
points with the engine operating under steady state
conditions. Clearly, the accuracy of the maps is
dependent upon the extensiveness of original engine
data. It is important to have data that covers the
entire speed-load range of the engine and that
defines the torque curve.

The PSAT engine maps consist of m x n lookup
tables with inputs of engine speed and torque. To
generate the matrix used to populate the lookup table
for each map, the experimental engine dynamometer
data is fed into a Matlab routine which uses
interpolation to fill in the missing regions of the
speed-load range. The regions of the matrix that lie
above the torque curve of the engine (where the
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engine cannot operate but which must be filled in
with “dummy” values to complete the lookup tables)
are filled in vertically using a “nearest-neighbor”
extrapolation technique.

Results

The first set of PSAT engine maps have been
completed for one of the four, 2004-compliant
heavy-duty diesel engines. Graphical representations
of the maps are shown in Figure 1. The set of maps
for this engine includes 12 look-up tables for fuel
and exhaust flow rates, intake pressure and
temperature, exhaust temperature, and emission
levels of NOx, total hydrocarbons (THC), O,, CO,
CO,, and particulate matter (PM). These parameters
were chosen to provide information about the engine
performance and to supply the necessary exhaust
conditions to the aftertreatment models.

Future Directions

Future efforts will contribute to the development of
additional PSAT sub-models that will enable
simulating the efficiency of medium- and heavy-
duty truck configurations operating on prescribed
duty cycles. Tasks for FY 2007 include:

Completion of the PSAT engine maps for the
2004-compliant engines.

Re-configure aftertreatment models developed
for light-duty vehicles for the heavy-duty PSAT
application and explore the development of
simulated engine maps to predict the impact of
advanced combustion technologies.
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Figure 1. Graphical representation of the PSAT maps for the first of four, 2004-compliant, heavy-duty diesel engines
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V. OFF-HIGHWAY

V.A. Hybrid Energy Storage and Fuel Optimization

Principal Investigator: Lembit Salasoo

General Electric Global Research

1 Research Circle, Niskayuna NY 12309

(518) 387-5000, fax: (518) 387-6675, e-mail: salasoo@crd.ge.com

Field Project Manager: Steve Cooke
National Energy Technology Laboratory
Morgantown, WV 26507-0880

(304) 285-5437, e-mail: Steve.Cooke@netl.doe.go

Technology Development Manager: Lee Slezak
(202) 586-4819, e-mail: Lee.Slezak(@ee.doe.gov

Participants
Paul K. Houpt, General Electric Global Research

Contractor: General Electric Global Research
Contract No.: DE-FC04-2002AL68284

Objective

Develop and demonstrate locomotive system technologies targeting gross fuel efficiency gains
Demonstrate a modular energy storage system for hybrid locomotive system on a hybrid locomotive platform

Develop optimization software for minimizing fuel consumption in both hybrid and non-hybrid locomotives,
and demonstrate the consist optimizer on the test track

Demonstrate the combination of modular energy storage system and fuel optimizer on a hybrid locomotive with
full-scale energy storage system

Approach

Specify and develop advanced modular energy storage units and lab test prototype modules

Design and bench test advanced hybrid locomotive energy management system (EMS) controls and
demonstrate on a hybrid locomotive on a test track

Develop suitable models for dynamic optimization of fuel use

Develop practical robust fuel use optimization algorithms capable of locomotive implementation
Demonstrate fuel use optimization algorithms in off-line interactive simulation environment
Complete field demonstrations of selected fuel saving algorithms

Fabricate and bench test full-scale energy storage modules and associated controls

Integrate full-scale energy storage modules to hybrid locomotive

Design, fabricate and bench test hybrid fuel optimizer controls
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e Integrate fuel optimizer controls on hybrid locomotive, demonstrate on test track

e  Measure and verify fuel savings benefit

Accomplishments

e  Modular advanced battery system cold energization testing and evaluation

e  Modular advanced battery system vibration design and initiate proof-of-principle module fabrication

e Demonstrated, in revenue service, near-optimal fuel-saving driving plans

e Enhanced real-time Consist Manager and Trip Optimizer simulation platform and operator interface

Future Direction

e Fabricate and evaluate locomotive-worthy hybrid energy storage modules

e Design the integration of hybrid energy storage system to the hybrid locomotive platform

e Fabricate full locomotive set of hybrid energy storage modules, integrate system to the hybrid locomotive and

track test

e  On-locomotive test of hybrid fuel optimization controls

e Fuel performance of combined system will be measured and verified

Introduction

The 21st Century Locomotive Technology project
was proposed by GE to improve locomotive
efficiency with energy management and
optimization technologies, and to develop advanced
fuel injection and turbomachinery technologies for
an emissions-compliant and fuel efficient power
plant. The energy management and optimization
technologies are projected to produce a combined
20% reduction in total fuel consumption with
emissions at the baseline or lower. This annual
report applies in particular to the progress for the
two locomotive systems technologies of hybrid
energy storage and fuel optimization.

At this point, the construction of a vibration-
hardened hybrid locomotive energy storage battery
module is underway, and the electrical sensitivities
of a cold battery have been elucidated. A hybrid
locomotive system model has been added to the fuel
optimizer and upcoming work will extend the
optimization techniques to cover a train consist that
includes hybrid locomotives. These are necessary
steps towards the project objective of demonstrating
a hybrid locomotive fuel optimizer.
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Benefits for Locomotives and Road Vehicles

The rail modality carries approximately 40% of US
freight on a ton-mile basis, and in 2003 the Class 1
railroads consumed 3.85 billion gallons of fuel to
move this freight. Application of the energy man-
agement and optimization technologies developed in
this project to the whole locomotive fleet will save
approximately 770 million gallons of fuel annually.
Further, as fuel prices rise and global oil supply
tightens, increasing railroad fuel efficiency makes
transfer of freight transportation mode from less
fuel-efficient modalities to rail increasingly attrac-
tive on an economic basis, producing significant
impact on the national strategic imperative to reduce
dependence on foreign oil. That is, the increase in
railroad fuel efficiency will naturally provide the
market-based signals to transfer freight transporta-
tion to rail from modalities with significantly lower
fuel efficiency.

Reducing the energy expended in completing a
mission reduces fuel use and emissions production.
Optimization algorithms developed manage how the
train is driven to meet travel time objectives, subject
to track and train constraints, with the least fuel
possible. While the precise variability is still being
quantified, savings exceeding 4% have been
demonstrated in several test runs. The advanced fuel
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optimizer and modular hybrid energy storage
technologies developed in the 21* Century
Locomotive Technology project have the potential
to be applied for fuel efficiency improvement of on-
the-road vehicles.

Advanced Modular Energy Storage System

A hybrid locomotive will store otherwise-wasted
locomotive braking energy and reuse this energy for
traction, thereby reducing fuel consumption
10-15%, while keeping emissions at the baseline or
lower. The energy storage system (ESS) is the core
part of the overall hybrid locomotive system. In
previous years, sodium nickel chloride technology
was selected for the hybrid locomotive, battery
module voltage was set and an upgraded battery
module cooling system design was developed. Three
accelerated vibration tests were performed on the
existing module design to identify failure modes to
be addressed by locomotive-specific module
redesign. A test program was started to quantify the
effects of connecting a cold battery to the
locomotive system.

In FY2006, the vendor, together with GE
Transportation consultation, has developed a more
robust battery module design to address the
premature vibration failures identified in testing of
the existing module design. The vendor has begun
manufacture of an instrumented “mockup” battery to
validate the vibration performance of the improved
design. Once delivered, the mockup battery will be
tested under an accelerated vibration regime in a
cold and unenergized condition. The complexity of
the vibration redesign has pushed out the delivery
schedule of advanced modular battery systems for
the 21* Century Locomotive Technology project
well into 2007.

Testing was performed to assess the effects of
connecting a cold battery to the locomotive system.
While a frozen battery is in a high internal resistance
state, it still has an internal EMF and can deliver low
currents to a load. Cell-level tests were performed to
assess the effects of such energization. It was found
that application of a reversed voltage to a cell
produced internal cell damage (of unknown nature)
that resulted in premature failure of the cell when it
was heated to operating temperature and. In addition
a low, microamp-level discharge of a cell resulted in
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voltage reversal given sufficient time. An operating
limit of 1 mAh cold discharge was developed to
avoid damage. The locomotive system design will
have to ensure that cold battery leakage currents stay
below such limits.

Develop Fuel Optimizer Systems and
Demonstrate Consist Fuel Optimizer

The goal was to develop and demonstrate control
strategies to save fuel initially in freight trains using
conventional (non-hybrid) diesel-electric
locomotives for propulsion. A methodology was
developed to bring benefit to non-hybrid
locomotives, and then extended to hybrid
locomotives. The key systems developed in the
effort are referred to as Consist Manager and Trip
Optimizer. Focus has been: to develop the required
algorithms to compute fuel optimal trips in
numerically robust ways including new ways to
simplify a complex optimization problem; to
develop a means to follow the optimal plans in a
coaching or closed loop fashion; to provide for a
means to re-plan a partially completed trip in an
efficient fashion; to develop a simulation means to
prototype a real-time interactive system to
demonstrate the concepts; and finally to demonstrate
the system on a revenue service locomotive.

The Consist Manager has been described in detail
previously; it saves fuel by distributing power
requested by the driver among the locomotives in
the most fuel-efficient fashion. This system was
shown to be simple to implement and is transparent
to operations, and was demonstrated to save 1-2%
fuel when used in typical duty cycles. Consist
Manager is now a product sold by GE Rail for both
DC and AC locomotives and is undergoing field
trials at two Class 1 Railroads in the US.

Trip Optimizer provides an integrating framework
for energy management in completing a freight haul
from a mission perspective. Information provided by
dispatch on the logistics of the load to be carried,
starting point and destination, route to follow, power
(locomotive) configuration, together with models
and parameter values of associated models, are
together used to synthesize the best way to drive the
train to arrive at a specified time with the least fuel
consumption. Trip Optimizer synthesizes the
optimal speed to drive and the associated throttle
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setting, which minimizes fuel and satisfies speed
restrictions (limits) along the route. The optimal
“recipe” or plan for driving the train can be provided
as coaching cues to the driver or executed closed-
loop with feedback of certain locomotive variables
plus GPS-derived track location coordinates. With
Trip Optimizer, the onboard crew has a tool to
manage the journey in a completely novel way, by
allowing explicit tradeoffs between journey
completion time and the fuel used as opposed to
operating at or near the speed limit all the time when
given a track authority. For this increase in mission
complexity, a crew with suitable incentives can save
more than 4% fuel in a typical mission, for the same
travel time, compared to manual operation. Where
even a small amount of slack time is available,
additional fuel savings exceeding 8% are feasible.

Planning Architecture

Trip Optimizer planning is the process that builds on
the driving recipe of throttle and speed to carry out a
typical trip. In particular, it provides the analysis and
decision framework to start a journey, adjust a plan
for changes that occur in route and when required, to
develop a completely new plan when conditions
preclude a simple fix.

This architecture has been implemented, including
the following elements:

Data structures to represent the plan elements
and system parameters

An ‘engine’ to compute a plan based on
parameters and objectives

An algorithm to break the plan into single or
multiple parts (segments)

A means to execute the plan in both an advisory
(i.e. operator controls throttle) and closed loop
(system controls the throttle)

A means to track projected arrival times and
performance compared to the plan

Field Demonstration of Trip Optimizer

The non-hybrid trip optimizer was implemented in a
development environment similar to the Consist
Manager demonstration conducted in 2004. A
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throttle-only non-braking version of Trip Optimizer
was used: whenever braking was required to stay on
the fuel optimial plan, control was handed off to the
driver, who then re-engaged the system when
throttle only control was feasible. In this case, all
real-time algorithms were hosted on an industrial
strength PC that runs all the GPS navigation and
speed regulation functions. Separate linked laptops
provided planning and operator interfaces, and a
setup and engineering interface to the display seen
by the driver. Figure 1 shows the setup in a GE Dash
9 Evolution locomotive. A digital interface to the
master control throttle and the locomotive computer
was also provided. The entire system requires no
changes to the locomotive software and can be
installed in a few hours, including a serial data
interface to acquire various locomotive signals.
Using this setup, Trip Optimizer was tested on over
3000 miles of track, in live revenue service on a
Class 1 and a regional railroad. It took about

15 minutes or less to show the crews how to operate
the system, and the system was operational on
average more than 70% of the miles traveled

Using data from more than six months of manually
driven runs, fuel use data was compared to more
than 30 different crews with similar train makeups.
Savings exceeding 4% (in some cases double digit
percentages) were observed among the test runs.
Feedback from road-foreman and crews was
consistently positive on the performance compared
manual operation with respect train handling.
Additional tests for fuel saving and train handling
performance are planned for late 2006.

Conclusions

The GE project team looks forward in FY2007 to
receiving and evaluating locomotive-hardened
advanced hybrid energy storage modules and fully
developing fuel optimization technology that utilizes
the additional degrees of freedom presented by
locomotive hybridization. The combination of these
technologies will yield double-digit percentage
reduction in fuel usage in freight haulage
applications, a significant benefit to one of the
dominant US freight transportation modalities.
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Monitor and host laptop computers Driver display (upper left) and control keyboard

Figure 1. Cab setup for trip optimizer demonstration
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Objective

The objective of this project is to reduce the fuel consumption of off-highway vehicles, specifically large tonnage
mine haul trucks, as shown in Figure 1 at the end of this report. A hybrid energy storage and management system
will be added to a conventional diesel-electric truck that will allow capture of braking energy normally dissipated in
grid resistors as heat. The captured energy will be used during acceleration and motoring, reducing the diesel engine
load, thus conserving fuel.

Approach

The project will work towards a system validation of the hybrid system by first selecting an energy storage
subsystem and energy management subsystem. Laboratory testing at a subscale level will evaluate these selections
and then a full-scale laboratory test will be performed. After the subsystems have been proven at the full-scale lab,
equipment will be mounted on a mine haul truck and integrated with the vehicle systems. The integrated hybrid
components will be exercised to show functionality, capability, and fuel economy impacts in a mine setting.
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Accomplishments in FY 2006

Battery enclosure design and construction completed

Full-scale lab evaluation hybrid system operational with full hybrid control:
—  700kW discharge

—  450kW charge

Major components have been installed on the vehicle:

—  4-pack battery enclosure

— Inductors

—  Power Electronics

—  Controls

Future Direction

The current accomplishments are leading to a final on-truck system validation currently scheduled for May
2007. Upon completion of the hybrid systems and testing, a demonstration of vehicle performance and
technical review is planned at the Komatsu Proving Ground near Tucson, AZ. Until then, the GE and Komatsu
teams will be working to finalize the truck integration and hybrid controls on the vehicle. This will also enable
validation of the system modeling work performed earlier in the project.

Following the on-truck system validation, battery performance and life can be investigated. While great care

has been taken to evaluate and select batteries with regard to performance characteristics, it is also necessary to
better understand the mechanical life of the battery systems in high vibration installations. The batteries used in
the system validation testing will be electrically characterized to measure resistance rise, one primary indication

of service life. Several of these batteries will be torn down and analyzed for excessive wear and mechanical
damage. Other batteries will be further exercised electrically and mechanically to better understand failure

modes and performance characteristics.

e Beyond the current project, work could continue to better investigate the primary commercialization paths and
next generation energy storage systems. Beyond improving fuel economy, the use of hybrid technology for
reducing emissions would also be developed. By considering the energy storage system and related hybrid
components during design, the next generation hybrid mine haul truck will provide increased benefits in many

aspects of mining operations.

Introduction

The conventional mine haul truck, also referred to as
an Off-Highway Vehicle (OHV), uses a diesel
engine to turn an alternator that generates alternating
current (AC) electricity. The electricity is rectified to
DC voltage that is applied to the main electrical bus
called the DC Link. Power electronics convert the
DC link voltage to variable frequency, 3-phase AC
that drives the wheel motors during motoring. When
braking is required, the wheel motors function as
generators and electrical power is directed to the
Braking Grid Resistors, also known as the “Grid
Box,” to be dissipated as heat. In addition to traction
motors, the diesel engine must power auxiliary loads
such as radiator cooling fans, operator air
conditioning, steering, hydraulics, and control
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circuits. These auxiliary loads are powered by
mechanical means and with a smaller, second
alternator connected to the vehicle’s 24V battery
system. Figure 2 shows a block diagram of the
hybrid vehicle system. Three primary components
will be added to the conventional OHV: Hybrid
Vehicle System Controls, Energy Management
System, and Energy Storage System. Each
component plays a specific role in the recovery of
braking energy.

The Hybrid Vehicle System Controls perform the
high-level supervisory functions of the hybrid
vehicle, primarily controlling the balance of engine
power, grid dissipation and battery charging or
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discharging. Performing these functions requires
intimate connections to all of the truck systems.

The Energy Management System (EMS) acts to
convert electrical power on the DC link into levels
compatible with the Energy Storage System. The
EMS is essentially a high power DC-DC converter.
The Energy Storage System (ESS) consists of the
batteries and manual disconnects, fuses and related
safety and protective components.

The hybrid system can enable additional power to be
supplied as additional motoring power available at
the wheels resulting in a faster speed-on-grade. The
higher speed-on-grade is important when
considering the impact of hybrid system weight on
productivity. Any hybrid system weight must be
subtracted from the working payload of the truck to
maintain the same gross vehicle weight (GVW).
Because the truck is already moving downhill as fast
as possible, productivity, expressed in tons/hour, can
only be maintained by decreasing the uphill haul
time. The hybrid system enables this improvement
while saving fuel.

Full-scale Laboratory Evaluation

GE Transportation Systems (GETS) operates a
3500hp dynamometer for functional and
performance testing of OHV propulsion systems.
The facility can emulate all vehicle systems in a
controlled environment allowing instrumentation of
the system for analysis and troubleshooting. The
entire battery system, with all control components
and software, was assembled for evaluation prior to
the truck integration.

The full-scale battery test facility consists of twelve
batteries connected with a CAN communication
system. Each battery has a management controller
on the CAN network and is capable of
communicating status messages, such as temperature
and state-of-charge (SOC), and receiving commands
from the system controller. The GETS team has
fully integrated and tested CAN communication
between all components, including the high voltage
batteries. Galvanic isolation was installed on the
CAN bus from the batteries to prevent damage or
hazards in the control groups.
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The power electronics unit found on production
trucks is used to provide wheel motor and braking
grid power control, as well as perform some hybrid
power management. The standard propulsion system
controller has been adapted to interface with the
hybrid controller to enable smooth response of
diesel engine and battery power to the wheels based
on driver commands.

The full-scale laboratory evaluation achieved
700kW discharge rates and 450kW charge rates into
the hybrid battery pack. Because the lab evaluation
system is configured to match the on-truck system,
confidence in battery voltage ripple estimates and
inverter stability has been confirmed.

Vehicle Integration

The primary milestone of this project is to validate
the performance of the hybrid system on a truck in
actual mining conditions. In support of this
milestone, significant progress has been made in
FY 2006 with the construction and mounting of
major hybrid components on the vehicle. The
smoothing reactors, or inductors, hybrid control
group and 4-pack battery enclosure have all been
installed on the truck. The last major component, the
8-pack battery enclosure, is currently being
assembled in Erie, PA and is scheduled for
installation by the end of this calendar year.

While the OHV is a big truck, mounting an 8,000+
pound battery enclosure and other hybrid
components requires careful consideration and
design. Komatsu America Corp provided design
guidance and made modifications to reinforce and
add mounting structures for hybrid components.
Four primary hybrid equipment groups are located
on the vehicle: two battery enclosures (box 2 & 3),
one hybrid control group (box 1), and one inductor
group (box 4), shown in Figure 4.

The batteries are mounted in two separate
enclosures. These enclosures mount on the right-
front upper deck and front bumper. The front
bumper enclosure includes receptacles for off-truck
battery charging and monitoring, when needed. Each
enclosure is isolated from the truck’s vibration to
minimize the risk of mechanical battery failure. The
battery enclosures also host appropriate support
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components, such as disconnect switches and
cooling fans.

The battery enclosures are designed to be compact,
reducing weight overhead and affording visibility
for the driver when possible. Visibility is certainly a
concern for the enclosure on the upper right-front
deck. Two visual aids, additional mirrors and a
camera system, are planned to compensate for
obstruction caused by the battery enclosure. The
enclosures are air-cooled using filtered air and
include means to quickly charge one or more
batteries using off-board factory chargers to verify
SOC and other diagnostic features.

The front bumper mounted battery pack houses four
of the twelve total batteries. Komatsu has designed,
fabricated and installed a mounting extension to the
front bumper and the enclosure is installed. Since
being installed, the truck has been driven and
performance of the vibration isolators and mounts is
good.

The Hybrid Control Group (HCG) contains support
and interface components for hybrid equipment and
was one of the first components installed. It is
located behind the operator’s cab and houses power
supplies (DC-DC converters), fuses, contactors and
other auxiliary equipment. Reinforcements to the
deck were designed and provided by Komatsu to
shore up mounting locations for the HCG.

Smoothing reactors have been mounted between the
frame rails in the rear of the vehicle. Komatsu
supplied modifications to support the two iron-core
inductors with a simple cross-member type
mounting structure. A sheet metal cover provides
protection from water and excessive dirt.

Final integration of all components is expected to
complete in January 2007. A check of sub-scale
hybrid operation using the 4-pack battery enclosure
is expected in October 2006 and this will provide a
check of proper operation prior to the build-up and
installation of the 8-pack enclosure. The 8-pack is
planned for installation in December. Following
installation of the 8-pack enclosure, final wiring and
installation details will be completed and power-up
can begin.
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On-vehicle System Validation

With an operational hybrid system, the team will
begin running functional and performance tests on
the hybrid OHV. Data collected will provide insight
into hybrid / truck interactions and allow validation
of the system model developed earlier in the project.
The primary impact expected from the system is a
reduction in fuel economy, though the system could
also be used to provide a power-up function wherein
the diesel engine power is supplemented by hybrid
assist. This would increase on-grade speed and
increase productivity. Both fuel economy and
productivity are important to mines and the system
validation will help bring actual quantification of
hybrid impact to these metrics.

Several tests will be considered for the Komatsu
Proving Grounds, shown in Figure 5. One test will
subject the hybrid truck to a real mine haul. The haul
is approximately 1.6 miles in length and 750 feet in
elevation change. During the downhill, the vehicle
will charge the batteries, reducing the amount of
dissipation in the retard grid. During the uphill
climb, the vehicle will pull power from the battery to
reduce the loading on the diesel engine, saving fuel.
A mode of operation wherein the engine is still
operated at full power and supplemented by the
hybrid system will also be investigated using the
10% constant grade track.

In May 2007, GE expects to hold a technical review
and demonstrate hybrid system operation and show
test results and measured performance. This review
will also serve as a third go/no-go milestone in the
project to determine next steps on battery tear down
and future plans for the hybrid truck.

Battery Testing

Last year, sub-scale battery testing was performed to
help understand the performance and life of the
batteries as subjected to expected hybrid operational
modes. Cells can electrically “fail” in two ways:
complete failure or degraded performance. GE is
primarily concerned with degraded performance in
the form of increased resistance of cells. As a cells
ages, the resistance generally increases, requiring
higher voltages to drive charging current. For all
chemical cells, there are voltage limits that, when
exceeded, greatly reduce the life of the cell.
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For the hybrid OHV application, the most
demanding operating point is peak charging. Truck
speeds are usually high (>20MPH) and the wheel
motors generate megawatts of power. To create an
effective hybrid system, the batteries must capture as
much of this generated power as possible. During
the debug and system validation task in early 2007,
the batteries will be exercised in-situ and be exposed
to non-laboratory conditions such as dirt, vibration,
and solar heating loads. A follow-on task of battery
analysis is planned to follow the system validation
testing.

Beyond electrical cell failure, mechanical failure due
to vibration is also a concern. Heavy-duty diesel-
powered vehicles are known for vibrations and
resonance points. Last year, vibration tests were
performed on an off-the-shelf battery and life
estimates were made based on this testing. Using
vibration isolators, battery life is expected to be
significantly long for the demonstration period,
however, the limited vibration data and lack of
mechanical life information results in high
uncertainty for the impact on commercial life of the
battery system. Accumulated testing will help better
define performance of the battery system in terms of
life — a key driver of hybrid system life cycle cost.
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Conclusions

The full-scale laboratory evaluation has been
completed. Successful battery tests achieved
charging at 450kW and discharging at 700kW. Also
confirmed in the lab evaluation were hybrid
controls, inverter stability, and battery voltage

ripple.

Nearly all hybrid components have been mounted on
the truck. The inductors, hybrid control group and 4-
pack battery enclosure are fully mounted and
significantly wired and tested. The 8-pack battery
enclosure is planned for build-up and final
installation by December 2006.

GE and Komatsu will soon finalize modifications to
the truck and begin component power-up, debug,
and initial testing. 2007 will be the final year for the
project and GE and Komatsu are looking forward to
utilizing the developments from this project to steer
and enable future direction of hybrid off-highway
vehicles.
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Figure 1. Komatsu 830E-AC at Las Vegas Mine Expo
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Figure 2. Hybrid electric system block diagram
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e 3. Full-scale test configuration
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Figure 4. Hybrid equipment groups
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Figure 5. Komatsu Proving Grounds, Green Valley, AZ
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Objective

The objective of this project is to assess the potential of alternate disc brake designs and technology concepts to
achieve the goals of increased energy efficiency, higher performance, and an increased level of safety and system
control in heavy vehicle braking systems. System and material optimization will lead to increased energy efficiency,
reduced environmental impact, and improved life cycle costs.

Approach

Develop a new high efficiency, low inertia, and lightweight braking system for heavy vehicles and future
heavy-hybrids that will meet performance, durability, and economic metrics, as well as assisting in achieving
21CT and FCVT energy efficiency program goals. The application of a lightweight disc brake system could
impact vehicle fuel economy by reducing fuel consumption an estimated 0.8% for vocational Class 6-8
vehicles, and 0.5% for line-haul trucks." If fully implemented across Class 6-8 vehicles, the energy savings is
estimated to be 3x10"* BTU/yr, or roughly equivalent to 5.3 million barrels of oil per year.2

Develop numerical computational tools to evaluate new brake designs, and novel vehicle speed attenuation
concepts, as well as wheel-well air flow that impacts braking cooling and vehicle performance. The intent is to
develop these computational tools so that they can be incorporated into a module for a PSAT-like efficiency
model for heavy vehicles, and enhance the vehicle performance simulations capability.

Explore new friction materials and brake designs that will:
— Facilitate energy efficiency (light w