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Disclaimer

This report reflects the views of the authors only and does not reflect the views or policies of Transport
Canada.
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legal liability or responsibility for the accuracy or completeness of any information contained in this
report, or process described herein, and assumes no responsibility for anyone’s use of the information.
Transport Canada is not responsible for errors or omissions in this report and makes no representations
as to the accuracy or completeness of the information.

Transport Canada does not endorse products or companies. Reference in this report to any specific
commercial products, process, or service by trade name, trademark, manufacturer, or otherwise, does
not constitute or imply its endorsement, recommendation, or favoring by Transport Canada and shall
not be used for advertising or service endorsement purposes. Trade or company names appear in this
report only because they are essential to the objectives of the report.

References and hyperlinks to external web sites do not constitute endorsement by Transport Canada of
the linked web sites, or the information, products or services contained therein. Transport Canada does
not exercise any editorial control over the information you may find at these locations.
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Executive Summary

Through its ecoTECHNOLOGY for Vehicles program, Transport Canada (TC) commissioned
the National Research Council Canada (NRC) to perform a verification test program of the
coast-down and constant-speed test methodologies being proposed by the Unites States En-
vironmental Protection Agency (EPA) for its second phase of greenhouse gas regulations for
heavy-duty vehicles. The test program was undertaken to support combined efforts of Envi-
ronment & Climate Change Canada (ECCC) and the EPA to develop the second phase of their
respective greenhouse gas emissions regulations for heavy-duty vehicles. This test program
acts as a site-verification exercise against testing efforts undertaken by Southwest Research
Institute (SWRI) using the same ECCC-supplied tractor, as part of the US EPA regulatory de-
velopment framework.

Coast-down and constant speed testing were conducted at TC’s Motor Vehicle Test Centre
(MVTC) using a tractor-trailer combination supplied by ECCC. The tractor was the same ve-
hicle tested by SWRI on a rural road in Texas, and the trailer had similar specifications to those
used in the SwRI tests as part of their testing for the EPA. Three vehicle configurations were
tested, including the basic vehicle, the trailer outfitted with side-skirts, and the trailer outfit-
ted with side-skirts and a boat-tail. The side-skirts were plywood replicas of the commercial
product used in the SWRI tests, and the boat-tail was the same commercially-available model
tested by SWRI.

The high-speed Bravo track of the MVTC was used for the test campaign. The poor condi-
tion of the track surface caused difficulties with on-board instrumentation and with the data
processing. A post-test high-precision grade survey was performed to obtain adequate infor-
mation to account for the track grade in the coast-down and constant-speed analyses.

A combination of track-side and on-board wind measurements were used to account for the in-
fluence of terrestrial winds on the measurements. Four track-side sonic anemometers, mounted
to the sides of the track at vehicle mid-height (approx 2 m from the track surface), were used
to calibrate the on-board fast-response pressure probe mounted 1 m above the front-face of
the trailer (5 m from track surface). In an effort to understand better an inconsistency in some
of the test results, it was shown that, conceptually, this location for the on-board wind mea-
surement introduces error in the calibration of the wind-speed experienced by the vehicle. An
on-board measurement close to vehicle mid-height would reduce errors in the test results.

Coast-down analysis of the test data was performed using two different methods. One method
was the EPA-proposed High-Low Iteration method, and the second was a conventional Re-
gression method. Results of the current test program, when analyzed using the EPA-proposed
High-Low-Iteration method, showed zero-yaw drag-area (CpgA) results within 5% of the EPA
values for the same vehicle configurations. In an attempt to reduce the uncertainty of the
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High-Low Iteration method, the low-speed speed-range used in the analysis was modified,
and a speed-dependent rolling-resistance model was introduced. This combination of added
fidelity resulted in reduced CpA results (order of 5-10% lower). Using the same modeling as-
sumptions, the Regression method and High-Low-Iteration method provide CpgA results with
differences for each vehicle configuration no greater than 0.2%, providing added confidence
in the modified version of the EPA-proposed analysis method.

The constant-speed method provided significant scatter in the results of CpA and requires
additional restriction on data validity to provide confidence in the data. These additional
restrictions eliminated the higher yaw-angle data that were supposed to be the benefit of the
constant-speed over the coast-down method. The response of the vehicle cruise control system
to changes in the environment and track grade introduced uncertainty in the constant-speed
results that required elimination of significant periods of usable data. With the additional re-
strictions on data validity, the Cpg A results from the constant-speed measurements were found
to agree with the equivalent coast-down results within 1% for each vehicle configuration.

Revisions from the original document published on July 12, 2016 include:

e Typographical error fixed in Equation 4.7 on age 38. Efficiency term removed from de-
nominator and placed in numerator.

e Typographical error fixed in last paragraph on Page 42. Cp, A changed to CpoA.
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Nomenclature
Symbols:
ab,c regression coefficients
A area [m?]
Cp drag-force coefficient [ ]
Cpo drag-force coefficient at zero yaw angle [ ]
Cgrr rolling-resistance coefficient [ ]
CrRro rolling-resistance coefficient at zero speed [ ]
Faero aerodynamic drag force [N]
Fcrade grade force [N]
Fitech mechanical resistance force [N]
Frr road load [N]
Frr rolling-resistance force [N]
Frac tractive force [N]
F, vertical load [N]
g gravitational acceleration constant [9.807 m/s?]
h elevation [m]
I moment of inertia [kg m]
k drag-coefficient yaw-sensitivity term [rad ']
L vertical tire load [N]
m vehicle static mass [kg]
M, effective mass [kg]
P tire inflation pressure [Pa]
Q dynamic pressure [Pa]
r tire effective radius [m]
RRrr ratio of rolling resistance to zero-speed value [ ]
s position [m]
t time [s]
u wind speed experienced by the vehicle [m/s]
U wind speed of terrestrial winds [m/s]
% vehicle speed [m/s]
1% vehicle weight [N]
WACp wind-averaged drag coefficient [ ]
z vertical position [m]
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o regression coefficient, power-law exponent [ ]
B regression coefficient

n drive-axle-differential efficiency [ ]

0 air density [kg/m3]

Tshaft shaft torque [Nm]

P vehicle-referenced wind angle, yaw angle [°]
Wshaft shaft rotational speed [rad/s]
Subscripts:

avg average value

ref reference value

Acronyms:

CFD computational fluid dynamics

DAQ data acquisition

ECCC Environment & Climate Change Canada
EPA Environmental Protection Agency

eTV ecoTECHNOLOGY for Vehicles

GEM Greenhouse-gas Emissions Model

GHG greenhouse gas

GPS Global Positioning System

HDV heavy duty vehicle

MU inertial measurement unit

LDV light duty vehicle

NRC National Research Council

SAE Society of Automotive Engineers

SwRI Southwest Research Institute

TC Transport Canada

Xiv

NRC-CNRC

Classification: Unclassified
Distribution: Unlimited



LTR-AL-2016-0019-R

Coast-down and Constant-speed Testing to Support HDV GHG Regulations

1. Introduction

Transport Canada, through its ecoTECHNOLOGY for Vehicles (eTV) program, undertakes
testing and evaluation of new and emerging vehicle technologies. The program helps inform
various stakeholders that are engaged in the development of regulations, codes, standards,
and products for the next generation of advanced light-duty vehicles (LDVs) and heavy-duty
vehicles (HDVs).

Environment and Climate Change Canada (ECCC) and the United States Environmental Pro-
tection Agency (EPA) are in the process of developing the second phase of their respective
greenhouse gas regulations for heavy-duty vehicles. These regulations require vehicle man-
ufacturers to demonstrate efficiency and emissions levels of the vehicles they sell for use in
the US and Canada. The Greenhouse-gas Emissions Model (GEM), a simulation tool for these
estimates, requires an aerodynamic input represented by the vehicle drag area (CpA). The
reference method to determine the drag-area, defined by the EPA in their first phase of regu-
lations (U.S. Environmental Protection Agency and U.S. Department of Transportation, 2011)
and proposed again as the reference method for the second phase (U.S. Environmental Pro-
tection Agency and U.S. Department of Transportation, 2015), is a road /track-based measure-
ment technique called coast-down testing. Currently, no formal recommended practice exists
for coast-down testing of HDVs. The first phase of the EPA regulations was based on an SAE
coast-down procedure for light-duty vehicles (SAE J1263, 2010). The coast-down test method-
ology is to allow a vehicle to coast un-powered from high speed to a stop or low-speed state,
from which the road load exerted on the vehicle can be determined by the vehicle decelera-
tion rate. Assumptions about the manner in which external forces such as rolling resistance
and aerodynamic drag behave with speed are then used to identify the drag area (CpA) and
rolling-resistance coefficient (Cgrr) of the vehicle. Changes to the test methodology and analy-
sis procedures are being considered by the EPA for the second phase of regulations.

The EPA is also considering introducing a constant-speed test procedure as a secondary method
that has the potential to capture the aerodynamic behaviour of the vehicle under yawed wind
conditions, from which an evaluation of the wind-average drag might be feasible. Constant-
speed testing consists of evaluating the road-load experienced by a vehicle while moving at
constant speed, by measuring the power delivered to the road through the drive wheels. Re-
sults from tests at various speeds are used to infer the behaviour of the road load with speed,
from which the drag-area and rolling-resistance coefficient are calculated using similar as-
sumptions as the coast-down technique. The constant-speed technique has been proposed as
the reference method for the European Commission efforts to regulate greenhouse gas emis-
sions (Luz et al., n.d.).

The EPA contracted Southwest Research Institute (SwRI) to conduct a series of coast-down
and constant-speed tests using different tractor models, different trailer models, different tire
models, and different trailer-mounted drag-reduction technologies. One of the tractors tested
by SwRI was supplied by ECCC. The results are being used to evaluate changes to the testing
methodologies and to identify current levels of vehicle drag from which future drag-reduction
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targets will be set. The EPA recognized the need for additional verification efforts to ensure
the selected test methodology can be applied by vehicle manufacturers at different sites. The
current project was initiated to support this site-verification exercise.

To support this regulatory development process, TC commissioned the National Research
Council Canada (NRC) to conduct coast-down and constant-speed testing at the TC Motor
Vehicle Test Centre in Blainville, Quebec, using the same ECCC-owned vehicle that was tested
by SwRI. The test program was designed to supplement the SwRI data set, while introducing
some enhanced wind measurement technology to the on-board measurement system. Two
coast-down analysis methods were evaluated as part of the project: one that is based on con-
ventional regression techniques; and one that has been recommended by a vehicle manufac-
turer and that is mathematically simpler to implement. Two variants of a constant-speed anal-
ysis were also evaluated, with results for only one presented herein.

This report documents the test procedures, the analysis methods, and the results from the
coast-down and constant-speed test campaign. Section 2 describes the test setup, while Sec-
tions 3 and 4 present the analysis and results from the coast-down and constant-speed meth-
ods, respectively. Section 5 compares the results of the two method and discusses some addi-
tional wind-measurement considerations for reliable testing, and Section 6 provided the con-
clusions and a summary of the project.

NRC-CNRC Classification: Unclassified
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2. Test Setup

2.1 Test Vehicle and Configurations

The test vehicle is a tractor-trailer combination supplied by Environment & Climate Change
Canada for the test program. The tractor is a model-year 2014 International ProStar Long
Sleeper and the trailer is a conventional 53 ft dry-van trailer manufactured by Manac Inc. The
test vehicle is shown in Figure 2.1 with side-skirts and boat-tail installed on the trailer. The
vehicle specifications are listed in Table 2.1. The tractor-trailer combination was configured ac-
cording to EPA specifications (U.S. Environmental Protection Agency and U.S. Department of
Transportation, 2015) for all but the position of the trailer bogie. As was required by the SWRI
test campaign to accommodate the selected side-skirt device, the trailer bogie was positioned
approximately 4 inches further aft than EPA specifications to avoid interference between the
wheels and the side-skirts. This provides consistency with the EPA data set.

Three vehicle configurations were tested during the coast-down and constant-speed test cam-
paigns, two of which included trailer-mounted drag-reduction technologies. Figure 2.2 shows
the fully-outfitted trailer configuration, and Table 2.2 provides the specifications of each tech-
nology. The side-skirt shape tested was based on the reference side-skirt for the SWRI/EPA
test program. The commercial product is no longer commercially available and therefore ply-
wood replicas were build for the current test program. Low-profile brackets were used on the
underside for mounting, with negligible structural interference with the wind to influence the
vehicle drag in any measurable quantity. The three vehicle configurations tested were:

1. Baseline: no drag reduction technologies
2. Skirts: side-skirts installed
3. Skirts+Tail: side-skirts and boat-tail installed

The vehicle mass was maintained within 1.5% of its fully-loaded value of 15,796 kg throughout
the test campaign. When not installed on the trailer, the side-skirts and boat-tail were stored
inside the trailer to maintain weight. The fuel level was maintained at 3/4 full or greater
throughout testing. Based on records of fuel fill-ups and estimates of fuel use during the test
campaign, the vehicle mass for each coast-down or constant-speed run has been calculated for
use during data processing, with an estimated uncertainty of +25 kg. No ballast was used in
this test program.

2.2 Test Site

Testing was performed at the Motor Vehicle Test Centre operated by PMG Technologies in
Blainville, Quebec. The “Bravo” track was used for testing, highlighted in green in the aerial
photograph of Figure 2.3. The “Bravo” track is the high-speed banked oval and the primary

Classification: Unclassified NRC-CNRC
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Figure 2.1: Photograph of the test vehicle.

Figure 2.2: Photograph of the trailer configured with side-skirts and a boat-tail.
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Table 2.1: Tractor-Trailer specifications.

Tractor

Chassis: Navistar ProStar AR+ 122; 2013

VIN: 3HSDJSNROEN785904

Engine: 2013 Navistar N13; A450MT (450 HP 1700 RPM)
Transmission: Eaton UltraShift PLUS LSE

Tandem drive (6 x4) Meritor MT-40-14X-4CFR

Trailer

Manac 53 ft dry-van
Model 94253A111
Unit 141951
tandem-axle bogie

Tires

Steer: 2 x Hankook AL-11 295/75R22.5
loaded radius (L/R) 473 / 477 mm
cold inflation pressure 124 £7 psi

Drive: 8 x Bridgestone M-710 295/75R22.5
forward loaded radius (L./R) 503 / 510 mm
aft loaded radius (L/R) 503 / 508 mm
cold inflation pressure 107 £5 psi

Trailer: 8 x Bridgestone R-197 295/75R22.5
forward loaded radius (L/R) 503 / 510 mm
aft loaded radius (L/R) 503 / 508 mm
cold inflation pressure 105 £5 psi

Weight and Dimensions

15,796 kg (as tested, fully fueled)
Overall Height (H101) = 4.115 m (162.0 in)
Overall Width (W103) = 2.600 m (102.3 in)
Frontal area = 10.699 m?
Tractor-trailer gap width:
1.79 m (45.5 in) at ~1.5 m height
1.81 m (46.0 in) at ~2.5 m height
Trailer rear axle = 2.95 m (116 inch) from back of trailer
Trailer inter-axle spacing = 49 inch
King-pin location 0.91 m (36 in) from front of trailer

Table 2.2: Drag-reduction-technology specifications.

Name Description

Skirts  Plywood replica commercial side-skirt design
Flush with sides of trailer sides
Length = 8.66 m (341 in), Height = 0.927 m (36.5 in)
45°taper on front and back edges

Tail Collapsible commercial boat-tail
4-panel configuration (sides + top + bottom)
Extension from rear of trailer = 1.2 m (48 in)

Classification: Unclassified
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surface is rain-grooved concrete. The track is 6.5 km (4.0 miles) long with two straight 1.6 km
(1.0 mile) sections. A small segment of the north-side straight section has been repaired using
asphalt, identified with a purple line in Figure 2.3.

PMG Techi q“éésﬂ /

\

y.

Source: Google Maps

Figure 2.3: Aerial view of the motor Vehicle Test Centre (“Bravo” track highlighted in green
with asphalt section highlighted in purple, anemometer locations identified by red
dots, photo adapted from Google Maps).

The track grade can have an influence on the results of coast-down and constant-speed tests.
The EPA requires grade to be accounted for if it exceeds 0.02% (U.S. Environmental Protec-
tion Agency and U.S. Department of Transportation, 2011). Initially it was anticipated that
the high-speed GPS elevation data from the on-board instrumentation would provide, based
on a long-term average over the duration of the test program, a reasonable measure of the
grade profile for use in the data analysis. Unfortunately, instrumentation problems early in
the test prevented the detailed elevation data from being acquired. A single day of elevation
data collected with the high-speed GPS is available, but low-frequency drift in the signal pro-
vided insufficient data to characterize the absolute grade profile for the two straight sections
of the track. However, good repeatability of the “bumpiness” profile of the track was obtained
from this data set by applying a high-pass spatial filter with a 200 m filter cut-off. To obtain
elevation data of the track, from which the absolute grade could be defined, a precise but low-
resolution elevation survey of the track was completed in December 2015, comprising track
elevation data at 100 m spacing along the length of the track. To obtain a high-resolution ab-
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solute elevation profile of the track, the “bumpiness” profile measured by the single-day of
high-speed on-board GPS data was combined with the precise low-resolution elevation sur-
vey data. Figure 2.4 shows the high-resolution elevation survey for the north side of the track
and the low-resolution elevation survey of the south side of the track. The north side has a
consistent grade but with local bumpiness. The south side has two segments of consistent but
near opposite grade. The south-side data in Figure 2.4 does not show the bumpiness profile.
Its bumpiness has similar spacing as the north side but with approximately half the amplitude
of the bumps.

For coast-down and constant speed analyses, the magnitude of the grade is important. Figure
2.5 shows grade profiles based on elevation profiles of different resolution for the track. The
north-side data shows the high-resolution grade profile in black that accounts for the track
bumpiness. Although the nominal grade is on the order of 0.05%, locally the grade can exceed
a magnitude of 0.2%. The bumps in the track may cause vertical accelerations of the vehicle
but will not necessarily introduce a grade force in the direction of motion of the vehicle be-
cause the vehicle’s weight is distributed over a much greater horizontal extent than the bump.
Therefore, a low-pass spatial filter with a cut-off of 25 m was used to represent the grade that
would be felt by the vehicle. The low-resolution (low-res) profile for the north-side grade rep-
resents the filtered version of the high-resolution profile. The south-side low-resolution grade
profile represents similarly filtered data.

All coast-down runs were performed on the north side of the track due to its low nominal
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Figure 2.4: Bravo track elevation profile.
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Figure 2.5: Bravo track grade profile.

grade.

2.3 Instrumentation and Data Acquisition

The measurement requirements for the coast-down and constant-speed test campaigns were

as follows:

e Vehicle position

Vehicle speed

e Driveshaft torque (for constant-speed measurements only)

e Driveshaft speed (for constant-speed measurements only)

e Air properties (temperature and barometric pressure)

e Wind conditions (speed and direction, as experienced by the vehicle)

Vehicle speed and position were measured by an on-board GP:

S system. The system is a Speed-

box RTK IMU unit by Race Technology, which uses a built-in inertial measurement unit (IMU) to
augment the conventional GPS signal and provide a higher update rate than the conventional
GPS signal alone could provide. Other vehicle-specific parameters such as gear selection, in-
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dicated speed, engine temperature, and other data available on the vehicle network were also
recorded using a J1939 datalink. Some of this data, such as gear selection, were useful to iden-
tify measurement segments of interest. The high-speed GPS data and the vehicle-parameter
date were acquired at 100 Hz, whereas the conventional GPS data was acquired at 5 Hz.

For the constant-speed measurements, the driveshaft torque was measured using a HBM
Model T40B shaft torque meter loaned to NRC by SwRI. This instrument was the same device
used by SWRI for their test campaign with the ECCC ProStar vehicle. It including a modified
driveshaft as prepared by SWRI. After completion of testing, the connection between the modi-
tied driveshaft and the torque meter was found to be loose. Broken and loose bolts were found,
and a misalignment at the connection was observed, however there was no wobble in the sys-
tem. Post-test checks of the connection and some low-speed coast-downs were performed to
check for possible adverse effects on the coast-down tests, but no concerns were raised. The
drive-shaft torque measurements showed high fluctuations in the signal (50% peak-to-peak)
throughout the entire test campaign, higher than those observed in the SwRI data. These fluc-
tuations are associated with a distinct frequency of 7 Hz regardless of vehicle speed (dominant
frequency at 16 km/h is the 3.5 Hz sub-harmonic), and are therefore not expected to be asso-
ciated with the loose driveshaft. The similarity in results between the two methods described
in this report, and similarity to the SWRI/EPA results, indicates that the loose driveshaft did
not cause any adverse effects on the data presented in this report. The driveshaft data were
acquired at 100 Hz. The SwRI data was acquired at 10 Hz and it is unclear whether any pre-
or post-filtering of the data was performed.

The wind conditions experienced by the vehicle were measured using a fast-response four-
hole pressure probe that measures the fluctuations in wind speed, wind direction, and pres-
sure. This “Cobra probe” is manufactured by Turbulent Flow Instrumentation Pty Ltd. The probe
has pressure transducers build into the stem which, combined with the short length of tubing
between the probe tips and the transducers, allows correction for the frequency response of
the system with a resolution up to 1.5 kHz, above which the on-board electronics filter the
output signals. For the majority of measurements presented herein, the measurement uncer-
tainties for the wind speed and turbulence intensity are within +0.5% of measured values,
and the flow angle uncertainties were within 1°, based on a pre-test calibration verification
in the NRC 1.0 m x 0.8 m Pilot Wind Tunnel. The reference-pressure port of the Cobra probe
was connected to the static port of a pitot-static probe mounted in close proximity to the Co-
bra probe. This reference pressure was also measured by an absolute pressure transducer to
allow calculation of the air density from the local static pressure. The Cobra-probe data were
acquired at 2 kHz.

Figure 2.6 shows the installation of the Cobra probe and the pitot-static probe on the front of
the trailer. The Cobra probe was mounted 1.0 m above the trailer roof with its tip 0.3 m forward
of the front face of the trailer. The pitot-static probe was mounted such that its static-pressure
ports were 0.3 m below the tip of the Cobra probe.

The Cobra probe was mounted sufficiently close to the vehicle (1.0 m above the trailer) such
that its measurement of wind speed and direction do not represent the true wind speed and
direction experienced by the vehicle. To provide a means of calibrating the on-board mea-
surement for this vehicle-proximity influence, four sonic anemometers were installed along at

Classification: Unclassified NRC-CNRC
Distribution: Unlimited



LTR-AL-2016-0019-R
Coast-down and Constant-speed Testing to Support HDV GHG Regulations

Figure 2.6: Wind-measurement probes mounted to front face of the trailer (Cobra probe - high,
pitot-static probe - low).

Figure 2.7: Track-side sonic anemometers.
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two locations on north side of the track with one on each side of the track (see locations in
Figure 2.3). The anemometers used were R. M. Young Company model 81000 3-D ultrasonic
anemometers and were mounted on tripods with the sensing element elevated to be coinci-
dent with the test vehicle’s mid-height dimension, which was approximately 2.05 m above
the track surface. The anemometers were located to the sides of the track 8 m from the track
centerline. The anemometers were oriented to provide orthogonal wind velocity components
aligned to the vehicle travel direction so as to provide a direct reading of headwind and cross-
wind components. Alignment of the track-side anemometers is estimated to be within 2° of
the desired orientation. Figure 2.7 shows the installation of the track-side anemometers.

The track-side data acquisition systems were installed inside weather-resistant cases located
beside each anemometer. The system consisted of a data acquisition system, appropriate ca-
bles, connectors, 12 VDC deep-cycle lead-acid battery, and a 120 VAC power inverter. Data ac-
quisition was started and stopped manually for each running direction. The data acquisition
system had a quick-look capability so that the test engineer could review the results of each
series of tests to evaluate nominal wind levels during the tests. The track-side anemometers
have a maximum sampling rate of 32 Hz, but were up-sampled to 100 Hz for synchronization
with the vehicle data.

The tractor data acquisition system was installed inside the cab of the tractor. The system
consisted of a laptop, a data acquisition system, software and appropriate cables, connectors
and a power supply. As part of the data processing process, all data was either up-sampled
or down-sampled to match the 100 Hz acquisition rate for the vehicle speed measurement.
The data from the four track-side acquisition systems were synchronized using the GPS time
stamp. The 5 Hz GPS update rate thus provides an accuracy on synchronization to the tractor-
based data to the track-side anemometer data of 0.2 s.

2.4 Wind Limits and Calibrations

Generally wind constraints are imposed for track-based test procedures to minimize the in-
fluence of the winds on the measurements. For the current test program, the enhanced wind-
measurement capabilities provide the potential to capture and account for wind effects to a
greater extent than typical track-based tests. These data can also serve to test the viability of
existing procedures vis a vis maximum wind speed. For the current test campaign, standard
SAE wind limits, per the J1263 coast-down procedure (SAE ]J1263, 2010) were targeted for a
specified number of measurement runs, with a set of expanded wind limits specified for ad-
ditional testing if time permitted. The J1263 and the expanded wind limits are tabulated in
Table 2.3. The winds for the majority of the test program were within the J1263 limits, in large
part due to the the dominant winds of the Blainville region being aligned with the track di-
rection. Furthermore, the forested areas surrounding the track and in the middle of the track
act to channel the winds along the straight sections. As such, any strong winds resulted in
predominantly head- or tail-winds for the vehicle with very few conditions encountered with
strong cross-winds. This limited the ability to capture high yaw angles of the wind relative to
the vehicle.
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Table 2.3: Wind limits for the test campaign.

Component SAE J1263 limit Expanded limit
average wind speed 16 km/h (10 mph) 20 km/h (12.4 mph)
peak wind speed 20 km/h (12.4 mph) 25 km/h (15.5 mph)

average cross-wind speed 8 km/h (5 mph) 14 km/h (8.7 mph)

Asnoted in the previous section, the on-board wind measurement (Cobra probe) was mounted
sufficiently close to the vehicle (1.0 m above the front face of the trailer) that the wind-speed
and angle measurements do not represent the true freestream conditions. To correct for this
vehicle-proximity influence, the on-board wind measurement was calibrated against the track-
side wind measurements. In the presence of terrestrial winds, the calibration of the on-board
to the track-side measurement can only be done when the vehicle is in close proximity to the
track-side anemometer of interest. For the purpose of the current test campaign, the data for
all valid coast-down and constant-speed runs was processed and the on-board and track-side
wind measurements were each averaged during the period over which the anemometer was
within the range 2 m and 12 m of the vehicle position along the track direction. This range
provided a period of data during which the vehicle was sufficiently close to the anemometers
without the aneometers feeling the influence of the passing vehicle vehicle. Other more ad-
vanced techniques are available for calibrating the on-board wind measurement, such as the
Taylor-hypothesis method implemented by Tanguay (2012) which accounts for the advection
of turbulence in the terrestrial winds, and is suitable when the anemometer is located far from
the track. For the current test campaign, the track-side measurements were sufficiently close
to the track (8 m from track centreline) that an average of the anemometer measurements on
the two sides of the track have been used as a measure of the winds the vehicle experiences
when in the range 2-12 m ahead of the vehicle. Furthermore, the height differential between
the on-board and track-side measurements (2 m and 5 m, respectively) can introduce some un-
certainty in the turbulence-advection method because the wind speed and angle change with
height relative to the vehicle in a sheared terrestrial boundary-layer wind. A discussion of this
shear influence and its potential impact on the accuracy of the results is discussed in a later
section of this report (Section 5.2).

Recent wind-tunnel measurements have been performed in the NRC 9 m Wind Tunnel using
its 30%-scale tractor-trailer model for which a Cobra probe was placed at a similar location rel-
ative to a tractor-trailer model (1 m above the trailer front face) and compared to measurements
from a Cobra Probe located sufficiently far upstream of the vehicle to ensure freestream wind
conditions. These measurements showed a negligible influence of yaw angle on the speed
calibration for the on-board probe, and showed a linear relationship between the on-board
yaw measurement and the freestream wind direction. It has been assumed for the purpose
of the current study that these trends are consistent with the vehicle on the track. Based on a
few restrictions on the difference between the opposing track side anemometer measurements
and differeces from the track-side to the on-board measurements, a large data set of 518 data
points collected over the entire test campaign were used to develop a calibration between the
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Figure 2.8: Calibration data between on-board and track-side wind measurements (left - wind
speed, right - yaw angle).

on-board Cobra-probe measurement and the track-side anemometers. The calibration of wind
speed and yaw angle are shown in Figure 2.8. From this data, the calibrations are:

Uping = 0.946 uprobe (2.1)
Ywinda = 0.94 Pprope +0.07 (2.2)
The offset in the yaw angle calibration is small but it is consistent with an offset observed in

a pre-test calibration verification of the Cobra probe using the NRC 1.0 m x 0.8 m Pilot Wind
Tunnel.
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3. Coast-Down Method

3.1 Test Procedures

The coast-down tests were performed on the “Bravo” track at the Motor Vehicle Test Cen-
tre operated by PMG Technologies in Blainvile, Québec. The tests were performed with the
vehicle and instrumentation as described in Section 2. Pre-run inspections and checks were
conducted to ensure that the vehicle condition was consistent from test to test. Specific items
checked included:

1. Cold tire inflation pressure;

2. Doors and windows were fully closed;

3. HVAC and A/C settings remained consistent; and
4. Fuel level at least 3/4 full.

Prior to the start of testing, the vehicle was warmed up by driving normally for several laps of
the track. During this time, the track-side instrumentation was initialized and checked.

The general procedure to be followed for this test is covered by one or more of the following
documents:

e US CFR Title 40, Section 1066.310, “Coastdown procedures for heavy-duty vehicles”
(U.S. Environmental Protection Agency and U.S. Department of Transportation, 2011)

e SAE J1263, “Road load measurement and dynamometer simulation using coastdown
techniques” (SAE J1263, 2010)

e SAE J2263, “Road load measurement using onboard anemometry and coastdown tech-
niques” (SAE J2263, 2008)

Procedurally, the vehicle was accelerated to above the desired entry speed and allowed to
coast in a straight line to a full stop. The vehicle was driven in both directions on the north
section of the track in order to capture wind and grade variations in different directions.

The test procedure used for the coast-down tests were as follows:
1. Data acquisition system was started. The Cobra probe was zeroed.

2. The vehicle was accelerated to the required entry speed for the speed range being tested.
This speed was held constant as the vehicle entered the test area.

3. The vehicle’s travel direction was straightened. The throttle pedal was then released and
the transmission was shifted into neutral.

4. The coastdown runs were split into three speed ranges: high-range, mid-range, and low
range portions. A complete run in one direction consists of a high-range, low-range and
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occasionally a mid-range run. Mid-range data were specified for only two runs in each
direction for every trailer configuration.

a) For the high-range portion, the vehicle was accelerated to an entry speed of 115 km/h.
Preliminary test runs showed that the vehicle would coast to an exit speed of ap-
proximately 70-75 km/h, depending on the trailer configuration. The high-range
portion was conducted for every coastdown set.

b) For the low-range portion, the vehicle was accelerated to a speed above 50 km/h
and allowed to coast to a full stop. The low-speed segment was conducted for every
coastdown set.

c) For the mid-range portion, the vehicle was accelerated to an entry speed of 80 km/h.
Preliminary test runs showed that the vehicle would coast to an exit speed of ap-
proximately 30-35 km/h, depending on the trailer configuration. The mid-range
segment was only performed twice for each trailer configuration.

5. Steps 2 through 4 inclusive were repeated at least seven times.

6. After the runs were completed, the DAQ system was stopped and the recorded data
saved.

7. The running direction was then reversed and steps 1 through 6 inclusive were repeated.

Only the north side of the “Bravo” track was used for the coast-down runs.

3.2 Test Conditions

The track consists of 1.6 km straight sections, which are not of sufficient length to perform a
full coast-down from 112 km/h (70 mph) to near-zero speeds. As described in the previous
section, the coast-down runs were segmented into three speed ranges, defined approximately
by the following target intervals:

e High-Speed: 112-64 km/h (70-40 mph)
e Medium-Speed: 80-32 km/h (50-20 mph)
e Low-Speed: 48-0 km/h (30-0 mph)

For the coast-down data analysis, high-speed and low-speed data were the most important,
therefore a smaller number of medium-speed-range data was collected. For each vehicle con-
figuration, a target of 14 high/low-speed data runs were specified (7 in each direction). Table
3.1 lists the total number of coast-down runs performed during the test program for each of
the three vehicle configuration. More runs were acquired for the Skirts configuration in an
attempt capture a greater range of wind angles by testing in windier conditions.
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Table 3.1: Test matrix for coast-down runs (SW - south-west direction, NE - north-east direc-

tion).
Low Speed Runs Medium Speed Runs High Speed Runs
SW NE SW NE SW NE
Baseline 8 8 2 2 8 8
Skirts 11 9 2 2 16 10
Skirts+Tail 9 9 1 1 9 9

3.3 Coast-Down Analysis

3.3.1 Equation of Motion

The concept of coast-down analysis is to infer the external forces (road load) acting on a vehicle
based on its un-powered deceleration, and inferring the various components of the road load
based on an understanding of the manner in which such forces change with time or speed.
Figure 3.1 shows a pseudo free-body diagram of an un-powered vehicle during a coast-down.
The forces that resist or impact forward motion to the vehicle are:

e Aerodynamic Drag (Fy,,) - resistive force as the vehicle moves through the air;

e Rolling Resistance (Frr) - resistive force due to deformation of the tire material at the
interface with the ground;

e Mechanical Resistances (Fj.;;) - Resistance to motion due to friction within mechanical
components such as bearing or differentials; and

e Grade Force (Fg/u4.) - component of the vehicle weight in the direction of motion due to
the grade/inclination of the road surface from horizontal.

The aerodynamic drag, rolling resistance and grade force contribute to the Road Load (Fry),
which is the combination of external forces acting on the vehicle while in motion. The me-
chanical forces are internal to the vehicle system but must be accounted for as they contribute
to the declaration of the vehicle through the rotating drive-train components downstream of
the transmission.

Applying Newton’s 2" law of motion in the direction of motion of the vehicle, the resulting
equation is
av
meﬁ = —Fpero — Frr — FMech - FGmde (31)
from which the change in vehicle speed (V) with time (¢) is related to the resistive forces de-
scribed above.

In Equation 3.1, the m, term is the effective mass of the vehicle, which differs from the static
mass of the vehicle. The rotational inertia of the wheels is a property that inhibits changes to

Classification: Unclassified NRC-CNRC 17
Distribution: Unlimited


















































































































