
Publisher’s version  /   Version de l'éditeur: 

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la 

première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez 
pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

Questions? Contact the NRC Publications Archive team at 

PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the 
first page of the publication for their contact information. 

https://publications-cnrc.canada.ca/fra/droits

L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site

LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Laboratory Technical Report (National Research Council of Canada. Aerospace. 
Aerodynamics Laboratory); no. LTR-AL-2015-0272, 2015-07-22

READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE. 

https://nrc-publications.canada.ca/eng/copyright

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=2bb332d0-924d-445b-bf23-9658934e59e0

https://publications-cnrc.canada.ca/fra/voir/objet/?id=2bb332d0-924d-445b-bf23-9658934e59e0

NRC Publications Archive
Archives des publications du CNRC

For the publisher’s version, please access the DOI link below./ Pour consulter la version de l’éditeur, utilisez le lien 
DOI ci-dessous.

https://doi.org/10.4224/21275397

Access and use of this website and the material on it  are subject to the Terms and Conditions set forth at

Improving the aerodynamic efficiency of heavy duty vehicles: wind 

tunnel test results of trailer-based drag-reduction technologies
McAuliffe, Brian R.



AERODYNAMICS LABORATORY

Improving the Aerodynamic Efficiency
of Heavy Duty Vehicles:
Wind Tunnel Test Results of
Trailer-Based Drag-Reduction Technologies

Unclassified Unlimited

LTR-AL-2015-0272

July 22, 2015

Brian R. McAuliffe





AERODYNAMICS LABORATORY

Improving the Aerodynamic Efficiency
of Heavy Duty Vehicles:
Wind Tunnel Test Results of
Trailer-Based Drag-Reduction Technologies

Report No.: LTR-AL-2015-0272

Date: July 22, 2015

Authors: Brian R. McAuliffe

Classification: Unclassified Distribution: Unlimited
For: ecoTECHNOLOGY for Vehicles

Stewardship and Sustainable Transportation Programs
Transport Canada

Project #: A1-004876
Submitted by: Dr. Steven J. Zan, Director R&D Aerodynamics

Approved by: Jerzy Komorowski, General Manager, Aerospace Portfolio

Pages: 95 Copy No:

Figures: 61 Tables: 14

This report may not be published wholly or in part without the written consent of the National Research
Council Canada





LTR-AL-2015-0272

Drag Reduction for HDVs - Wind Tunnel Test Results

Disclaimer

This report reflects the views of the authors only and does not reflect the views or policies of Transport
Canada.

Neither Transport Canada, nor its employees, makes any warranty, express or implied, or assumes any
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 commissioned the
National Research Council Canada (NRC) to investigate the aerodynamic improvements pos-
sible with current and emerging drag reduction technologies for heavy-duty vehicles, with
the intent of guiding future implementation and regulation of such technologies for Canada’s
transportation industry. A wind-tunnel test campaign was undertaken in the NRC 9 m Wind
Tunnel to evaluate the aerodynamic performance of various drag reduction concepts, with an
emphasis on those for trailers, using a 30% scale model of modern tractor-trailer combinations.
Project stakeholders also include Environment Canada’s Transportation Division.

A wind-tunnel approach was taken for the project because of its ability to provide a precise
measure of the aerodynamic differences between vehicle configurations. Advancements in
testing techniques developed for the project have improved the accuracy of the results, such
that they reflect better the aerodynamic performance of a tractor-trailer combination under
real-world conditions. These advancements consisted of a modular model that can represent
various tractor configurations (sleeper-cab and day-cab with various roof-fairings for each)
and trailer configurations (40 ft dry-van, 53 ft dry-van, 53 ft half-height dry-van, 53 ft flatbed
with various cargo configurations, tandem 28 ft long-combination vehicle arrangement). The
model has spinning wheels matched to an appropriate ground-effect simulation consisting
of a boundary-layer suction system and a moving ground plane. Cooling drag is simulated
with an engine compartment through which the flow-rate is proportional to that of a real
vehicle. The 30% scale of the model is small enough to minimize wall-interference effects in the
wind tunnel even with a 53 ft-equivalent trailer, yet is big enough to provide the aerodynamic
performance of a full-scale vehicle through appropriate Reynolds-number scaling. In addition
to the model, a new Road Turbulence System (RTS) has been introduced in the NRC 9 m Wind
Tunnel that provides road-representative turbulence in the wind. All of these advances create
the appropriate relative motions between the vehicle, the ground, and the wind such that this
represents the most advanced wind-tunnel-simulation of a heavy-duty vehicle in the world.

The overall test program described herein included distinct sub-studies to address drag re-
duction techniques for various regions of the vehicle or for different vehicle types. For each
vehicle configuration tested, the wind-tunnel drag-coefficient measurements were used to cal-
culate a wind-averaged-drag-coefficient that represents a long-term average of the aerody-
namic performance for typical North-American wind conditions, from which fuel savings and
greenhouse-gas reductions have been estimated based on typical Canadian driving distances.
The table on the next page summarizes the main findings of the study, with fuel savings and
greenhouse-gas reduction estimates for some of the configurations tested.
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Drag-Reduction Technique Fuel Saved† CO2 Reduction†

[l/tractor/year] [kg/tractor/year]

Tractor-Trailer Gap:

reduce tractor-trailer gap by 12" 800 ± 200 2,100 ± 500

add trailer fairing for sleeper-cab w/ 36" gap 600 ± 200 1,600 ± 500

add trailer fairing for day-cab w/ 36" gap 1,600 ± 500 4,200 ± 1,300

Trailer Underbody:

add side-skirts to tandem axle trailer 2,900 ± 800 7,700 ± 2,100

add extended side-skirts to tandem axle trailer 3,300 ± 900 8,700 ± 2,400

add side-skirts to tridem axle trailer 3,800 ± 1,100 10,000 ± 2,900

Trailer Base:

add long or short 4-panel boat-tail to trailer base 1,900 ± 500 5,000 ± 1,300

add tapered-side 3-panel boat-tail to trailer base 1,600 ± 500 4,200 ± 1,300

Trailer Upper-Body:

profile the trailer roof (top 6") 1,000 ± 300 2,600 ± 800

Combinations:

48" to 36" gap, trailer fairing, side-skirts, boat-tail (sleeper) 6,700 ± 1,900 17,700 ± 5,000

48" to 36" gap, trailer fairing, extended skirts, boat-tail, profile roof (sleeper) 8,300 ± 2,300 21,900 ± 6,100

48" to 36" gap, trailer fairing, side-skirts, boat-tail (day-cab) 7,900 ± 2,200 20,900 ± 5,800

48" to 36" gap, trailer fairing, extended side-skirts, boat-tail (day-cab) 8,600 ± 2,400 22,700 ± 6,300

Flatbed Trailers:

add side-skirts to flatbed with high irregular cargo 2,900 ± 800 7,700 ± 2,100

add side-skirts to flatbed with low irregular cargo 1,600 ± 400 4,200 ± 1,100

Long Combination Vehicles - LCVs:

add trailer fairing to LCV trailer-trailer gap 1,400 ± 400 3,700 ± 1,100

reduce LCV trailer-trailer gap from 5 ft to 3 ft 1,900 ± 500 5,000 ± 1,300

add trailer fairing and reduce gap, and add full aero package to LCV 7,900 ± 2,200 20,900 ± 5,800

Tractor-Trailer Height Matching:

remove full-height fairing from day-cab with low dry-van trailer 5,400 ± 1,500 14,300 ± 4,000

remove full-height fairing from day-cab with full-height dry-van trailer -5,400 ± 1,500 -14,300 ± 4,000
† estimated for 125,000±35,000 km/tractor/year @ 100 km/hr

Reducing the aerodynamic drag associated with dry-van trailers was the primary focus of the
current effort, and several regions of a tractor-trailer combination were targeted with different
drag reduction technologies. For these efforts, the vehicle model represented a modern aero
tractor with a 53 ft dry-van trailer. The drag-reduction techniques tested do not represent
specific commercial products, although some were designed to achieve drag reduction in a
similar manner to technologies on the market.

The gap between the tractor and trailer is a region in which air can circulate and pass through,
and is a dominant source of drag for a tractor-trailer combination. Many modern tractors
are outfitted with side-extenders that reduce the effective air-gap between the two bodies,
and provide a reduction in fuel use, however operational restrictions may prevent the abil-
ity to achieve such savings. To better understand the sensitivity of vehicle drag to the gap
width, measurements were performed for several gap widths and it was found that the wind-
averaged-drag was reduced by 2.6% for every foot the gap was reduced (8.5% per metre). A
one foot reduction in gap width, which may be operationally feasible for many vehicles on
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the road, translates to a reduction in fuel consumption on the order of 800 litres per tractor
per year, with CO2 emissions reductions of 2,100 kg per tractor per year. An active fifth-wheel
system can provide such benefits at highway speed without adversely affecting low-speed
manoeuvering and operations. Another technique to reduce drag associated with the tractor-
trailer gap is to introduce a device that prevents air from flowing through the gap region. Of
the concepts tested, a large trailer fairing was found to provide the greatest benefit, with drag
reductions on the order of 2% for the sleeper-cab tractor variant tested, and 5% for the day-
cab variant, providing associated fuel savings of 600 litres and 1,600 litres per tractor per year,
respectively. Reducing the gap width and adding a trailer fairing can provide fuel savings in
excess of 2,000 litres per tractor per year and greenhouse-gas reductions in excess of 4,000 kg
CO2 per tractor per year.

As would be expected based on their prevalent use on North-American highways, side-skirts
provide the greatest drag reductions of the trailer-underbody concepts tested. By redirecting
the wind around the trailer, they prevent high-momentum air from being entrained in the
underbody region and from impinging on the trailer bogie. Drag reductions of 10% were mea-
sured for different side-skirt arrangements with a tandem-axle trailer bogie, and extending the
skirts over the trailer wheels provided an added benefit such that fuel savings exceeding 3,000
litres per tractor per year may be realized. An even greater reduction in drag was measured
for side-skirts applied to a tridem-axle bogie arrangement, with fuel savings of nearly 4,000
litres per tractor per year and greenhouse-gas reductions of 10,000 kg CO2 per tractor per year.

Recent federal regulatory amendments in Canada have opened up the possibility of applying
aerodynamic fairings, commonly called boat-tails, to the aft end of dry-van trailers that are
larger than previous regulations allowed. Several boat-tail concepts were tested to examine
the influence of a lower panel, the sensitivity to length, and the relative potential for inflatable
boat-tails. All showed similar results, with the greatest benefit realized from the four-panel
configurations (6-7% drag reduction), providing an estimated fuel savings of 1,900 litres per
tractor per year and greenhouse-gas reductions of 5,000 kg CO2 per tractor per year. The
short (2 ft full-scale) and long (4 ft full-scale) boat-tail concepts showed the same level of drag
reduction. Removing the lower panel and reducing the surface area of the side panels showed
only a small reduction in performance (5-6% drag reduction), providing further evidence to
support the hypothesis that the manner in which the top panel guides the air downwards
towards the ground is the dominant influence on boat-tail performance. Other studies have
shown boat-tails to be as effective as side-skirts, reaching drag reductions of 10%. The vertical
offset of the top panel tested here (3 inches full-scale), included to leave room for lights at the
top edge of the trailer base, may be a reason why the boat-tail concepts tested here have not
provided the same magnitude of drag reductions observed for other similar boat-tail concepts.
This presents a clear challenge to developing effective boat-tails for real-world applications.

The intent of the current study was to evaluate ways of reducing the drag associated with dry-
van trailers without changing cargo capacity. In an effort to modify the shape of the roof while
minimizing any influence to the cargo volume, the top 6 inches of the trailer were modified
in three ways: rounding the front edge, rounding the side edges, and tapering the aft edge.
The aft taper provided the greatest benefit of the three, however the combined profiled roof
provided a drag reduction of 3.5%, which translates to 1,000 litres per tractor per year in fuel
savings and a reduction in greenhouse gas emissions of 2,600 kg CO2.
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Of the various technologies tested, some did not provide any measurable drag reductions and
some showed increased drag. A partial plate seal applied to the front face of the trailer and
paired to the sleeper-cab with a 36 inch tractor-trailer gap showed no significant reduction
in wind-averaged drag. Removing the landing gear, smoothing the trailer underbody, and
adding an underbody diffuser fairing all showed a small increase in wind-averaged drag. For
these attempts, it was found that by reducing the resistance to flow in the underbody region,
a greater flow-rate is introduced in this region which increases the drag of the trailer bogie.
Roof mounted vortex generators also showed increased wind-averaged drag. These various
poorly-performing concepts do not represent specific commercial products or concepts and
the designs used have not been optimized. These test results should not be taken to mean
such concepts will not work, only that they show much lower potential for fuel savings than
the well-performing technologies and that they must be carefully optimized.

The best performing techniques for each region of the dry-van trailer were combined to exam-
ine the additive properties of the various technologies, and similar combinations were paired
with both the day-cab and sleeper-cab variants. Significant drag reductions of up to 29% have
been observed for some combinations. Fuel savings in excess of 8,000 litres per tractor per year
are predicted for some combinations (greater than $10,000 per year at current diesel rates).
Greater reductions were observed for the day-cab than the sleeper-cab tractor, and have been
attributed to the sleeper-cab guiding the wind over the gap region in a smoother manner as
a result of its length, thus receiving less gains from the gap devices. Of particular note, it
was found that side-skirts and boat-tails have a mutually beneficial interaction that provides
a reduction in drag from their combined use that is greater than the sum of their individual
drag reductions. An additional 3% drag reduction was observed in the current study when
the extended side-skirts and boat-tail were paired. This interaction has been identified as a
possible source of discrepancy for performance claims reported in literature of side-skirts and
boat-tails when tested in a combined manner as opposed to when tested individually.

In addition to the full-height 53 ft single dry-van trailer, the current project examined other
trailer types including a 53 ft flatbed trailer with different cargo configurations, a tandem 28 ft
dry-van trailer, and a 53 ft half-height dry-van trailer. This was done in an attempt to identify
fuel savings measures for a greater proportion of tractor-trailer combinations found on the
road. Different tractor roof configurations were also tested for some trailer configurations to
examine the sensitivity to proper matching of the tractor with the trailer.

Side-skirts were beneficial for all the flatbed configurations tested, but the magnitude of the
drag reductions varied (5% to 8%). A mid-height tractor roof was shown to benefit all of the
flatbed cargo configurations, even for a set of large boxes with a maximum height the same as
a full-height dry-van trailer.

For the tandem 28 ft trailer, which was used to represent a long combination vehicle (LCV),
reducing the trailer-trailer gap from 5 ft to 3 ft was most beneficial, but adding a trailer fairing
or full-plate seal in the trailer-trailer gap provided measurable drag reductions. The same
magnitudes of drag reductions were not realized when the rest of the trailer regions were
treated with side-skirts, a boat-tail at the base of the aft trailer, and a fairing on the front of the
forward trailer. A 25% drag reduction was measured for the full aerodynamic treatment of the
LCV configuration.

x NRC-CNRC Classification: Unclassified
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Aerodynamic matching of the tractor and trailer was examined by testing different tractor-roof
configurations with various trailers. The most interesting finding was that the drag increase
when adding a full-height roof fairing to a low-tractor/low-trailer configuration is as great as
the drag increase when removing the fairing from a high-tractor/high-trailer. The improperly-
paired configurations can result in an increased fuel use in excess of 5,000 litres per tractor per
year and increased greenhouse-gas emissions in excess of 14,000 kg CO2 per tractor per year.

The results presented in this study are intended to provide guidance to Canadian regulators
and Canada’s transportation industry on effective ways to reduce the fuel consumption and
emissions, through aerodynamic means, from the transportation of goods on Canadian road-
ways. Descriptions of the way in which the technologies affect the flow-field around a heavy-
duty vehicle should also be helpful in providing guidance to technology developers, and in
particular to trailer manufacturers that have the opportunity to design high-efficiency trailers
for the next generation of heavy-duty vehicles.
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1. Introduction

1.1 Background

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).

In a report prepared for Transport Canada in 2012 (Patten et al., 2012), NRC identified that
aerodynamic drag (resistance to motion due to movement through air) is the greatest com-
ponent of resistance to motion for heavy vehicles operating under highway conditions, and
is thus a prime contributor to greenhouse gas emissions and fuel consumption. In cold and
windy Canadian climates, aerodynamic drag can be an even more significant contributor to
these issues. Drag is also a dissipative loss that cannot be recovered by any means. Many
drag-reduction technologies are currently on the market and many are being proposed for im-
proving fuel efficiency and reducing emissions. Some evidence has shown that fuel savings on
the order of 10%-20% from such technologies are achievable for long-haul dry-van-trailer com-
binations (National Academy of Sciences, 2010). However, the evaluation of such technologies
is difficult and error prone, thus making many manufacturers’ claims suspect.

Transport Canada, through its eTV program, and Environment Canada are interested in in-
vestigating aerodynamic performance of new and emerging drag reduction technologies for
heavy vehicles, and in particular for tractor-trailer combinations. Through several decades
of working in the fields of ground-vehicle aerodynamics and wind engineering, the National
Research Council Canada (NRC) has the capabilities and expertise to evaluate properly the
aerodynamic performance of drag reduction technologies for ground vehicles and report on
their aerodynamic benefits, ease of use, and potential fuel savings. As such, Transport Canada
commissioned NRC to undertake a multi-year project to evaluate the performance of current
and emerging drag reduction technologies to guide Transport Canada and its stakeholders,
including Environment Canada’s Transportation Division, in reducing greenhouse-gas emis-
sions and fuel consumption from heavy vehicles.

The use of scale-model testing in a wind tunnel provides the benefit of testing in a systema-
tically-controlled and representative environment including relative vehicle/ground/wind
motions and the turbulent winds near the ground. Figure 1.1 shows the relationship be-
tween the three primary methods for aerodynamic evaluations, those being track testing,
wind-tunnel testing, and computational fluid dynamics (CFD), and identifies the benefits of
each. Although aerodynamic experiments on a test track provide realistic wind and ground
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Method Physics Boundary 
Conditions 

Drag 
Measurements 

Road/Track accurate 

(reality) 

accurate 

(reality) 

approximate 

(poor repeatability) 

Wind tunnel can be 

accurate 

approximate 

(simulation) 

reliable 

(excellent repeatability) 

CFD approximate 

(simulation) 

can be 

accurate 

reliable 

(excellent repeatability) 

Figure 1.1: Relative merits of aerodynamic evaluation methods for ground vehicles

conditions and represent the true environment, current experimental techniques and proce-
dures are not conducive to repeatable or accurate aerodynamic performance assessments. This
shortcoming is being addressed in a separate project under the eTV program that will provide
enhanced techniques for track testing, thus complementing the current proposed work. The
wind tunnel can provide reliable measurements and repeatable results in a simulated envi-
ronment that can closely match the true on-road conditions, depending on the fidelity of the
boundary conditions. CFD techniques can provide a simulation of the vehicle in its true envi-
ronment, but modelling assumptions regarding turbulence in the boundary layers and wakes
of the vehicle provide an approximation to the physics of the wind that generates drag on the
vehicle. In addition, the wind tunnel can be more efficient than CFD when considering wind-
averaged-drag evaluations that require results at numerous wind angles relative to the vehicle
direction of motion. The wind-tunnel technologies the NRC has implemented in the current
project provide a significantly improved simulation of the environment in which heavy vehi-
cles operate, therefore improving the realism and accuracy of the wind-tunnel measurements
and providing confidence in the final recommendations of the project. The NRC is confident
these techniques provide the most accurate wind-tunnel simulation of drag-reduction tech-
nologies for HDVs in the world, and allow an accurate measure of the differences between
these technologies.

The project consists of two phases. Phase 1, initiated in the first year of work (2012) has two
parallel streams of work that focus on the design and development aspects of the project.
Phase 2, initiated in 2014, consists of the test and evaluation part of the project. Figure 1.2
shows an overview of the project structure, including the two phases of the project, their
streams, and their major project elements.

This report presents the results from the wind-tunnel test program of Phase 2. A separate
report in progress (McAuliffe and Kirchhefer, 2015) provides detailed documentation of the
wind-tunnel setup, procedures, and commissioning efforts.
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1.2 Project Objectives and Outcomes

The primary objective of the project is to provide recommendations to HDV regulators, in-
cluding Transport Canada (TC), Environment Canada (EC), Natural Resources Canada (NR-
Can), and the U.S. Environmental Protection Agency (EPA), on the most efficient means to
reduce greenhouse gas emissions and fuel consumption of HDVs through aerodynamic drag-
reduction technologies. The inconsistency of typical drag-reduction evaluations, combined
with the inaccuracy associated with many of those techniques, requires a common objective
basis upon which such evaluations must be performed. The NRC has performed a wind-
tunnel test campaign that provides the consistency and realism required to ensure the most
reliable predictions of drag reduction possible. To do so, it was important to simulate the ef-
fects of relative motion between the vehicle, the ground and the wind, and to simulate the tur-
bulent wind characteristics near the ground encountered by heavy vehicles on the road. The
performance of modern and emerging drag-reduction technologies have been evaluated using
30%-scale models of various heavy-vehicle combinations. These evaluations have been done
in a manner that eliminates the largest uncertainties generally associated with wind-tunnel
testing; those being the use of a representative vehicle with minimized wall-interference ef-
fects, the simulation of natural winds and the simulation of relative motions between the ve-
hicle, the ground and the wind.

This project supports the following three eTV II program outcomes:

• Provide data to help support the development of future environmental (emissions) reg-
ulations: by providing test results on the efficiency gains offered by various HDV aero-
dynamic modifications/technologies.

• Provide data to help support the development of non-regulatory codes and standards:
testing results will help industry optimize drag reduction technologies.

• Support energy efficiency programs: testing outcomes will help inform energy efficiency
programs by providing data on various drag reduction technologies (for example, the
Canadian Smartway Program).

1.3 Requirements for the Wind Tunnel Test Program

At the outset of the project, requirements were defined for the test program to ensure high-
fidelity measurements of the drag performance of a heavy-duty vehicle:

1. The wind-tunnel simulation must correctly represent the aerodynamics of a full-scale
HDV. This includes appropriate Reynolds-number scaling, and correct ground-effect
simulation and wheel rotation.

2. The wind-tunnel simulation must provide wind characteristics in the test section repre-
sentative of what HDVs experience on Canadian roads;

3. The model should be of an adequate size to minimize the influence of the walls on the
flow around the vehicle.

4 NRC-CNRC Classification: Unclassified
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4. The model must accommodate a variety of current and emerging drag-reduction tech-
nologies.

5. The model must represent various tractor and trailer configurations to demonstrate ade-
quately the performance of drag reduction technologies for a variety of common vehicle
types. This includes the two primary tractor types (day-cab and sleeper-cab), common
trailer types (dry van, flatbed with and without cargo, etc.), and long-combination trailer
configurations.

In addition to these technical requirements, the model was also to be designed to ensure con-
fidence from the transportation industry for the future uptake of technologies. This has been
partially addressed by testing technologies with the various tractor and trailer combinations.
To further ensure confidence, the model must “look” like a real HDV. Its shape and details
must represent those of a real HDV on the road.

To address the requirements listed above, two technology development projects were under-
taken, as defined previously in Figure 1.2. The Wind Tunnel Simulation Improvements project
tasks were directed towards improving both the realism of the wind environment and the
accuracy of drag measurements. This encompasses the design of the new Road Turbulence
System (RTS) for the NRC 9 m Wind Tunnel that provides road-representative flow conditions
during the wind tunnel tests. The RTS is briefly described in Section 2.2 of this report, its de-
velopment is described in previous progress reports (McAuliffe et al., 2013a; and McAuliffe
et al., 2014a), and its commissioning is described in a separate report in progress (McAuliffe
and Kirchhefer, 2015). The Scale Model Design and Fabrication project tasks consisted of select-
ing a concept and scale for wind tunnel model from which a detailed design was developed
and built. The model is briefly described in Section 2.1.2, its development is described in pre-
vious progress reports (McAuliffe et al., 2013b; and McAuliffe, 2014b), and its commissioning
is described in a separate report in progress (McAuliffe and Kirchhefer, 2015).

1.4 Test Program

Through consultation with the Transport Canada - ecoTECHNOLOGY for Vehicle Program’s
Interdepartmental Heavy Duty Vehicle Steering Committee, an initial set of technology di-
rections was selected for examination in the NRC 9 m Wind Tunnel test program, based on
a survey of committee members. A detailed test plan, with specific technologies to test, was
subsequently developed and approved by the Steering Committee.

The goal of the NRC 9 m Wind Tunnel investigation was to identify practical technologies
and vehicle modifications that will best reduce HDV fuel consumption and GHG emissions
through aerodynamic means. The technologies tested do not represent commercial products,
although some were designed to achieve drag reduction in a similar manner to technologies
on the market. Concepts to be tested have been designed by NRC, with guidance from com-
mercial products and concepts in the open literature, to provide a measure of the performance
potential of such classes of technologies. The practical implementation and operational use of
such technologies has also be considered in their design.
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The overall test plan includes distinct test programs to address the various regions of the ve-
hicle or various vehicle types. Each major study is described in the following sections. Details
of the technologies tested are described in their respective results sections of the report.

1.4.1 Test Commissioning

As part of the project development effort, commissioning of the new wind tunnel model and
the Road Turbulence System (RTS) was performed. These efforts are described in a companion
report (McAuliffe and Kirchhefer, 2015) and are summarized in Section 2. Commissioning
tasks consisted of:

• RTS commissioning - Prior to installation of the 30% scale truck model, measurements
were performed to characterize the flow-field in the presence of the RTS. This also in-
cluded a comparison of drag measurements of the truck model in the turbulent-wind
conditions compared to those measured in smooth flow conditions;

• Strut-tare measurements - Measurements were performed to characterize the wind loads
experienced by the model mounting struts such that they could subsequently be sub-
tracted from the truck-test measurements;

• Reynolds number sensitivity - Measurements performed during the commissioning phase
of the project have demonstrated that the results, although not at full-scale Reynolds
number conditions, are consistent with the performance of the vehicle at full-scale con-
ditions;

• Ground-effect simulation - Measurements were performed to examine the influence of
the moving ground plane and spinning wheels on the aerodynamic performance of the
tractor-trailer combination;

• Model location influence - Based on model-scale selection requirements, the tractor-
trailer model with a 53 ft equivalent trailer is longer than the length of the moving
ground plane in the NRC 9 m Wind Tunnel. Measurements were performed with a
shorter trailer to identify the extent of the model over which adequate ground simu-
lation is most important; and

• Measurement repeatability - Throughout the test program, the model was returned to a
standard configuration several times for characterization of the repeatability of the test
procedures.

1.4.2 Tractor and Trailer Type

To give some context to the fuel savings potential of the various drag reduction technologies
tested under the current project, a comparison of the drag performance of some of the various
tractor-trailer combinations tested is provided (Section 3). The tractor and trailer variants used
for the current test program are:

• Tractors: sleeper-cab and day-cab; and

6 NRC-CNRC Classification: Unclassified
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• Trailers: 40 ft dry-van, 53 ft dry-van (tandem and tridem axle arrangements), half-height
53 ft dry-van, 53 ft flatbed with two cargo configurations, tandem 28 ft trailers (to repre-
sent a long combination vehicle).

1.4.3 Dry-Van Trailer Drag Reduction

A majority of the test program was dedicated towards evaluating the drag-reduction potential
for a standard 53 ft dry-van trailer. Sub-studies were carried out to examine different regions
of the tractor-trailer combination and to look at interactive influences:

• Tractor-trailer gap - Blocking the wind in the gap between the tractor and trailer has
been demonstrated to provide reduced drag for combination vehicles. Changing the
gap width and introducing devices in the gap have been examined (Sections 4.2 and
4.3);

• Trailer underbody - side-skirts and other devices have been examined to reduce the drag
associated with the trailer underbody (Section 4.4);

• Trailer base - variants of a boat-tail concept have been examined for the rear of the trailer
(Section 4.5);

• Trailer upper-body - shaping the roof and the use of roof mounted vortex generators
have been examined (Section 4.6);

• Device combinations - combinations of the best performing techniques have been exam-
ined (Section 4.7); and

• Tractor influence - some drag-reduction configurations were examined with different
tractor types to identify the influence of the tractor (Section 4.8).

1.4.4 Aerodynamics of Flatbed Trailers

The variability of cargo configurations for a flatbed trailer can make it difficult to approach a
drag-reduction solution. The influence of side skirts on a flatbed configuration with an empty
trailer and with two cargo configurations have been examined (Section 5).

1.4.5 Drag Reduction Methods for Long Combination Vehicles

With the prevalence of long combination vehicles appearing on some Canadian roads, such
as tandem 53 ft trailers, the trailer-trailer gap provides an additional source of aerodynamic
drag that can be treated to reduce fuel consumption and greenhouse-gas emissions. Due to
the inability to test a tandem 53 ft trailer configuration because of its length, a tandem 28 ft
configuration was tested to examine the influence of drag-reduction concepts for the trailer-
trailer gap (Section 6). In addition, the drag reduction potential in the trailer-trailer gap was
evaluated under the influence of aerodynamic treatments to the rest of the vehicle as well.
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1.4.6 Aerodynamic Matching of Tractor and Trailer Height

The earliest drag-reduction technologies for trucks included roof and trailer fairings to mini-
mize the effect of the tractor being shorter than the flat-faced trailer. Tractor roof fairings are
generally designed for matching with a standard dry-van trailer, however many other trailer
types with different heights are found on the roads. Questions are periodically posed in re-
gards to the usefulness of full-height tractor fairings with lower trailers, and whether there
may be sufficient fuel savings to pair a lower tractor with a lower trailer. To address this
question, several tractor roof configurations were tested with various trailer configurations to
identify the sensitivity of mismatching tractor and trailer heights (Section 7). The configura-
tions tested include:

• Two sleeper-cab roofs with dry-van trailer;

• Three day-cab roofs with dry-van trailer;

• Two sleeper-cab roofs with half-height dry-van trailer;

• Three day-cab roofs with half-height dry-van trailer; and

• Two sleeper-cab roofs with three flatbed configurations.

1.5 Report Outline

This report documents the results of the various studies listed above, in the order described.
To summarize, the basic outline of the report is as follows:

• Section 2: Brief description of the wind-tunnel setup and procedures;

• Section 3: Baseline drag characteristics of various tractor-trailer combinations tested;

• Section 4: Drag reduction methods for dry-van trailers including methods for the tractor-
trailer gap; the trailer underbody, the trailer base and the trailer roof;

• Section 5: Drag reduction for flatbed trailers;

• Section 6: Drag reduction for long-combination vehicles;

• Section 7: Drag reduction through appropriate tractor-trailer matching; and

• Section 8: Summary of the main findings.

In addition, Appendix A provides the test log for the wind-tunnel test program that identifies
the test runs performed, to which sub-study they belong, details of the model and test condi-
tions, and the wind-averaged-drag-coefficient values calculated for each run (see Section 2.4
for explanation of data).
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2. Test Setup and Procedures

2.1 Test Setup

2.1.1 Wind Tunnel

The test program was undertaken in the NRC 9 m Wind Tunnel located in Ottawa, Ontario,
Canada. The wind tunnel is a horizontal closed circuit atmospheric facility with a large test
section (9.1 m wide × 9.1 m high × 22.9 m long) that is suitable for testing tractor-trailer
combinations up to full scale. It is powered by an air-cooled 6.7 MW DC motor that provides
a maximum wind speed of approximately 55 m/s (200 km/h) in an empty test section. An
external mechanical, pyramidal balance senses the six-components of aerodynamic forces and
moments. The tractor-trailer model is shown in Figure 2.1 being installed in the test section of
the wind tunnel. A turntable (blue circle in Figure 2.1) allows rotation of the model about a
vertical axis to simulated the effect of cross winds.

Figure 2.1: 30% scale tractor-trailer model in the NRC 9 m Wind Tunnel.
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2.1.2 Model

A 30%-scale modular model of a tractor trailer combination was designed and built for the
current test program. The model scale was selected based on a compromise of different re-
quirements in an attempt to provide the most advanced wind-tunnel simulation of a heavy-
duty vehicle in the world. The design and development efforts of the tractor-trailer model
have been previously documented (McAuliffe et al., 2013b; McAuliffe, 2014b). These efforts
consisted of design studies to select the model scale, to develop an appropriate wheel-drive
system, to design a low-interference model mounting system, to select a suitable material to
represent the radiator and cooling system, and to develop a modular design concept to accom-
modate the various tractor and trailer configurations required.

The internal structure of the tractor model was designed to accommodate a variety of tractor
types. Schematics of this structure, showing ancillary components, and a photograph of the
day-cab variant of the structure are shown in Figure 2.2. Sliding rails are used to convert
the model between a day-cab and sleeper-cab configuration. Underbody components such as
the engine, the fuel tanks, the diesel exhaust fluid (DEF) tank, and the transfer casings were
manufactured using a SLS (selective laser sintering) 3D printing approach.

day‐cab frame

sleeper‐box frametrailer mounts

day cab frame

controllers and power
supplies for wheels

SLS engine model

simulated cooling

strut mount locations

g

system frame

vane anemometers

(a) Top view of internal structure

sliding rails

SLS components

(b) Bottom view of internal structure

(c) Day-cab configuration being installed in the wind
tunnel

Figure 2.2: Tractor model internal structure
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Figure 2.3: Trailer underbody structure and tandem-axle trailer bogie arrangement.

The tractor shape is based on CAD geometry provided by Navistar representing an Interna-
tional ProStar Short Sleeper. Under the agreement with Navistar to use the CAD geometry, the
shapes of the tractor fairing, the A-pillars, and the bumper were modified from the original
designs. Other details were modified for use with the 30% scale model, such as the removal of
some gaps at the interfaces of various body panels. The external surfaces were manufactured
using a 3D printing technique (SLA - stereo lithography apparatus) to produce lightweight
components that mount to the internal structure.

A realistic engine bay and cooling pack were implemented in the model such that the cooling
airflow through the engine bay would be adequately captured, and thus appropriate cooling
drag would be experienced by the model. An appropriate level of resistance to flow through
the engine bay was added to provide a cooling flow rate with an average wind speed, based
on a set of six vane anemometers mounted behind the front grille, of approximately 19% of
the freestream wind speed.

The structural frames of the trailer models were built using an extruded aluminum structure
on which the external shell was installed. The trailer underbody was designed to be similar in
structure to a real trailer, to provide a similar level of roughness and resistance for the airflow
(shown in Figure 2.3. The rounded vertical edges on the front faces of the trailers (see Figure
2.2(c)) were machined from Renshape, an engineered material with similar characteristics to
wood. The full front face and the roof of the 53 ft trailer model were fabricated entirely from
Renshape. The trailer models consist of (full-scale equivalent dimensions):

• 1× 40 ft dry-van trailer 118 inches high;

• 1× 53 ft flatbed trailer;

• 1× 53 ft dry-van trailer 118 inches high;

• 1× 53 ft dry-van trailer 66 inches high; and

• 2× 28 ft dry-van trailer 118 inches high.

The wheel-drive systems were designed with two motors per axle, one on each side. For the
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Figure 2.4: Trailer wheel sets in tandem axle configurations.

tractor, the motor controllers and power supplies were mounted in the tractor body, as iden-
tified in Figure 2.2(a). For the trailer wheels, each axle was a self-contained unit consisting of
the motors, controllers, and power supplies, such that they could be positioned anywhere on
the trailer underbody with minimal requirements for cable routing. The trailer was configured
with up to four axles depending on the test requirements. A two-axle arrangement is shown
in Figure 2.4. Each wheel was fabricated using an SLS 3D printing approach. Each wheel pair
was assembled with a hub and balanced for use up to 3600 rpm prior to installation on the
motors.

The drag-reduction devices, to be described in their respective sections of the report, were fab-
ricated using a variety of techniques, from machined foam or Renshape, to milled aluminum
sheets, to hand-assembled plywood structures, to welded sheet-metal structures.

In addition to the wind loads experienced by the model and measured by the underfloor bal-
ance, an onboard measurement system acquired data for other types of measurements, includ-
ing:

• a set of six vane anemometers located behind the front grille to measure the speed of the
wind entering the engine bay;

• the wheel speed and power requirements from each wheel motor to allow calculation of
the aerodynamic resistive torque experienced by the wheels;

• three pressure scanners to measure the model surface pressure at up to 192 locations on
the model (60 pressure taps on the tractor and the remainder on the trailer).

2.1.3 Ground Simulation

Adequately simulating the interaction of the vehicle with the wind in the near-ground region
can be difficult in a wind tunnel due to the floor being stationary with respect to the vehi-
cle (represents the road surface moving at the same speed as the vehicle). The truck model,
which has spinning wheels, was designed for use with the Ground Effect Simulation System
(GESS) of the NRC 9 m Wind Tunnel that includes a boundary layer suction system and mov-
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Figure 2.5: Model mounted with Ground Effect Simulation System (GESS).

ing ground plane to simulate the appropriate relative motions between the vehicle, the ground,
and the air. The GESS systems are identified in Figure 2.5. The moving ground plane, which
consists of a rolling belt system, is contained within the floor turntable and therefore is always
moving in the “direction of motion” of the truck. To avoid mechanical fouling between the
wheels and the ground plane, the wheels were raised approximately 5 mm from the surface.

As part of the commissioning tasks, measurements were performed for various levels of ground-
effect simulation by combining conditions with the moving ground plane and wheels system-
atically turned on or off. These measurements, performed with the sleeper-cab tractor and
53 ft dry-van trailer and presented in McAuliffe and Kirchhefer (2015), show that the moving
ground plane and the spinning wheels contribute to approximately 1% and 5% of the vehi-
cle drag, respectively. This means that measurements using fixed-floor and stationary model
wheels will under-predict the vehicle drag by approximately 6%.

As previously noted, when using the 53 ft trailer model, the tractor-trailer is longer than the
exposed moving ground plane. In order to identify the most appropriate manner in which to
mount the longer models, whether to overhang the front or the back over the fixed floor, tests
were performed with the 40 ft equivalent trailer model that allowed full ground simulation
under the entire model. This model was tested in three locations: 1) fully over the belt, 2) with
the front overhanging the fixed floor, and 3) with the back overhanging the fixed floor. No
significant change in the measured drag coefficients was found when overhanging the front
of the model over the fixed floor, but a 3% increase in drag was found when overhanging the
back of the model. The differences have been attributed to changes in the structure of the wake
behind the vehicle, as identified by surface pressure measurements. It was therefore decided
that the majority of testing with the 53 ft trailer would be performed with the front of the model
overhanging the fixed floor. It was anticipated that changes to the tractor-trailer gap would be
most sensitive to changes in the ground simulation under the tractor, and therefore the tests
concerning the tractor-trailer gap were performed with the back of the model overhanging the
fixed floor.
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2.1.4 Model Mounting

As seen in Figures 2.1 and 2.5, the model is supported over the moving ground plane using
a series of six struts (three on each side). The shape of the struts was defined based on a pre-
liminary design study in which it was found that this horizontal outrigger approach provided
a low and consistent aerodynamic interaction with the flow surrounding the model such that
the interaction is within 2% of the measured drag of the vehicle (McAuliffe, 2014b). This inter-
action represents the manner in which the flow-field is modified in the presence of the struts
and how it influences the wind loads experienced by the model.

In addition to the aerodynamic interaction effect, the wind loads experienced by the un-
shielded struts are themselves a component of the measured wind loads. As part of the model
commissioning process, these strut loads were measured for several truck configurations and
strut locations. These measurements were performed with the struts attached to the under-
floor balance and the truck model securely mounted to the top of the turntable, without any
contact between the two. These direct measurements of the strut loads, which are on the order
of 5-6% of the truck drag, were characterized and subsequently subtracted from the test pro-
gram measurements when the truck model was connected to the struts. The strut interaction
effects were also quantified based on the earlier design study and subtracted from the wind
tunnel measurements.

2.2 Road Turbulence System

At the outset of the current project it was recognized that simulating the winds that vehicles
experience on the road may be just as important as simulating the appropriate aerodynamic
ground effects. Many wind tunnels provide smooth, aeronautical-quality winds that are not
representative of the ground-level winds experienced by vehicles on the road. Wind engineers
recognized long ago that buildings and bridges can behave drastically different in smooth
flow conditions than they do in the turbulent and gusty terrestrial winds that are experienced
at ground level, and have developed means of simulating these appropriate turbulent winds
in a wind tunnel.

Watkins and Cooper (2007) provide a review concerning the effects of turbulence on the aero-
dynamic performance of road vehicles. They discuss that drag reductions for commercial
vehicles have been shown to be smaller in turbulent flows than smooth flows, implying that
it may be more difficult to reduce the drag of heavy duty vehicles in flow conditions repre-
sentative of the turbulent terrestrial winds experienced on the road. The measurements they
described are a combination of road-to-wind-tunnel comparisons and comparisons between
different turbulence conditions in a wind tunnel, all with older-style vehicles that have poor
aerodynamic performance compared to today’s commercial vehicles. The measurements also
suffer from high uncertainties in the road measurements, or were performed at smaller scales
than are generally accepted today (Wood, 2012a). As part of the development work of the
project, measurements performed in a smaller wind tunnel for a 5% scale tractor-trailer model,
demonstrated the sensitivity of a streamlined modern tractor shape to turbulence (McAuliffe
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Figure 2.6: Road Turbulence System (RTS) installed in the 25 m (82 ft) diameter settling cham-
ber of the NRC 9 m Wind Tunnel.

et al., 2014a). As such, a requirement for the current drag-reduction effort was to replicate
road-representative turbulence conditions in the wind tunnel.

The development of a turbulence-generation system for ground vehicle testing was under-
taken in parallel with the development of the 30% tractor-trailer model. To identify the wind
characteristics of interest, a road-test campaign was first developed to measure the transient
wind conditions experienced by vehicles on the road in a number of terrain, traffic, and wind
conditions. The measurements and the selection of a target condition for the wind tunnel
simulation have been summarized in an SAE technical paper (McAuliffe et al., 2014c). Subse-
quently, development efforts were undertaken in smaller wind tunnels to identify a concept
and ensure that it can be scaled to the NRC 9 m Wind Tunnel (McAuliffe et al., 2013a; McAuliffe
et al., 2014a). At the outset of the current test campaign, the new NRC Road Turbulence System
(RTS) was installed and commissioned for the NRC 9 m Wind Tunnel. A photograph of the
RTS installed in the settling chamber of the wind tunnel is shown in Figure 2.6.

The target turbulence condition identified from the road-turbulence measurements represents
a condition with moderate terrain roughness, moderate traffic density, and moderate wind
strength (conditions defined by McAuliffe et al., 2014c). The RTS was designed to match the
wind spectra (energy distributions with frequency) as best as possible. These measurements
and analyses are presented in detail by McAuliffe and Kirchhefer (2015). The wind spectra can
be characterized by two parameters that represent the magnitude of turbulence energy in the
wind, with respect to the mean wind speed, and the distribution of turbulence energy with
frequency. These parameters, known as the turbulence intensity and the turbulence length
scale, have been calculated for the wind-speed component in each coordinate direction (u-
longitudinal, v-lateral, w-vertical) and are compared in Table 2.1 with those of the target road-
turbulence measurements. Note that in comparing the turbulence length scales, the values in
Table 2.1 for the RTS have been scaled to represent the appropriate values for the 30% truck
model in relation to a full-scale truck on the road. The RTS turbulence characteristics are
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Table 2.1: Comparison of RTS turbulence characteristics with the target on-road condition (M-
M-M: Moderate Terrain, Moderate Traffic, Moderate Winds).

Component
Turbulence Intensity, I Turbulence Length Scale, Lx

Road RTS Road RTS†

u 4.0 % 3.6 % 4.7 m 1.0 m

v 3.5 % 5.0 % 1.9 m 2.6 m

w 3.1 % 4.4 % 0.6 m 1.3 m
† full-scale equivalent

similar to the road measurements. In the turbulence spectra that define these values, the high-
frequency/small-scale turbulence shows a very good match to the on-road measurements.
In the low-frequency/large-scale part of the turbulence spectra, the longitudinal component
shows slightly lower energy than on the road, whereas the lateral and vertical components
show higher energy. Despite these differences, the turbulence generated by the RTS provides
a good representation of the turbulence characteristics measured on the road. This is also
reflected in spatial correlation measurements of the turbulence, again documented in greater
detail by McAuliffe and Kirchhefer (2015). Differences in the tractor-trailer drag characteristics
with the RTS compared to tests is smooth flow are also reported by McAuliffe and Kirchhefer
(2015), which indicate the drag measurements are approximately 2% lower with the RTS than
in smooth flow, and that the smooth-flow results over-predicted the drag reductions measured
for two common drag-reduction technologies.

2.3 Test Procedure

The measurements presented in this report have been performed in accordance with the SAE
International recommended practice for wind-tunnel testing of trucks and buses (SAE Wind
Tunnel Test Procedure for Trucks and Busses, 2012).

Measurements were performed at a wind speed of 50 m/s (180 km/hr), which is the high-
est speed attainable with the moving ground plane in the NRC 9 m Wind Tunnel. This wind
speed provides a width-based Reynolds number for the 30% truck model of approximately
2.6×106. This is approximately 54% of that achieved by a full-scale vehicle traveling at 100
km/h (Re = 4.8×106). Data by Wood (2012a) and Leuschen (2013) suggest that the aerodynam-
ics of a tractor-trailer combination show a small sensitivity to Reynolds number between about
2×106 and 4-5×106, above which the drag coefficient (see Section 2.4) is not influenced by
Reynolds number effects. Additional analysis presented by McAuliffe and Kirchhefer (2015)
show that at the test condition of Re = 2.6×106 the only region of the 30% scale truck model
that appears to be sensitive to Reynolds number is the tractor underbody. It is therefore ex-
pected that Reynolds number effects will not influence the trailer technologies being tested in
the current project. Although full-scale Reynolds number conditions have not been achieved
in the current study, the data of Wood and Leuschen suggest that the drag coefficients mea-
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sured here are within 1% of the full-scale Reynolds-number values.

For each vehicle configuration, measurements were performed at various yaw angles (turntable
positions) to allow the calculation of a wind-averaged-drag coefficient. The largest yaw sweep
used was 0◦, -15◦, -12◦, -9◦, -6◦, -3◦, -1◦, 0◦, 1◦, 3◦, 6◦, 9◦, 12◦, 15◦, 0◦. For time and cost con-
straints, many yaw sweeps consisted of a maximum angle range of ±12◦or ±9◦, and for some
configurations only negative-range yaw sweeps were performed.

2.4 Data Reduction

The drag coefficient is defined as

CD =
FD

1/2ρU2 A
(2.1)

where FD is the measured drag force, ρ is the air density, U is the wind speed, and A is the
vehicle reference area (taken here as vehicle height × vehicle width, 0.962 m2). To ensure all
measurements presented in this report can be compared directly to one another, this value for
the vehicle reference area has been used for all truck configurations tested, even those with
smaller frontal areas.

The wind-tunnel drag-coefficient measurements have been corrected for the following influ-
ences, according to standard wind-tunnel practice:

• Blockage effects: Confinement of the air around the model in the closed-wall test section
of the wind tunnel causes a local speed-up of the air in the vicinity of the model. At
30% scale, the wind-speed increase is on the order of 1%. The Thom-Heriot method (de-
scribed in SAE SP-1176, 1996) has been used to correct the wind speed, and its influence
on the drag coefficient and pressure coefficients.

• Strut loads: The wind loads measured by the under-floor balance system also measure
the wind loads experienced by the struts that support the tractor-trailer model over the
rolling road, as described previously in Section 2.1.4. The strut wind loads and their
aerodynamic interactions have been subtracted from the model+strut measurements to
provide the wind loads experienced by the model in the absence of the struts.

• Wheel aerodynamic resistance: The overall aerodynamic resistance to the motion of a
ground vehicle includes not only the drag force of the vehicle in-line with the direc-
tion of motion, but also the aerodynamic torque experienced by the wheels. The engine
must overcome the resistance to both aerodynamic resistance sources. The aerodynamic
torque experienced by the wheels has been measured through the wheel motors, con-
verted to an equivalent force measurement, and added to the linear drag measurement
to obtain a vehicle drag coefficient representative of the aerodynamic resistance to mo-
tion on the road.

To provide a single representative measure of the aerodynamic performance of a ground vehi-
cle with which the different configurations can be compared, a wind-averaged-drag coefficient
(WACD) can be defined that, for a given ground speed (Ug), accounts for an equal probability
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of experiencing terrestrial winds from all directions. The WACD makes use of the distribu-
tion of CD with yaw angle, combined with a single mean terrestrial wind speed (Uavg) that
represents long-term averaged conditions experienced on the road. The procedure involves
averaging the vector combination of ground speed and wind speed for an equal probability
of experiencing the mean wind speed from all directions. The general equation for the wind-
averaged-drag coefficient is:

WACD(Ug) =
1

2π

∫

2π

0

CD(ψ)

[

1 +

(

Uavg

Ug

)2

+ 2

(

Uavg

Ug

)

cos θ

]

dθ (2.2)

where the yaw-angle of the wind relative to the direction of motion is

ψ = tan−1

[

(Uavg/Ug) sin θ

1 + (Uavg/Ug) cos θ

]

(2.3)

For Canada and the United States, a typical mean terrestrial wind speed (Uavg) used for these
calculations is 11 km/h (7 mph, SAE Wind Tunnel Test Procedure for Trucks and Busses, 2012). Un-
less specified otherwise, the WACD values presented in this report represent those calculated
for an 11 km/h mean terrestrial wind speed and a vehicle ground speed of 100 km/h. Depend-
ing on whether a full- or half-range yaw sweep was performed, the WACD was calculated for
the positive yaw range, the negative yaw range, and the full yaw range. For each data plot
in this report, the data presented will use an appropriate range for the wind-averaged-drag
coefficient, and is defined on the plot by WAC−

D , or WAC±

D for the negative yaw range and full
yaw range, respectively.

Based on an analysis of the error sources for the current data set (McAuliffe and Kirchhefer,
2015), the uncertainty for the wind-averaged-drag coefficient (δWACD) is estimated to be on
the order of 0.003. A large proportion of this uncertainty is associated with correlated bias
errors, such that the uncertainty associated with the difference in wind-averaged-drag coeffi-
cient between different model configurations (δ∆WACD) is on the order of 0.001.

The wind tunnel model was instrumented with surface pressure taps. Pressure coefficients
were calculated according to:

CP =
P − Pre f

1/2ρU2
(2.4)

where P is the model surface pressure, Pre f if the local static pressure in the wind-tunnel test
section, ρ is the air density, and U is the wind speed.

2.5 Fuel-Savings and Greenhouse-Gas-Reduction Analysis

Although an increase or decrease in vehicle drag provides an indication of a change in fuel
consumption or greenhouse-gas emissions of a heavy-duty vehicle, estimates of these savings
are important for quantifying economic factors that will influence the acquisition and use of
particular technology.
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The difference in wind-averaged-drag coefficient for a given vehicle configurations and a ref-
erence case is used to estimate the fuel-consumption savings, ∆µ, of the device when travelling
at the specified speed, according to:

∆µ(Ug)

[

l

100km

]

= 27.8 ×
s f c 1/2 ρ U2

g∆WACD A

η
(2.5)

where s f c is the specific fuel consumption of a modern diesel engine (taken here as 2.4×10−4

l/Whr), ρ is standard sea-level air density (taken here as 1.225 kg/m3), Ug is the vehicle ground
speed (taken here as 27.8 m/s, equivalent to 100 km/h), ∆WACD is the change in wind-
averaged drag coefficient, A is the vehicle frontal area (taken here as vehicle height × vehicle
width, 10.7 m2), η is the transmission efficiency (taken here as 0.85), and 27.8 is a units scaling
factor.

From the fuel-consumption-savings estimates of Equation 2.5, practical values of fuel savings
and greenhouse-gas emission reductions for a typical vehicle can be developed. In a recent
white paper on the adoption rates of fuel-savings technologies by Canadian fleets (Sharpe
et al., 2015), yearly travel distances for tractors and trailers for nine Canadian fleets are docu-
mented. Based on the numbers presented for tractors, an estimate of 156,000 km ± 45,000 km
per tractor per year has been inferred. Not all of this distance is traveled at highway speed.
Information regarding the speed profiles of the vehicles reported by Sharpe et al. (2015) are
not available, however for the purpose of the current report, it has been assumed that these
are long-haul operators and that the vehicles travel at highway speed 80% of their time. An
evaluation of some unpublished raw data from the Canadian Vehicle Use Study (Transport
Canada, 2015) indicates this to be a reasonable assumption. This 80%-highway duty cycle pro-
vides an estimate of 125,000 km ± 35,000 km traveled per tractor per year at highway speed.
With such an estimate, the fuel savings (litres of diesel and fuel cost) and the reduction in
CO2 emissions for each vehicle every year can be calculated. As was used by Sharpe et al.
(2015), the average 2014 price of diesel fuel is used in the analysis ($1.35/litre). Greenhouse-
gas emission savings are calculated based on simple chemistry that shows 2.64 kg of CO2 is
emitted per litre of diesel burned. Based on the uncertainty estimate for the wind-averaged
drag coefficient defined in the previous section (δ∆WACD ≈ 0.001), the uncertainty on the fuel
savings and greenhouse-gas emissions are on the order of 50 litres/tractor/year and 130 kg
CO2/tractor/year.
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3. Drag Characteristics of Tractor-Trailer
Combinations

3.1 Truck Configurations

Although long-haul trucking is dominated by sleeper-cab tractors and dry-van trailers, numer-
ous other vehicle configurations are found on the road. To assess adequately the fuel-savings
potential of different aerodynamic treatments to heavy-duty vehicles, it was deemed impor-
tant to use different vehicle configurations in the wind tunnel test program. This section of the
report provides a brief discussion of the differences in drag characteristics that can be found
between different vehicle combinations. Specific details on the differences, and why they are
different, are deferred to later sections of the report that deal with the drag reduction technolo-
gies and how their influence differs between vehicle configurations. This section also provides
an introduction to the manner in which the drag-coefficient data will be presented throughout
the report.

3.2 Tractor Configurations

Two basic tractor configurations have been tested. Figure 3.1 shows the day-cab and sleeper-
cab arrangements for the tractor model with their full-height roof fairings. Both variants of
the model use the same fore-body surfaces. To convert from the day-cab to the sleeper, the
wheelbase is extended, side-skirt extensions are added, a sleeper box structure and side pan-
els are added, and the roof fairing is changed. The drag-coefficient performance of the two
tractor variants, when paired with the 53 ft dry-van trailer, are compared in Figure 3.2. In the
left-hand plot, the upper curves (with white-filled symbols) represent the variation of drag
coefficient (CD) with yaw angle. In Figure 3.2, the sleeper-cab is the reference case against
which the day-cab data are measured. The curve with grey-filled symbols in the lower part of
the left-hand plot shows the difference in drag coefficient between the day-cab and its refer-
ence case, the sleeper-cab (axis for this data set on right side of graph per the arrow). These
data show that the greatest difference between the sleeper-cab and day-cab tractor variants is
at low yaw angles. The bar graph on the right-hand plot represents the difference in wind-
averaged-drag coefficient (WACD, evaluated at 100 km/h ground speed) between the sleeper-
cab (reference case) and the day-cab. The tractor-trailer combination experiences higher drag
with the day-cab tractor than with the sleeper-cab. This is an increase of approximately 7%
(∆WACD = +0.038) over the sleeper-cab value. The sleeper-cab shows a greater level of asym-
metry in the variation of the drag-coefficient with yaw angle than does the day-cab. This
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(a) Day-cab (b) Sleeper-cab

Figure 3.1: Day-cab and sleeper-cab tractor configurations.
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Figure 3.2: Comparison of the drag-coefficient performance of the sleeper and day-cab tractor
variants with the 53 ft dry-van trailer.
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is likely due to small asymmetries in the model build and configuration. For example, the
sleeper-cab variant uses a vertical exhaust pipe in the gap region on the passenger side of
the vehicle, whereas the day-cab variant uses a low exhaust pipe and therefore has greater
symmetry in the tractor-trailer gap region.

3.3 Trailer Configurations

Several trailer configurations have been used throughout the current study. A sample set of
four tested trailer configurations with the sleeper-cab tractor is shown in Figure 3.3, including
the 53 ft dry-van, the 40 ft dry-van, the 53 ft flatbed, and the tandem 28 ft dry-van configu-
rations. Note that the flatbed, although intended to be empty, required a small box to cover
the on-board instrumentation that typically would reside inside the dry-van trailer. The drag-
coefficient measurements for these four trailer configurations are shown in Figure 3.4, and are
presented in the same manner as the tractor data, with the reference case for all others being

(a) 53 ft dry-van (b) 40 ft dry-van

(c) 53 ft flatbed (d) Tandem 28 ft dry-van

Figure 3.3: Sample of trailer configurations with sleeper-cab tractor.
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Figure 3.4: Comparison of the 53 ft dry-van, 40 ft dry-van, 53 ft flatbed (empty), and tandem
28 ft dry-van trailers with the sleeper-cab tractor.

the 53 ft dry-van configuration. A 9% decrease in drag is observed for the 40 ft dry-van trailer
(∆WACD = -0.052), compared to the 53 ft dry-van. Although not presented here, surface pres-
sure measurements show that this lower drag is due to a combination of higher base pressure
on the back face of the trailer and lower pressure on the front face of the trailer bogie. The
latter effect is due to the bogie being closer to the tractor drive axles, providing less distance
over which high-momentum air can be entrained and impinge on the front face of the bogie.
The flatbed configuration shows little difference in drag from the 53 ft dry-van at low yaw
angles. The influence of the low trailer is observed at higher yaw angles where the increase
in CD with yaw angle is not as great as for the dry-van. This results in a wind-average-drag
coefficient approximately 5% lower for the 53 ft flatbed than for the same length dry-van. The
drag-reduction study for the flatbed configuration is found in Section 5. The tandem 28 ft
dry-van trailer shows a large increase in drag compared to the 53 ft dry-van (13% increase,
∆WACD = +0.077). This increase is due predominantly to drag associated with the trailer-
trailer gap region, and due to the extra sets of trailer wheels. The drag-reduction study for the
long-combination-vehicle configuration is found in Section 6.
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3.4 Influence of Tractor and Trailer on Fuel Use and Greenhouse-Gas

Emissions

The results presented in this section show a variability in the wind-averaged-drag coefficient
on the order of ±10% for the different tractor and trailer configurations using the sleeper-
cab tractor and 53 ft dry-van trailer as the reference configuration. This does not consider
any drag-reduction treatments. To demonstrate the difference in fuel use and greenhouse-
gas emissions, Table 3.1 shows the fuel savings and reduction in CO2 possible for the various
tractor and trailer configurations discussed in this section, all relative to the sleeper-cab and
53 ft dry-van configuration. The use of the day-cab tractor configuration tested, instead of
the sleeper-cab tractor, would provide an increase in fuel use and greenhouse-gas emissions
of approximately 1,900±500 litres/tractor/year and 5,000±1,300 kg CO2/tractor/year. Note
that these estimates are based on the aerodynamic effects and do not include the influence of
changes to the vehicle weight. Differences on the order of thousands of dollars and thousands
of kg of CO2 emissions are attributed to the various aerodynamic changes to the tractor-trailer.
The remainder of the report will focus on ways to improve the drag characteristics of these
various tractor-trailer combinations.

Table 3.1: Fuel savings and greenhouse-gas reduction estimates for changes in tractor and
trailer configurations (for 125,000±35,000 km/tractor/year @ 100 km/hr), DV - dry-
van, FB - flatbed. Note: negative numbers imply increased fuel-use and emissions.

Baseline Modified Drag Fuel Rate Fuel Fuel Cost CO2

Vehicle Vehicle Change Savings Saved Savings Reduction

Configuration Configuration ∆WACD [l/100km] [l] [$ @ $1.35/l] [kg]

sleeper-cab/53 ft DV day-cab/53 ft DV 0.038 -1.5 -1,900 ± 500 $ -2,600 ± $ 700 -5,000 ± 1,300

sleeper-cab/53 ft DV sleeper-cab/40 ft DV -0.052 2.1 2,600 ± 700 $ 3,500 ± $ 900 6,900 ± 1,800

sleeper-cab/53 ft DV sleeper-cab/53 ft FB -0.026 1.0 1,300 ± 400 $ 1,800 ± $ 500 3,400 ± 1,100

sleeper-cab/53 ft DV sleeper-cab/2x28 ft DV 0.077 -3.0 -3,800 ± 1,100 $ -5,100 ± $ 1,500 -10,000 ± 2,900
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4. Drag Reduction Methods for Dry-Van Trailer

4.1 Approach

Aerodynamic improvements to tractor-trailer combinations have, until recently, focussed pri-
marily on streamlining and modifying the tractor. Many low-drag aero-tractors are on the
market and significant efforts have been expended by the tractor OEMs to develop and opti-
mize these vehicles, pushed in part by regulatory efforts to reduce greenhouse-gas emissions
(GHGs) and fuel consumption (Environment Canada, 2013; U.S. Environmental Protection
Agency and U.S. Department of Transportation, 2011). Reducing the drag of tractor-trailer
combinations through modifications to the trailer have been limited primarily to the use of
side-skirts, although emissions regulations in some regions such as California have promoted
a higher rate of adoption of other types of drag reducing trailer devices such as boat-tails.
Except for California, regulations have not, to date, treated trailers.

To evaluate the performance of current and emerging drag reduction technologies for heavy-
duty vehicles, a large part of the current study was directed towards reducing the drag associ-
ated with dry-van trailers. This section of the report evaluates the performance of technologies
that treat several regions of the trailer:

1. The tractor-trailer gap (Sections 4.2 and 4.3);

2. The trailer underbody (Section 4.4);

3. The trailer base (Section 4.5); and

4. The trailer upper-body (Section 4.6).

With the best-performing devices and configurations identified, combinations thereof were
also tested to evaluate the interactions and influences between them. These aerodynamic in-
teractions are discussed in Section 4.7. Furthermore, the differences in performance of some
of these technologies and their combinations when applied to the day-cab and sleeper-cab
variants have also been evaluated, and are discussed in Section 4.8.

The baseline configuration for most of the results presented in the following sections consisted
of the sleeper-cab tractor with the 53 ft dry-van trailer and a 36 inch gap between them. Some
of the tests were performed with the day-cab tractor variant, to evaluate any performance
differences between the two tractor types.
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4.2 Tractor-Trailer Gap Width

The tractor-trailer gap is one region of a tractor-trailer combination that has long been known
to influence the drag of the vehicle. Wind flowing through the gap region has been recognized
as a source of drag and changes to the distance between the tractor and trailer have been
recognized to influence the vehicle drag (Leuschen and Cooper, 2006; National Academy of
Sciences, 2010; Gelzer, 2011; Patten et al., 2012). The results presented in this section provide
guidance not only on optimum settings for the tractor-trailer gap but also on the potential
benefit of active fifth-wheel technologies that may be useful to adjust the gap automatically
while in motion.

To investigate the potential drag reduction from shortening the width of the tractor-trailer gap,
the drag of the vehicle was measured for different positions of the tractor variants relative to
a stationary trailer location. For this set of tests, full ground simulation was provided for the
forward part of the vehicle such that the front of the tractor was located approximately 0.30 m
from the front edge of the rolling road. The tractor struts were mounted in their forward-
most locations on the model, immediately aft of the wheel wells, to minimize interactions of
the strut wakes with the tractor-trailer gap region. Measurements were performed with five
gap widths for the sleeper-cab tractor variant (equivalent to 24 in, 30 in, 36 in, 42 in, and 48
in full-scale) and three gap widths for the day-cab tractor variant (equivalent to 24 in, 36 in,
and 48 in full-scale). Photographs of the two tractor variants with the 24 in, 36 in, and 48 in
gap width are shown in Figure 4.1, in which the extent of the trailer front face visible in each
photograph provides a representation of the change in gap width relative to the overall vehicle

(a) Sleeper-cab 24 in gap (b) Sleeper-cab 36 in gap (c) Sleeper-cab 48 in gap

(d) Day-cab 24 in gap (e) Day-cab 36 in gap (f) Day-cab 48 in gap

Figure 4.1: Tractor-trailer gap-width configurations
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Figure 4.2: Influence of tractor-trailer-gap width for the sleeper-cab tractor with the 53 ft dry-
van trailer.

dimensions. It is to be noted that the tractor-trailer gap width represents the distance from the
aft surface of the tractor cab to the front face of the trailer. The tractor side-extenders provide
a further reduction of 17 inches to the distance from the tractor back edge to the trailer front
face, and therefore at the smallest gap width of 24 inches, the distance from the aft edge of the
tractor side extenders to the trailer front face is only 7 inches. This distance is often referred to
as the aerodynamic gap width.

Figure 4.2 shows the drag-measurement results for the sleeper-cab tractor. The results show
that the drag increases with increased gap width, and that the magnitude of the increase varies
with yaw angle, more so for the cases with increased gap width. The equivalent results for the
day-cab tractor, with a 36 inch gap as the reference case, are shown in Figure 4.3 for which
a similar trend as the sleeper-cab is observed. In general, the day-cab tractor exhibits higher
drag than the sleeper. The trends in drag coefficient with changing gap width, most clearly
observed in the ∆CD plots, show some differences between the sleeper-cab and day-cab vari-
ants. For the day-cab, the largest gap width (48 in) shows a higher drag increase at small yaw
angles, as compared to the sleeper cab.

To examine the overall influence of the gap on the two tractor variants, the change of wind-
averaged-drag coefficient with gap width are plotted in Figure 4.4 for two ground speeds (80
km/h on the left and 100 km/h on the right). The results of Figure 4.4 show two important
trends. First, due to increased CD with yaw angle, the results at 80 km/h ground speed shows
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Figure 4.5: Influence of tractor-trailer-gap width on trailer front face pressures (open symbols
for 0◦yaw angle, filled symbols for -12◦yaw angle).

higher WACD due to an increased weighting of higher yaw angles. Secondly, the rate of in-
crease of WACD with gap width is higher at lower ground speeds (0.0015/inch compared to
0.0013/inch). Despite the differences in absolute drag coefficient between the day-cab and
sleeper-cab tractors, these gap rates are consistent between the two for a given ground speed.

The increase in drag of the tractor-trailer combination as a result of increasing the tractor-
trailer-gap width is attributed to two sources, as identified by surface-pressure measurements
performed during the test campaign:

1. As yaw angle increases and an increased amount of air travels through the gap region
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due to the effective cross-wind, a larger area of the wind-ward trailer vertical edge expe-
riences high pressure from the air impinging on its surface. This is shown for both the
day-cab and sleeper-cab in Figure 4.5, in which each subplot represents the horizontal
row of pressure taps on the front face of the trailer that experiences the greatest increase
in pressure as yaw angle increases. In both subplots, the wind-ward/passenger-side
pressure tap shows increased pressure at -12◦ yaw, and this increase is higher for the
larger gap widths. This increased surface pressure with gap width is the likely cause for
the trend of increasing ∆CD with yaw angle in Figures 4.2 and 4.3.

2. Over the range of yaw angles tested, pressure in the trailer-underbody region increases
with increasing gap width. Figure 4.6 shows the change with yaw angle of the pressure
coefficient measurements on the front-face of the trailer bogie, for the day-cab configura-
tion. Both pressure taps show large changes in pressure coefficient with yaw angle. The
pressure tap on the wind-ward side (passenger side for negative yaw and driver side
for positive yaw) experiences its highest pressure around 9◦ as the effective cross-wind
draws the air under the trailer. Both bogie pressure taps show increased pressure over
the full yaw range with increasing gap width. No change with gap width is observed
in the pressures at the base of the trailer bogie (not shown), and therefore the higher
front-face pressure generates an increased rearward-directed force on the trailer bogie,
and increased vehicle drag. Although not shown here, the same trends are observed
for the sleeper-cab configuration. In examining other data collected for this test pro-
gram (not shown here), the influence to the under-trailer pressure is not observed when
the tractor drive-axles remain in the same location. Due to a miscommunication dur-
ing the test program, two gap changes were initially performed by extending the tractor
frame rail (designed to adjust between day-cab and sleeper-cab configurations), leaving
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Table 4.1: Fuel savings and greenhouse-gas reduction estimates for changes in the tractor-
trailer-gap width (for 125,000±35,000 km/tractor/year @ 100 km/hr).

Baseline Drag- Drag Fuel Rate Fuel Fuel Cost CO2

Vehicle Reduction Change Savings Saved Savings Reduction

Configuration Configuration ∆WACD [l/100km] [l] [$ @ $1.35/l] [kg]

sleeper-cab + 48" gap 24" gap -0.032 1.3 1,600 ± 400 $ 2,200 ± $ 500 4,200 ± 1,100

sleeper-cab + 48" gap 36" gap -0.016 0.6 800 ± 200 $ 1,100 ± $ 300 2,100 ± 500

day-cab + 48" gap 36" gap -0.018 0.7 900 ± 200 $ 1,200 ± $ 300 2,400 ± 500

the tractor drive-axles in place relative to the trailer, rather than moving the entire trac-
tor relative to the trailer. For these cases, no significant influence was observed on the
trailer underbody pressures, and a lower rate of change of WACD with gap width was
observed (0.0010/inch compared to 0.0013/inch). The same trend is observed for some
gap-mounted devices that effectively reduce the gap width while retaining the tractor
in position relative to the trailer (see next section), whereby negligible influence on the
trailer underbody pressures was observed. It therefore appears that part of drag reduc-
tion associated with reducing the tractor-trailer gap width is a result of the aft position
of the tractor drive-axles and their influence on the underbody pressures.

The results presented above show that reducing the tractor-trailer-gap width is a simple means
to reduce the drag and fuel consumption of a tractor-trailer combination. Table 4.1 shows the
fuel savings and reduction in CO2 emissions possible for several configurations of tractor and
gap width, according to the analysis defined in Section 2.5. If it is assumed that a 48 inch gap
width is the current standard, reducing the gap width to 24 inches can provide a savings of
1,600±400 litres/tractor/year and 4,200±1,100 kg CO2/tractor/year. A 24 inch gap is likely
impractical due to interference between the tractor and trailer in low-speed turns. However,
an active fifth wheel system that reduces the gap at highways speeds can lead to significant
fuel savings. A standard 36 inch tractor-trailer gap is feasible and can provide a cost savings,
over a 48 inch gap, of 800±200 litres/tractor/year and 2,100±500 kg CO2/tractor/year, or
possibly more for a day-cab configuration.
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4.3 Tractor-Trailer Gap Devices

The previous section described the manner in which reducing the distance from the tractor to
the trailer can reduce drag and save fuel. Simple gap-width changes may not always be pos-
sible due to operational considerations such as maneuverability and load distribution. Other
techniques to reduce the flow in and through the tractor-trailer gap region are available and
some technologies are currently on the market to do so. Several concepts for reducing drag
from the gap regions have been described by others (for example Cooper and Leuschen, 2005;
Leuschen and Cooper, 2006; Landman et al., 2009; Burton et al., 2013). The various tech-
niques typically used to address the gap region have included tractor side extenders, devices
mounted inside the gap, and full gap closure. The tractor model used in the current study is
based on a modern aero tractor that has side-extenders, and therefore only devices that may
be practically mounted in the gap have been studied here.

Three tractor-trailer-gap devices have been tested in the current campaign, all three of which
are shown in Figure 4.7:

• Partial plate seal - a trailer-mounted vertical plate that partially spans the gap between
the tractor and trailer;

• Full plate seal - a tractor- or trailer-mounted vertical plate that spans the full gap between
the tractor and trailer; and

• Trailer fairing - a curved fairing that protrudes to covers the full front face of the trailer
and reduce the size of the gap between the tractor and trailer.

These devices have been developed based on simple concepts and do not represent specific
technologies on the market.

In addition to devices specifically designed to reduce drag, anecdotal evidence from drivers
(and noted by Gelzer, 2011) has indicated that a refrigeration unit mounted to the front-face
of a trailer can provide a fuel savings. These “Reefer” trailers are common for food distribu-
tion and it was therefore decided to evaluate the aerodynamic influence of a refrigeration unit
mounted in the tractor-trailer gap. Conversely, heating units are often used in colder climates
such as Canadian winters or year-round in the Canadian north, and may also provide some
influence on the tractor-trailer-gap aerodynamics. The influence of these devices were eval-
uated in an attempt to identify dual uses or benefits. The simplified refrigeration and heater
units tested are shown in Figure 4.8.

It was anticipated that the aerodynamic performance of the drag-reduction devices or the an-
cillary units would also be influenced by the size of the tractor-trailer-gap width in which they
were mounted, and possibly influenced by the tractor style. The test program consisted of
testing selective combinations of these above noted devices/units with the different tractor
types and different gap widths.

All five gap-mounted devices/units were tested with the sleeper-cab tractor and a 36 inch
tractor-trailer-gap width. The measurement results are shown in Figure 4.9. For this vehicle
configuration, only two devices show any influence on the vehicle drag. The trailer fairing
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(a) Partial plate seal (b) Full plate seal (c) Trailer fairing

Figure 4.7: Tractor-trailer-gap drag-reduction configurations.

(a) Refrigeration unit (b) Heating unit

Figure 4.8: Tractor-trailer-gap ancillary units.
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Figure 4.9: Influence of tractor-trailer-gap devices for the sleeper-cab tractor with the 53 ft dry-
van trailer and a 36 inch gap.

and full plate seal provide reductions in wind-averaged-drag coefficient of 0.014 and 0.006, re-
spectfully. The partial plate seal, refrigeration unit, and heating unit provide negligible change
in vehicle drag. Of the two beneficial devices, only the trailer fairing provides a benefit at low
yaw angles. The full plate seal is only effective at higher yaw angles. Although not shown here,
the trailer fairing and full plate seal provide a small improvement in drag reduction when the
gap-width is changed to 48 inches, with reductions in wind-averaged-drag coefficient of 0.015
and 0.009, respectfully, relative to the baseline 48 inch gap vehicle configuration. For this 48
in configuration, the refrigeration unit provided a small reduction in the wind-averaged-drag
coefficient of 0.005, showing some benefit with a larger tractor-trailer gap.

With the day-cab tractor, the trends in drag reduction amongst the devices/units are different.
Figure 4.10 shows the measurements for the refrigeration unit, trailer fairing, and full plate
seal with the day-cab tractor and a 36 inch tractor-trailer gap. Here, the refrigeration unit and
trailer fairing show much larger drag reductions than the equivalent sleeper-cab configuration,
with the full plate seal showing negligible drag reduction. Also, in contrast to the sleeper-cab
configuration, lower drag reductions are observed for the refrigeration unit and trailer fairing
when the gap for the day-cab is increased to 48 inches (on the order of 0.006 lower, data not
shown here). This provides strong evidence that the tractor has an influence on the perfor-
mance of drag reduction technologies for heavy-duty vehicles. This issue will be addressed
later in the report (Section 4.8). Of note here, the change in drag-coefficient difference with
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Figure 4.10: Influence of tractor-trailer-gap devices for the day-cab tractor with the 53 ft dry-
van trailer and a 36 inch gap.
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gap-width combinations.
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Figure 4.12: Drag reductions measurements for the full plate seal with different tractor and
gap-width combinations.

yaw angle (∆CD measurements in Figure 4.10) shows a consistent variation with yaw angle,
whereas the sleeper-cab data of Figure 4.9 shows increased benefit at higher yaw angles.

For all tractor and gap-width combinations for which gap devices were tested, the trailer fair-
ing consistently provided the highest drag reduction. Figure 4.11 compiles the drag reduction
measurements for the trailer fairing with the different tractor and gap-width configurations.
It is evident from Figure 4.11 that the trailer fairing provides a greater benefit to the day-cab
than the sleeper-cab tractor configuration.

The full plate seal and the refrigeration unit also provided measurable drag reduction for
some tractor and gap-width combinations. Figures 4.12 and 4.13 show the drag reduction
measurements for the full plate seal and refrigeration unit, respectively. As noted previously,
the full plate seal only works for some of the sleeper-cab configurations. The refrigeration unit,
however, provides a benefit under all configurations for which it was tested, with a higher
drag reduction with the day-cab tractor.

An examination of the surface-pressure measurements has provided some insight into the
manner in which the various devices influence the flow field and lead to changes in the drag
of the vehicle. Unlike the tractor-trailer gap-width changes, the gap devices influence the
flow-field near the aft end of the trailer. Figure 4.14 shows the difference in surface pressure
coefficient along the roof of the trailer for various gap devices, relative to their baseline config-
uration of the sleeper-cab and 36 inch gap width. For both yaw angles represented in Figure
4.14, the trailer fairing exhibits higher pressure immediately downstream of the trailer leading
edge as a result of a smoother transition over the edge. At 0◦ yaw, the roof pressure distribu-
tions show a deviation from the baseline configuration over the aft half of the trailer for most
of the gap device configurations, with the plate seals and heating unit providing a distinct
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gap-width combinations.
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Table 4.2: Fuel savings and greenhouse-gas reduction estimates for tractor-trailer-gap devices
(for 125,000±35,000 km/tractor/year @ 100 km/hr).

Baseline Drag- Drag Fuel Rate Fuel Fuel Cost CO2

Vehicle Reduction Change Savings Saved Savings Reduction

Configuration Configuration ∆WACD [l/100km] [l] [$ @ $1.35/l] [kg]

sleeper-cab + 36" gap trailer fairing -0.013 0.5 600 ± 200 $ 800 ± $ 300 1,600 ± 500

sleeper-cab + 42" gap trailer fairing -0.015 0.6 700 ± 200 $ 900 ± $ 300 1,800 ± 500

sleeper-cab + 48" gap trailer fairing -0.011 0.4 500 ± 200 $ 700 ± $ 300 1,300 ± 500

day-cab + 36" gap trailer fairing -0.033 1.3 1,600 ± 500 $ 2,200 ± $ 700 4,200 ± 1,300

day-cab + 48" gap trailer fairing -0.026 1.0 1,300 ± 400 $ 1,800 ± $ 500 3,400 ± 1,100

sleeper-cab + 30" gap full plate seal -0.006 0.2 300 ± 100 $ 400 ± $ 100 800 ± 300

sleeper-cab + 36" gap full plate seal -0.008 0.3 400 ± 100 $ 500 ± $ 100 1,100 ± 300

sleeper-cab + 36" gap refrigeration unit -0.004 0.2 200 ± 100 $ 300 ± $ 100 500 ± 300

sleeper-cab + 48" gap refrigeration unit -0.005 0.2 200 ± 100 $ 300 ± $ 100 500 ± 300

day-cab + 36" gap refrigeration unit -0.017 0.7 800 ± 200 $ 1,100 ± $ 300 2,100 ± 500

day-cab + 48" gap refrigeration unit -0.012 0.5 600 ± 200 $ 800 ± $ 300 1,600 ± 500

decrease in pressure in this region. This lower pressure is also observed over the base of the
trailer (not shown here), which provides an increased drag force on the vehicle. At -9◦, similar
trends are observed with the plate seals providing lower pressure near the leading edge and
over the aft half of the trailer. The modifications to the pressure field over the aft half of the
trailer are also observed in the pressure measurements on the sides of the trailer, which are
likely a result of changes to the boundary-layer growth on the sides of the tractor (not shown
here).

The most effective tractor-trailer-gap device is the trailer fairing. The surface-pressure data
suggest that it blocks the gap, reducing flow through the gap, but it does so in a manner
that guides the flow smoothly from the tractor to the trailer, thus avoiding stagnating flow
in the gap and minimizing any influence downstream due to adverse changes in the trailer-
surface boundary layers. The plate seals appear to adequately block the flow through the gap
but the flow that circulates and exits the gap region adversely influences the flow over the
trailer and generates a reduced pressure at the base. This reduced base pressure then negates
some of the beneficial influence of the device inside the gap. The refrigeration unit provides a
similar benefit to the trailer fairing but not as great a change, and the heating unit provides a
negligible influence on the vehicle drag. Table 4.2 shows the fuel savings and reduction in CO2

emissions possible for several configurations of tractor, gap width, and gap device, according
to the analysis defined in Section 2.5. Of the configurations tested, only those that provide a
measurable drag reduction have been listed in the table. The heating unit and the partial plate
seal have not been included, nor has the full plate seal for the day-cab configurations. The
largest savings possible based on the gap devices tested is 1,600±500 litres/tractor/year and
4,200±1,300 kg CO2/tractor/year for the trailer fairing with the day-cab tractor and a 36 inch
tractor-trailer gap.
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4.4 Trailer Underbody Devices

Over the past decade, trailer side-skirts have become the most common technology used to
manage the flow underneath the trailer, however track testing has shown a wide range of
beneficial results amongst various side skirt designs. Examples of studies or evaluations of
side skirts for practical trailer lengths include Cooper and Leuschen (2005), Landman et al.
(2009), Cooper (2012), Wood (2012b), Burton et al. (2013), and Surcel and Provencher (2013).
It is unclear whether the differences observed between side-skirt designs are strictly due to
the component design or other factors such as the opening between the skirt and the bogie
wheels, or the bogie configuration (number of wheels), or the test methodology itself. Other
trailer-underbody drag-reduction concepts have also been proposed (Cooper and Leuschen,
2005; Leuschen and Cooper, 2006; Ortega and Salari, 2008) including smoothing the underside
and mounting other types of devices, and some technologies are currently on the market to
do so. For the current study, the following underbody concepts have been evaluated, with
photographs of the concepts shown in Figure 4.15:

• Standard side-skirts (Figure 4.15(a)) - The standard side-skirt for the current study con-
sists of a flat panel flush with the side of the trailer and a tapered leading edge that starts
at the landing gear location and ends approximately 2 inches (6 inches full-scale) ahead
of the trailer tires. The total skirt length is 2.4 m/94 in (26 ft full-scale).

• Short side-skirts (Figure 4.15(b)) - A variant of the tractor-trailer combination was tested
using a 45 inch tractor-trailer gap with the trailer bogie moved forward 2 ft (full-scale).
With this configuration, a shorter side-skirt with a length of 2.0 m/79 in (22 ft full-scale)
was tested, with its leading edge at the same location as the standard side-skirts, and
leaving a 30 inch gap (full-scale) between the skirt and the tires.

• Split side-skirts (Figure 4.15(c)) - In an effort to minimize the skirt-to-tire distance when
changing bogie locations, a split-skirt concept has been demonstrated (Wood, 2012b) that
consists of a two part skirt. The aft part of the skirt moved with the bogie such that a gap
in the skirt is present when the bogie is located further back. A gap of 0.37 m/14 in (4 ft
full-scale) was introduced in the standard side-skirt for this test to evaluate the split-skirt
concept.

• Extended side-skirts (Figure 4.15(d)) - Many concept trailers show full-length side-skirts
that enclose the trailer wheels. This concept was evaluated by extending the standard
side-skirt to the aft end of the vehicle with an equivalent taper at the rear as at the leading
edge.

• Bogie fairing (Figure 4.15(e)) - Guiding the flow smoothly around the trailer bogie is a
concept that has previously been shown to work (Cooper and Leuschen, 2005; Leuschen
and Cooper, 2006).

• Belly box (Figure 4.15(f)) - Adding a storage compartment to the bottom of the trailer,
similar to a low-bow trailer, may reduce drag by preventing air from being entrained in
the underbody.

• Removing/retractible landing gear (Figure 4.15(g)) - The landing gear is a non-streamlined
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(a) Standard side-skirts (b) Short side-skirts (diff. bogie location)

(c) Split side-skirts (d) Extended side-skirts

(e) Bogie Fairing (f) Belly box

(g) Smoothed, no landing gear (h) Diffuser fairing

Figure 4.15: Trailer-underbody drag-reduction configurations.
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(a) Tridem axle (b) Tridem axle with short side-skirts

Figure 4.16: Tridem-axle dry-van trailer configurations.

structure protruding below the trailer that, if removed, may provide a drag reduction.

• Smoothed underbody, no landing gear (Figure 4.15(g)) - The supporting structure for the
trailer floor provide a rough underbody environment, consisting of many cross-beams.
Eliminating these sources of roughness may provide a drag reduction.

• Diffuser fairing (Figure 4.15(h)) - A concept to mitigate the influence of the drive-axle
wake in the underbody region has been demonstrated through CFD to provide a signif-
icant drag reduction (Ortega and Salari, 2008). This concept introduces a tapered fairing
immediately behind the tractor drive-axle wheels to smoothly guide air in the under-
body region without generating a large wake from the wheels.

In addition to modifying the trailer underbody region, the influence of the number of trailer
axles is expected to have an influence on the vehicle drag and on the benefit of side-skirts.
During a road trip between Ottawa and Toronto in the summer of 2014, the author performed
an informal survey over a period of approximately 20-30 minutes on a stretch of Highway 401
to identify the proportion of dry-van trailers with a tridem axle (three-axle) arrangement. 31
of 104 dry-van trailers observed were configured with a tridem axle arrangement, with the
remaining having a tandem axle (two-axle) arrangement. For the current study, the trailer was
configured with a tridem axle arrangement to evaluate the implications of the third axle and
the overall layout (6 ft spacing instead of 4 ft used for tandem), as shown in Figure 4.16(a).
The short side-skirt was also tested with this arrangement (Figure 4.16(b)), for which the same
6 inch full-scale gap between the skirt and first-axle tire was maintained, as with the standard
side-skirt with tandem-axle configuration.

Figure 4.17 presents the measurement results for the various tandem-axle side-skirt concepts,
the bogie fairing, and the belly box, with the associated pressure distribution over the cen-
treline of the trailer base shown in Figure 4.18. The standard, short, and split side-skirt all
provide nearly identical drag reduction trends and magnitudes, exceeding 10% drag reduc-
tion. Although the side-skirts demonstrate a large drag reduction at low yaw angles (order
of 0.05), they show the greatest benefits at yaw angles exceeding 4◦. The similarity of these
results, despite some differences in skirt length, skirt-tire gap width, and solidity of the skirt,
indicates that the location and shape of the leading edge of the skirt is a likely dominant con-
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tribution to the performance of side-skirts. This implies that as long as the flow is redirected
along the sides of the trailer, instead of underneath, the drag reduction is significant. It is likely
that the leading edge contributes most to the flow split between what enters the underbody
region and what is redirected around the trailer bogie. Extending the skirts over the trailer
wheels provides an additional reduction in drag, as identified by the increased performance
of the extended side-skirts over the standard side-skirts. The pressure measurements of Figure
4.18 show that the side-skirt configurations provide higher pressure at the base of the vehicle,
which reduces the resistive force in the direction of motion, hence reducing vehicle drag. In
addition to the increase in base pressure, the side-skirt configurations have significantly lower
pressure on the front face of the trailer bogie (not shown here) as a result of the air being
redirected around the underbody region.

The bogie fairing provides a reduction in drag primarily at higher yaw angles, as seen in Figure
4.17, which limits its benefit in a wind-averaged-drag sense. Although air is still entrained
under the trailer, it impinges on the bogie faring which guides the air in a smoother manner
around the bogie and wheels than without it. The pressure measurements of Figure 4.18 show,
for the bogie fairing, that the pressure is increased over the base of the trailer as it is for the side-
skirts configurations. The belly box, on the other hand, shows some regions of lower pressure
over the base that would increase the drag force. The belly-box acts in a manner similar to the
side-skirts by preventing air from being entrained in the underbody region and impinging on
the trailer bogie. It provides a somewhat consistent level of drag reduction over a wide range
of yaw angles. The flat and sharp-edged front face of the belly box, is likely a major contributor
to why the belly box doesn’t perform as well as the side skirts. Pressure measurements from
the side of the trailer (not shown here) indicate that the belly box generates greater disturbance
to the flow structure on the sides of the vehicle, which in turn influences the base pressure. The
increase in base-pressure drag is outweighed by the reduced impingement of air on the trailer
bogie, therefore a net benefit is achieved.

Results for the underbody modifications intended to reduce the drag of the underbody compo-
nents, rather than redirecting flow around it, are shown in Figure 4.19. This includes removing
the landing gear, smoothing the underbody, and installing the diffuser fairing. The standard
side-skirt data is again shown in Figure 4.19. It is immediately evident that no drag reduc-
tion is observed for any of the three concepts, and that a slight increase in drag was measured
for each. The diffuser fairing was also tested with the standard side-skirts, and no beneficial
interaction was observed. Based on the expectation of a measurable drag reduction from the
diffuser fairing, an initial thought was that it was located too far downstream of the aft tractor
wheels to adequately guide the wake inwards. It was therefore moved forward approximately
6-7 inches to within 1 inch of the tractor mud flaps, represented by pos. 2 in Figure 4.19. How-
ever, this did not provide any improvement. Figure 4.20 shows the influence of these various
configurations on the trailer-bogie front face pressures, which provides an indication to why
these concepts do not provide any reduction in vehicle drag. For all but removing the landing
gear, the modifications intended to reduce the drag on the underbody exhibit higher pressures
on the front face of the trailer bogie. It appears that by reducing the resistance to flow in the
underbody region, more air is entrained and impinges on the bogie creating an increased drag
force on the vehicle. This is observed even for the case with the diffuser fairing and side-skirts,
for which higher pressure are observed than with the side-skirts alone.
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Figure 4.19: Influence of the standard side-skirts, removing the landing gear, smoothing the
trailer underbody, and installing the diffuser fairing for the sleeper-cab tractor
with the 53 ft dry-van trailer.
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Figure 4.21: Influence of a tridem-axle arrangement and side-skirts for the day-cab tractor with
the 53 ft dry-van trailer.

The last underbody concept evaluated was the influence of a tridem-axle arrangement over
the more common tandem-axle arrangement for the trailer bogie. Figure 4.21 presents the
measurements for the tridem-axle trailer bogie configuration relative to the tandem-axle (base-
line), and the influence of side-skirts applied to the tridem-axle arrangement. Higher drag is
observed for the tridem-axle arrangement (approximately 2% increase in WACD), more so at
higher yaw angles, due to greater exposure of the extra wheels as the cross-wind component
increases. More than a third of the increase is attributed to the aerodynamic torque of the
added wheel set. When the short side-skirts are applied to the tridem-axle configuration, a
much higher drag reduction is observed over that for the tandem-axle configuration (∆WACD

of -0.073 compared to -0.058).

Of the trailer underbody devices and concepts tested, the various side-skirt configurations
provided the highest drag reductions observed. Table 4.3 shows the fuel savings and re-
duction in CO2 emissions possible for the various underbody configurations that showed a
measurable change in drag, according to the analysis defined in Section 2.5. Apart from the
tridem-axle configuration, which is provided to illustrate the increased fuel use and green-
house gas emissions for such trailers, all the configurations listed shield the trailer bogie and
guide the air around this component of the trailer. Of the tandem-axle configurations, the
standard side-skirts provide savings on the order of 2,900±800 /tractor/year and 7,700±2,100
kg CO2/tractor/year. The split and short skirts provide similar levels of fuel savings and
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Table 4.3: Fuel savings and greenhouse-gas reduction estimates for trailer underbody config-
urations (for 125,000±35,000 km/tractor/year @ 100 km/hr).

Baseline Drag- Drag Fuel Rate Fuel Fuel Cost CO2

Vehicle Reduction Change Savings Saved Savings Reduction

Configuration Configuration ∆WACD [l/100km] [l] [$ @ $1.35/l] [kg]

sleeper-cab + 36" gap standard side-skirts -0.058 2.3 2,900 ± 800 $ 3,900 ± $ 1,100 7,700 ± 2,100

sleeper-cab + 36" gap split side-skirts -0.057 2.3 2,800 ± 800 $ 3,800 ± $ 1,100 7,400 ± 2,100

sleeper-cab + 45" gap short side-skirts -0.058 2.3 2,900 ± 800 $ 3,900 ± $ 1,100 7,700 ± 2,100

sleeper-cab + 36" gap extended side-skirts -0.066 2.6 3,300 ± 900 $ 4,500 ± $ 1,200 8,700 ± 2,400

sleeper-cab + 36" gap bogie fairing -0.014 0.6 700 ± 200 $ 900 ± $ 300 1,800 ± 500

sleeper-cab + 36" gap belly box -0.037 1.5 1,800 ± 500 $ 2,400 ± $ 700 4,800 ± 1,300

day-cab + 36" gap tridem-axle bogie 0.013 -0.5 -600 ± 200 $ -800 ± $ 300 -1,600 ± 500

day-cab + 36" gap (tri) short side-skirts -0.073 2.9 3,600 ± 1,000 $ 4,900 ± $ 1,400 9,500 ± 2,600

greenhouse-gas reductions. The extended side-skirts provided the greatest drag reduction for
the tandem-axle arrangement with a savings of 3,300±900 litres/tractor/year and 8,700±2,400
kg CO2/tractor/year. As identified in Table 4.3, a tridem-axle trailer requires greater fuel
consumption, but the addition of side-skirts to a tridem-axle trailer can provide a savings of
3,600±1,000 litres/tractor/year and 9,500±2,600 kg CO2/tractor/year.
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4.5 Trailer Base Devices

Tapering the back end of a trailer, often referred to as boat-tailing, is a means of streamlining a
tractor-trailer combination to reduce drag. Although the concept has been known and under-
stood for decades (Gelzer, 2011), practical ways of implementing the concept have only been
introduced over the past decade or so. From an operational standpoint, the base of the trailer
is required to maintain the same size for access and loading of cargo. This limits what can be
done to the aft end of the trailer. Sets of extension panels that can fold or flip out of the way
have been the primary method used for commercial products, although other concepts such
as inflatable structures have also been introduced (Leuschen and Cooper, 2006). In December
2013, Transport Canada amended the Canadian Motor Vehicle Safety Standards (CMVSS 223)
to allow for greater variety of “boat tail” designs to be used by trucking companies once the
provincial regulations are updated.

For the current study, variations on a simple boat-tail concept have been investigated. Figure
4.22 shows the five boat-tail configurations tested. All the concepts use panel angles of 13◦

which is lower than that used in previous studies by NRC for Transport Canada which was
15◦(Patten et al., 2010). A major difference in the concept design used here, compared to pre-
vious work performed at NRC, is the lowering of the top panel by 3 inches (full-scale) to leave
clearance for trailer lights. This introduces a backward-facing step that, as noted by (Kehs
et al., 2013) induces a region of separated flow over the top panel that can influence the drag
reduction of the boat-tail. The five concepts are:

• Long 4-panel boat-tail (Figure 4.22(a)) - This concept represents a 4 ft length boat-tail
with a lower panel that is raised 1 ft from the bottom edge of the trailer box, similar to
concepts on many vehicles in the US;

• Long 3-panel boat-tail (Figure 4.22(b)) - This concept has the same top and side panels as
the long 4-panel, without the bottom panel;

• Short 4-panel boat-tail (Figure 4.22(c)) - This concept represents a shorter 2 ft length boat-
tail with a lower panel that is mounted at the same location on the trailer base as the long
4-panel concept;

• Tapered 3-panel boat-tail (Figure 4.22(d)) - This concept is similar to the long 3-panel
boat-tail, with the side panels tapered from 4 ft at the top to 1 ft at the bottom; and

• Long 4-panel covered boat-tail (Figure 4.22(e)) - This concept is the same as the long 4-
panel boat-tail, with a cover to enclose the cavity, that represents an inflatable boat-tail
concept.

All five concepts are compliant with the recent amendments to CMVSS 223.

Figure 4.23 shows the drag reduction performance of the five boat-tail concepts, with the
sleeper tractor and 36 inch gap as the baseline configuration. The different variations provide
a drag reduction between -0.033 and -0.039 (-5.7% to -6.8%), without a significant difference
between all five concepts. However, the drag reduction is of a smaller magnitude than antic-
ipated, based on previous work at NRC and by other (Leuschen and Cooper, 2006; Landman
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(a) Long 4-panel boat-tail (b) Long 3-panel boat-tail)

(c) Short 4-panel boat-tail (d) Tapered 3-panel boat-tail

(e) Long covered 4-panel boat-tail

Figure 4.22: Trailer-base drag-reduction configurations
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Figure 4.23: Influence of the boat-tails for the sleeper-cab tractor with the 53 ft dry-van trailer.

et al., 2009; Cooper, 2012; Patten et al., 2010; Kehs et al., 2013). Drag reductions on the order
of -0.06 have been measured elsewhere. It is possible that the offset between the roof edge
and the top panel of the boat-tail (3 inches full-scale in this case) negatively influences the
drag-reduction potential of the boat-tails. The negative influence of such an offset has been
demonstrated by Kehs et al. (2013) for a boat-tail with a smaller offset (≈ 2 inches full-scale)
than that used here, whereby the offset introduces a region of reversed flow over part of the
top panel that may hinder the potential to draw the wake inwards.

Figure 4.24 shows the centreline pressure distribution over the aft face of the trailer, with
and without several boat-tail configurations, for which an increase in the base pressure is
observed when a boat-tail is installed. This increase in base pressure reduces the overall front-
to-back pressure difference in the direction of motion, leading to a reduced vehicle drag. The
long 4-panel boat-tail provides the greatest increase in base pressure, with the 3-panel and
short 4-panel boat-tails providing a smaller difference from the baseline configuration. De-
spite the larger increase in base pressure for the long 4-panel boat-tail, pressurization inside
the boat-tail cavity that acts on the inside surfaces of the inward-facing panels provides an
added component of drag. This is likely a contributing factor towards the small difference
in drag reduction between the short and long boat-tails. Little difference is observed for the
drag reduction and the pressure distributions between the long 3-panel and the tapered 3-
panel boat-tails, indicating that the size of the side panels do not have a major influence on
the boat-tail performance. This correlates well to trends observed in CFD simulations of a
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Figure 4.24: Influence of the boat-tails on the trailer centreline base-pressure distributions for
the sleeper-cab tractor with the 53 ft dry-van trailer and a 36 inch gap (vertical
location of trailer base, impact guard, and boat-tail variants outlined).

Table 4.4: Fuel savings and greenhouse-gas reduction estimates for trailer base configurations
(for 125,000±35,000 km/tractor/year @ 100 km/hr).

Baseline Drag- Drag Fuel Rate Fuel Fuel Cost CO2

Vehicle Reduction Change Savings Saved Savings Reduction

Configuration Configuration ∆WACD [l/100km] [l] [$ @ $1.35/l] [kg]

sleeper-cab + 36" gap long 4-panel boat-tail -0.038 1.5 1,900 ± 500 $ 2,600 ± $ 700 5,000 ± 1,300

sleeper-cab + 36" gap long 3-panel boat-tail -0.034 1.3 1,700 ± 500 $ 2,300 ± $ 700 4,500 ± 1,300

sleeper-cab + 36" gap short 4-panel boat-tail -0.038 1.5 1,900 ± 500 $ 2,600 ± $ 700 5,000 ± 1,300

sleeper-cab + 36" gap tapered 3-panel boat-tail -0.033 1.3 1,600 ± 500 $ 2,200 ± $ 700 4,200 ± 1,300

sleeper-cab + 36" gap covered long 4-p. boat-tail -0.039 1.5 1,900 ± 500 $ 2,600 ± $ 700 5,000 ± 1,300

boat-tail-equipped tractor-trailer for another project under the ecoTECHNOLOGY for Vehi-
cles program (McAuliffe, 2014d), where the wake of the truck with a boat-tail was shown to be
directed downwards towards the road. This results in a wider wake at ground level than with-
out a boat-tail, and the influence of top panel appeared to provide the greatest contribution to
the change in the wake structure that resulted in reduced vehicle drag.

Table 4.4 shows the fuel savings and reduction in CO2 emissions possible for the various boat-
tail configurations, according to the analysis defined in Section 2.5. The 4-panel boat-tails all
provide similar savings of 1,900±500 litres/tractor/year and 5,000±1,300 kg CO2/tractor/year.
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4.6 Trailer Upper-Body Shaping and Devices

One of the goals of the current project was to evaluate the drag reduction potential for a dry-
van trailer without negatively impacting the cargo volume. The top edges of a typical dry-van
trailer consists of sharp edges around which the air must negotiate a sharp turn if it is not
adequately directed over the trailer by the tractor. It may be possible to adapt the internal
structure in these regions to accommodate a rounded edge without limiting internal volume.
In addition, it may be possible to taper the aft edge of the roof without changes to the cargo-
carrying capacity. Front-edge rounding and aft-end tapering have been attempted (Surcel and
Provencher, 2013) with success demonstrated in a wind tunnel (at 1/15 scale in smooth flow
conditions) but not on the road. In cross-wind conditions, rounding the side edges might help
guide the wind over the roof in a smoother manner. Commercial vortex generator concepts
have also been proposed as a means to reduce the drag of a vehicle, particularly under cross
wind conditions, by managing the flow over the upper surface of the trailer and reducing the
size of the wake on the downwind side of the vehicle.

Four concepts for reducing the drag of a dry-van trailer through modifications to the roof are
shown in Figure 4.25 and described as follows:

• Rounded front edge (Figure 4.25(a)) - The top 6 inches (full-scale) of the front edge was
rounded using a 2:1 ellipse shape;

• Rounded side edges (Figure 4.25(b)) - The top 6 inches (full-scale) of the side edges were
rounded using a 2:1 ellipse shape;

• Aft roof taper (Figure 4.25(c)) - The aft roof edge was dropped by 6 inches (full-scale)
with the surface tapered over a distance of 120 inches (full-scale) with a slope of 2.9◦;
and

• Roof-mounted vortex generators (Figure 4.25(d)) - Small simple vortex generators were
designed and added to the top edge of the trailer roof and were directed outward at
an angle of 30◦from the direction of vehicle motion. These vortex generators were de-
signed to provide counter-rotating vortices that will allow the bulk flow over the trailer
to negotiate better the edge on the downwind side of the trailer under yaw/cross-wind
conditions. A series of 34 vortex generators were mounted to edges on each side of the
trailer roof at a pitch of approximately 18 inches (full-scale).

In addition, the combination of the three edge treatments (rounded front and side with aft
taper) was also tested, as shown in Figure 4.25(e).

The results for the roof modification tests are shown in Figure 4.26. Rounding the front and
side edges show no significant difference in the wind-averaged drag coefficient, although the
side-edge rounding appears to provide some benefit at the higher yaw angles. The ineffective-
ness of the front edge rounded is likely a result of the wind being smoothly guided over the
top of the trailer by the tractor fairing. A dry-van trailer paired with a lower tractor may see a
benefit from this type of modification. Rounding the side edges modifies the pressure distribu-
tion over the aft part of the trailer roof (not shown here), particularly at the higher yaw angles,
but does not translate to a significant reduction in vehicle drag. Of the three roof edge modifi-
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(a) Rounded front edge (b) Rounded side edges

(c) Aft roof taper (d) Vortex generators

(e) Rounded front and side edges with aft taper

Figure 4.25: Trailer roof drag-reduction configurations.

cations, the aft taper is the only one to provide a measurable reduction in wind-averaged drag
coefficient (∆WACD = -0.014), and it is most effective for smaller yaw angles. When combining
the aft taper with the front- and side-edge rounding, the roof modifications provide a reduc-
tion in wind-averaged drag coefficient of ∆WACD = -0.020 (3.5%), which is greater than the
combination of the individual savings from each (∆WACD = -0.017, 3.0%). This implies that
the aft taper likely benefits from the flow modifications made by the rounded side edges.

As shown in Figure 4.26, the roof-mounted vortex generators increase the drag of the vehicle
such that ∆WACD = +0.005 (+0.9%). The increased drag appears to be consistent at all yaw an-
gles up to ±9◦, above which a small decrease is drag coefficient is observed. This provides ev-
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Figure 4.26: Influence of the trailer roof modifications for the sleeper-cab tractor with the 53 ft
dry-van trailer.

idence that roof-mounted vortex generators may provide a benefit under strong cross-winds,
but higher drag at low yaw angles may preclude their use as a fuel-savings technology.

Table 4.5 shows the fuel savings and reduction in CO2 emissions possible for the various roof
modifications and configurations, according to the analysis defined in Section 2.5. The full
roof edge treatment (front and side edges with aft taper) can provide an estimated savings of
1,000±300 litres/tractor/year and 2,600±800 kg CO2/tractor/year.

Table 4.5: Fuel savings and greenhouse-gas reduction estimates for trailer upper-body config-
urations (for 125,000±35,000 km/tractor/year @ 100 km/hr).

Baseline Drag- Drag Fuel Rate Fuel Fuel Cost CO2

Vehicle Reduction Change Savings Saved Savings Reduction

Configuration Configuration ∆WACD [l/100km] [l] [$ @ $1.35/l] [kg]

sleeper-cab + 36" gap rounded front edge -0.001 0.0 0 ± 0 $ 0 ± $ 0 0 ± 0

sleeper-cab + 36" gap rounded side edges -0.002 0.1 100 ± 0 $ 100 ± $ 0 300 ± 0

sleeper-cab + 36" gap aft roof taper -0.014 0.6 700 ± 200 $ 900 ± $ 300 1,800 ± 500

sleeper-cab + 36" gap roof front + sides + taper -0.020 0.8 1,000 ± 300 $ 1,400 ± $ 400 2,600 ± 800

sleeper-cab + 36" gap roof vortex generators 0.005 -0.2 -200 ± 100 $ -300 ± $ 100 -500 ± 300
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4.7 Device Combinations and Interactions

Significant fuel savings have been identified in preceding sections of this report for drag-
reduction technologies and methods applied to different regions of a dry-van trailer. Another
question addressed in this project was whether combinations of these technologies added to a
trailer would yield additive savings, or whether the law of diminishing returns prevails and
there are limits to the potential drag reduction. For each region of the trailer, some of the
best performing devices have been selected and combinations of them were tested in order to
identify whether the individual drag-reduction results are additive or not. For this study, the
baseline vehicle consists of the sleeper-cab tractor with a 53 ft equivalent trailer and a 36 inch
tractor-trailer gap width. The devices selected for this study were:

• Trailer fairing (Figure 4.7(c));

• Standard side-skirts (Figure 4.15(a));

• Extended side-skirts (Figure 4.15(d));

• Long 4-panel boat-tail (Figure 4.22(a)); and

• Profiled roof (Figure 4.25(e)).

Figures 4.27 and 4.28 show two of the combinations of devices, including one with side-skirts
and a boat-tail, and one with treatments to the tractor-trailer gap, the trailer underbody, the
trailer base, and the trailer roof.

The drag-reduction results for the various combinations tested are shown in Figure 4.29. Sig-
nificant drag reductions are observed for all of the combinations tested, all of which show
increased benefit with increasing yaw angle. The combinations with three or more devices
all have reductions of wind-averaged drag exceeding 20%, with the greatest reduction com-
ing from the configuration with the extended side-skirts, the long 4-panel boat-tail, the trailer
fairing, and the profiled roof, providing a ∆WACD = -0.153 (26.6% of the baseline drag).

Upon detailed inspection of the drag-reduction results from the various device combinations,
it was recognized that some combinations provide a mutual benefit such that the measured
drag reduction is greater than the sum of the individual-component measurements. This is
similar to what was identified with the combined roof-shaping techniques in Section 4.6. Fig-
ure 4.30 illustrates this interaction effect between the different drag-reduction techniques, in
which the individual wind-averaged-drag-coefficient reductions are shown as stacked coloured
bars next to the grey bars that represent the measurement with the respective combinations.
In Figure 4.30, the ∆WACint

D values represent the added drag-reduction due to the mutually-
beneficial interaction between devices or configurations. Combinations of the side-skirts with
the trailer fairing or the boat-tail with the trailer fairing appear to be additive, such that there
is no measurable interactive benefit or detriment when combining the two respective devices.
All the other configurations in Figure 4.30, which consist of some combination of side-skirts
and a boat-tail, show a positive mutual interaction in the drag reduction. With the extended
side-skirts instead of the standard side-skirts, this interaction effect is more than doubled, pro-
viding an interaction benefit of ∆WACint

D = 0.018 (3% of baseline). The influence of diminishing

56 NRC-CNRC Classification: Unclassified

Distribution: Unlimited



LTR-AL-2015-0272

Drag Reduction for HDVs - Wind Tunnel Test Results

Figure 4.27: Truck configuration with standard side-skirts and long 4-panel boat-tail.

(a) Rear view (b) Roof and gap view

Figure 4.28: Truck configuration with trailer fairing, extended side-skirts, long 4-panel boat-
tail, and profiled roof.

returns is also seen in this data. For example, when adding the trailer fairing to the side-skirt
and boat-tail combination, the interaction benefit is reduced to ∆WACint

D = 0.007 from 0.010.
Also, when adding the profiled roof, the interaction is reduced from ∆WACint

D = 0.018 to 0.015.
This latter effect is likely caused by the fact that the aft roof taper provides a similar change to
the flow as does the boat-tail, and therefore the boat-tail does not provide as great an influence
on the flow emanating from the roof of the trailer.

To understand better the interactive benefits between the side-skirts and boat-tail, Figures 4.31
and 4.32 show the drag reductions and base-pressure differences when adding side-skirts to
various truck configurations. The results in Figure 4.31 clearly show the added benefit when
side-skirts are added to a vehicle that has a boat-tail, and that this benefit is predominantly
from an interaction at low yaw angles (±4◦ range). It should be noted here that the skewed
∆CD curve for the side-skirts with trailer-fairing combination is a result of the different truck
locations in the wind tunnel between the gap-device study and the other studies. Figure 4.32
shows the manner in which the standard side-skirts influence the centreline base-pressure dis-
tributions for the same four truck configurations. Recall that a higher pressure on the base of
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Figure 4.29: Influence of the drag-reduction combinations for the sleeper-cab tractor with the
53 ft dry-van trailer.
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Figure 4.30: Mutual benefits from interactions between drag-reduction combinations.
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