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This paper presents an approach for reducing aerodynamic drag of heavy vehicles by sys-
tematically analyzing trailer components using existing computational tools and moving
onto the analyses of integrated tractor-trailers using advanced computational tools. Exper-
imental verificationand validation are also an important part of this approach. The project
is currently in the developmentphase while we are in the process of constructing a Muhi-
Year program Plan. Projects 1 and 2 as described in this paper are the anticipatedproject
direction. Also included are results horn past and current related activities by the project
participantswhich demonstrate the analysis approach.

1.0 Goals, Objectives, and Approach

The project goal is to develop and demonstrate the ability to analyze aerodynamic flow
around heavy truck vehicles using existing and advanced computational tools. These tools
can be used to reduce aerodynamic drag of heavy truck vehicles and thus improve their
fuel efficiency.The effort is divided into two separate but related projects:

Project 1:

Project 2:

Simulation of Trailer Components with Existing ComputationalTools
(near term)

Integrated Tractor-Trailer Simulation withAdvanced ComputationalTbols
(longer term)
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By using existing computationaltools, Project 1 is a ‘near-term’effort for relativelyquick
developmentof dragreducingguidelines(Part 1 of Project 1) andthe demonstrationof a
traileradd-ondevice (Part2 of Project 1).

The objectives for Part 1 of Project 1 are

1) The identificationand prioritizationof trailer drag-sources,

2) Guidelines for improving trailer drag by the use of aerodynamic add-ens, trailer
contouring, and tractor-trailer gap control, and

3) The establishment of an effective computational approach for designinghnalysis
of heavy vehicles. This will be based on a summary of benchmarking efforts and
results with the computational tools compared to experimental data.

The objectives for Part 2 of Project 1 are

1) A document detailing the design, analyses, and testing (wind tunnel and field test-
ing) of a trailer add-on device used for drag reduction,

2) The demonstration of a trailer add-on device that can reduce vehicle drag and thus,
fuel consumption.

The design of a fidly-integrated, aerodynamic tractor-trailer, Project 2, is a ‘longer-term’
project with a research and development component. Project 2 includes the use of
udvuncedcomputational tools, currently in development.

The objectives for Project 2 are

1) A documentdetailinga multi-levelanalysisapproachfor thedesignof an inte-
gratedtractor-trailersystemusingaccuratecomputationalmodelingwithadvanced
computationaltools andwindtunneltesting,and

2) A computationaltool andexperimentalmethodsfor use by industry,nationallabo-
ratories,anduniversitiesfor the aerodynamicmodelingof heavytruckvehicles.

The issues relatedto the design,manufacturing,integration,anduse of aerodynamicadd-
on devicesanda fully-integratedtractor-trailerwill be addressedwiththe industry
throughoutthe simulationeffort. Acceptanceandcareful planningof the implementation
of aerodynamicguidelinesis critical to the success of the entireproject. Communications
throughdocumentationandmeetingswithan AdvisoryCommitteeof industrialrepresen-
tativeswill be partof Projects 1 and2.

2.0 Background

To determine how the DOE can assist the heavy vehicle industry,the DOE and Lawrence
Livermore National Laboratory (LLNL) co-sponsored a Workshop on Heavy Vehicle
Aerodynamic Drag in Phoenix, Arizona on January 30-31, 1997. The Workshop suc-
ceeded in providing a forum for communication between competitors in the heavy vehicle
industry, DOE NationalLaboratories,othergovernmentlaboratories,anduniversities.It



was the general consensus at the Workshop that the trailer design should be the focus of
near term efforts, since significant improvements have already been made to tructor
designs. Improvements to the trailer would have to include changes to a number of areas
including the base region, undercarriage, and tractor-trailer gap. However, even the
improvements to the trailer cannot, by themselves, produce the entire 50% drag reduction
goal; but it is a starting point. Whh the limited projected improvements using add-on
devices, most of the Workshop participants also agreed that an integrated tractor-trailer
design is needed to achieve significant drag reductions.

At the Workshop,Eugene Olson of NavistarInternationalTransportationCorporationpro-
videda summaryof heavytruckdevelopmentin the US fromthe 1930’sto presentday.An
interestingconclusionwasthattruckdesignis drivenprimarilyby operatoreconomic
issues.Also, since the 1950s enginepowerhascontinurdlyin@msed, allowinglargerand
boxier trailersto operate.Both circumstancesultimatelyresultfroma plentifulsupplyof
inexpensivediesel fuel. The oil embargoof 1973 generatedrenewedinterestin moreeffi-
cient aerodynamicdesignsandimprovementswere madeusingvariousadd-onaerody-
namicdevices (e.g., aero-shields,trailerskirts andcoattails).

The achievement of reduced fuel consumption hinges upon the availability of trucks hav-
ing greater aerodynamic efficiency. In the past twenty years, drag coefficients for typical
large trucks have decreased by about 30% - from the range CD = 0.8-1.0 to CD = 0.5-0.7.
Note that the drag coefficient, CD, is a dimensionless drag force defined as the drag force/
(dynamic pressure x projected area). The tractor aero-shields were the first major drag
improvements, and newer truck cabs possess a more aerodynamic shape and an integrated
trailer-shield. Economical travel will require even greater efforts to integrate tractor and
trailer design in one clean aerodynamic-package.

Figure 1 contains the estimated horsepower associated with aerodynamic drag in compari-
son to the power required to overcome rolling resistance and to supplyneeded auxiliary
power, plotted as a function of speed.The truck in question is a modern Class 8 tractor-
trailer possessing a wind-averaged drag coefficient of CD4160, and weighing 80,000
pounds. At a speed of about 50 miles per hour, the horsepower contributionrequired to
overcome aerodynamic drag, and the contribution requiredto overcome rolling resistance
auxiliary power are about equal. For higher speeds the aerodynamic contributionbecomes
progressively more dominant. At 70 miles per hour, overcoming aerodynamic drag repro-
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sents about 65% of the total energy expendhm for atypical heavv truck vehicle. Truck
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FIGURE1.Horsepowerrequiredto overcomeaerodynamicdrag and mllimgftiction/accessm%a
as a fbctkm of travelspeedfor a typicalClaaa8 tractor-trailer.

It is conceivable that present day truck drag-coefficients can be reduced from CD = 0.5-0.7
to ~ybe ~ low ~ CD=0.3, whichrepresentsan ambitiousgoal of approximately50%.
There are severalreasonsfor ourconfidencein these projectedimprovements.First auto-
mobiles haveun&rgone comparableimprovements,andthe cars of todayare still not opti-
mumaerodynamicshapes,dueto stylingconsiderations.Truck designis mom strongly
drivenby economic considerations.If a near-optimumaerodynamicdesign@at meets
payloadandfunctionalityrequirementsandcontributesto fuel savingsfor the operator .
shouldbecome available,it wouldlikely be adopted.

Figure 2 illustrates the overall economic benefit associated with reductions in aerody-
namic drag as a function of vehicle speed. The ordinate on the left presents calculations of
fiel consumption in gallons per mile traveled for a typical Class 8 tractor-trailer powered
by a modem, turbocharged diesel engine operating at a fixed specific fuel consumption,
bsfc=O.34 #/HP-hr. Five estimates of fuel consumption are shown, corresponding to five
values of wind-averaged drag coefficient between CD*.7 and 0.3. To the right are plotted
the total yearly fbel expenditures expressed in billions of gallons based upon the estimate
of 60 billion highway miles traveled (per year) in the year 2012 by Class 8 trucks. The 60
billion highway miles is predicted by applying a 30% growth factor to the FHWA annual
vehicle-travel estimates for 1992 (Highway Statistics 1992, p 207, US Government Print-
ing Office, SSOP, Washington DC 20402-9328). Reducing the drag coefficient from 0.6 to



0.3 for a typical Class 8 tractor-trailer would result in a total yearly savings of 3 billion
gallons of diesel fhel for travel at a present day speed of 60 miles per hour. The mileage
improvement is from 6.1 miles per gallon to 8.7 miles per gallon - a 43% savings.
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FIGURE2 Fuelexpendituresfor a typicalClass8 tractor=traileras a fiction of travel speedand
drag cOefflcienL

It should be noted that aerodynamic issues extend beyond the desire for improved fuel
economy. They include the assurance of sufficient vehicle stability for safe handling at
highway speeds, as well as the minimization of harmfid interactions with other vehicles on
the roadway. These interactions occur as aerodynamic loads on nearby vehicles, and by
means of unwanted splash and spray raised from the roadbed. The attainment of a satisfac-
tory aerodynamic design must include the mitigation of potential buffeting&d turbulence
loading on nearby vehicles.

Finally, it is important to consider constraints imposed by federal laws, city driving, and
fimctionality. In particular, add-on devices must meet design constraints imposed by the
US Department of Transportation. Although aerodynamic add-on devices have resulted in
fuel savings for the trucking industry, it has sometimes impacted maintenance and opera-
tional costs. A study conducted by the Maintenance Council of the American Trucking
Association found that tructor mounted aerodynamic devices can cause components to
operate at higher temperatures, can cause unwanted debris buildup and corrosion due to
retained moisture, can result in reduced visibility, damage at loading docks, poor mount-
ing hardware, increased wind buffeting, reduced access to maintenance items, and
increased tractor-trailer weight and brake loads. Similar concerns and additional opera-
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tional issues can also exist for traikr add-on devices. In addition, add-on devices must be
effective in both up-front costs as well as their life-cycle cost.

Aerodynamic SimulationUtilizing Computational and Experimental
Simulation

Flow-Field Modeling: Aircraft versus Heavy ‘Ikucks

At presen~ the aerodynamic design of heavy trucks is based largely upon wind tunnel esti-
mation of forces and moments, and upon qualitative streamline visualization of flow
fields. No better methods have been available traditionally, and the designerhmodynarni-
cists are to be commended for achieving significant design improvements over the past
several decades on the basis of limited quantitative information.

The trucking industry has not yet tapped into advanced design approaches using state-of-
the-art computational simulations to predict optimum aerodynamic vehicles. Computa-
tional analysis tools can reduce the number of prototype tests, cut manufachuing costs,
and reduce overall time to market.

Throughout this time, numerical codes have been extensively used in the aircraft industry
to aid the design process. Why are they not more utilized for ground vehicles? The reason,
we believe, lies with the geometry of the two vehicles (aircraft versus truck) and with the
nature of the simplifying approximations which can be justified. Aircraft are more slender
than trucks, and flow fields about slender bodies are less complicated. An aircraft’s flow-
field has traditionally been divided into an outer, inviscid flow and an inner,boundary-
layer flow.The inner,boundary-layerflow is the difficultone to calculate, butthe process
is simplifiedby the fact thatthe boundarylayer remainsthin andattachedfor an aircraft.
Outerflowcalculationsthenprovideinformationneededto make the boundary-layercal-
culation.Modemcomputationaltechniquesdo not makethis separationexplicitly,but
theirsuccess in modelingaircraft flow-fieldsis nonethelessrelatedto the slenderness
issue.

By contras~ a comparable understandingof the flow field about a large truck (a much
more bluff object) is one of the grand challenges in the field of aerodynamics. The flow is
strongly three-dimensional,contains significant regions of separated flow,and is unsteady
in time. Most numerical schemes presently in use are not well suited to handle unsteady,
separated flows, and hence do not provide convincing information for the designer. How-
ever, as computer speed and memory capacity improve, the ability to achieve practical cal-
culations for trucks becomes possible. We believe now is the time to start such a
computational effort. The next several paragraphs briefly outline a strategy for both com-
putation and experimental verification.

Present and Future Computational Possibilities for Heavy ‘Ikucks

In any discussion of computational aerodynamics, it is necessary to distinguishbetween
computer algorithms (or codes) which are sufficientlydocumented and understoodso as to
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be available as a design tool, and those procedures or codes which are presently near the
forefront of computing research. Into the first category are placed many of the commer-
cially available codes which usually predict a steudy time-averaged flow field. In addition,
these existing design tools utilize models which have empirically based parameters which
are often determined by experiment before parametric design studies can be performed.
With the proper experimental validation process, these tools can provide guidance for
some general shapes and the complete truck system with some resolution of under-body
flow, wheels, mirrors, and gaps between the tractor and trailer. However, these Reynolds-
averaged Navier-Stokes (RANS) computational fluid dynamics (CID) tools may not cap-
ture details which are inherently time dependent. In some cases, these unsteady effects are
important in refining the truck aerodynamic design and should be included. However,
CFD tools more sophisticated than RANS are not developed to the point to be useful for
large-scale complex flow-fields and continued research is still needed to advance these
tools.

For a comprehensive calculation of the entire flow-field, a more fundamental approach
needs to be considered. One such approach is the large-eddy simulation (LES) technique
now under study at many universities and government laboratories. The numerical imple-
mentation of LES can be accomplished by finite element methods (FEM), finite difference
methods, or Lagrangian approaches termed vortex methods wherein small vorticity ele-
ments (or vortices) are directly followed throughout the flow field. The latter procedure is
efficient in that only fluid parcels carrying vorticity need be followed, and no computa-
tional grid is necessary. All implementations resolve the time dependence of all important
large scales of the 1%11three-dimensional flow, and are computationally intensive. Present
day computers are not large enough nor fast enough to utilize LES to calculate the flow
field around an entire truck. However, time is on the side of these fbndarnental procedures.
As computers inevitably improve in performance, it becomes realistic to think of incorpo-
rating these computational tools into a design procedure. An integrated tractor-trailer
design that achieves a drag reduction of 50% will require a long-term commitment to com-
putational aerodynamics development. We believe now is the time to begin such a devel-
opment.

To validate the three-dimensional time-dependent predictions by LES, experimental mea-
surement of the unsteady flow is needed. Commonly, experimental methods only provide
steady time-averaged data. There is a significant new computer-based experimental tech-
nique which can provide enhanced quantitative flow-field estimation. This is the digital
particle image velocimetry (DPIV), or a recent variant termed correlation image velocirne-
try (CIV). Either one is capable of providing thousands of instantaneous flow vectors in a
single flow plane. Such detailed observation of actual flow-fields is also needed for design
purposes and for validation of computational solutions. CIV is currently in a development
stage, but is progressing in rapid strides. It will be the measurement tool of the coming
century, and will be of immense value when it can be utilized routinely by industry.

We should also note that representing the ground motion can be important for computa-
tional and experimental simulations. A moving ground plane is a useful device for elimin-
ating the usual ground plane boundary layer in the wind tunnel, but it is not absolutely



necessary. There are other means for controlling boundary layer growth in the wind tun-
nel.

In summary, existing computational tools with experimental validation can be used in the
near term to begin investigating truck design improvements for individual flow areas.
While the entire tractor-trailer can be modeled using the RANS CFD approach, it may be
possible to model partsof the truckusingboth RANS andLES approaches.Such areas of
study can focus on rear and frontal flows, under-body flows, tractor-trailer and trailer-
trailer gaps, under-hood flows, wheel, wheel-well flows, and spray characteristics.

All of these procedures are part of this project. First it is important to identi~ possible
trailer aerodynamic improvements (add-ens, for example) which might be applied in the
near term. Second provisions must be made for a significant longer range payoff by the
introduction of new tools into the design process. The project strategy for implementation
can be summarized as follows:

Irnpiement RANS calculations and improved RANS calculations where appropriate -
particularly in the short term,

Implement the newer and more computer intensive time resolved procedures (LES) on
a longer time scale,

Develop CIV techniques for use in bluff-body flow-fields, and

Measure progress by making intercomparisons between RANS and LES calculations
and CIV flow field measurements.

3.0 Demonstrative Results

The following sections describe example results from past and current related activities by
the project participants which demonstrate the project analysis approach. The mmks of a
Ground Transportation System (GTS) research project performed by Sandia National Lab-
oratory is presented in Section 3.1. This project utilized existing computational tools in
conjunction with experiments to design a drag reducing boattail. In Section 3.2, an investi-
gation of drag effects due to gap distance between close-following vehicles is pnxented.
This work is a continuing project at the University of Southern California and has implica-
tions for gap separation between tractor-trailers, as well as for several trucks traveling in a
convoy.

3.1 Demonstration of Trailer Add-On Device

SNL has designed a boattail as part of the Ground Transportation System (GTS) research
project. Figure 3 shows the solid model of the GTS tractor-trailer baseline geometry that is
similar to the Penske vehicle also shown in the Figure. The 8-foot tangent ogive-type boat-
tail, shown in Figure 4, has good drag reduction benefits in terms of ‘wind-averaged’ drag
coefficient. This boattail design has been shown computationally, experimentally, and in
field testing to reduce aerodynamic drag by almost 10% for aerodynamically ‘clean’ trac-



tor-trailersystems(savingson actualoperationaltrucksmaybe less). Figure5 showspre-
dictedvelocityvectorsin the base region of the GTS withthe boattail.

FIGURE 3. Solid model of the GTS tractor-trailer baseline geometry.

FIGURE 4. Surfacegrid for computations with S-foot boattail.
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FIGURE 5. Velocity vectors in base region of GTS with S-foot boattail.

3.2 Wind !Ibnel Observations and Field Tests Predict the Drag of Tbvo
Close-FollowingVehicles

Wmd tunnel test results predict that two ground vehicles (rninivan models in the tests), fol-
lowing one another closely, would both experience a reduction in drag. In fact, at short
spacings-say less than tibout 0.4 vehicle lengths--the forward vehicle is shown to experi-
ence a smaller drag than the trail vehicle. This counter-intuitive result hw prevailed even
when the model vehicles have been positioned in back-to-back front-to-front, or in
reversed orientations. Such changes are easily accomplished in the wind tunnel. Figure 6
is a photograph of the two model vehicles mounted on specially designed wind tunnel
ground plane. The surface of the ground plane has been partially removed to reveal the
un&rplane stepper motor-controlled support system.



FIGURE 6. Photograph of the two model vehicles mounted in wind tunnel.

As a supporting demonstration, “fid.1-scalefield tests were recently conducted to separately
measure the drag of each vehicle in a close-following geometry. The two vehicles--Wlnd-
stm vans in this case-are connected by means of a towbar instrumented to measure force.
In an acceleration, or pull-up phase, the forward vehicle tows the trail vehicle to a speed of
approximately 85 MPH. In a deceleration, or coast-down phase, the trail vehicle brakes
modestly to slow both vehicles. Figure 7 shows the two vehicles on the dry lakebed at El
Mirage during pull-up/coastdown tests. The drag coefficients for the full-scale tests are
shown in figure 8 in comparison to the wind tunnel results. The drag coefficients are plot-
ted for each vehicle as a fraction of the drag of an isolated vehicle, as a fimction of vehicle
spacing--from bumpers touching to a separation of about one vehicle length. Most impor-
tantly, the wind tunnel and full-scale experiments both predict a region of short separa-
tions for which the drag of the lead vehicle is less than the drag of the trail vehicle.
Furthermore the magnitudes of the drag coefficients, estimated from wind tunnel and full
scale, agree to within estimated errors in this region. The two experiments disagree some-
what on where the crossover takes place--the wind tumel result places the crossover at ~
about 0.4 vehicle lengths, and the full scale result is approximately 0.5 vehicle lengths.



FIGURE 7. Photographof two vehiclesduring fidl-scde field tests.
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FIGURE 8. Comparison of full-scale and wind-tunnel tests.

More recent wind tunnel experiments have explored the back-to-back vehicle geometry in
more detail. At short spacings, this particular geometry is very sensitive to small changes
in spacing. At a certain spacing--approximately 0.15 vehicle lengths--the drag on the trail
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vehicle increases by a factor of about 1.7, while the drag of the lead vehicle remains
roughly constant. The average drag is thus increased by about 1.35, or 35 percent.

These results have implications for large tractor-trailer combinations including those haul-
ing second trailers. There maybe certain gap separations for which the drag increases sig-
nificantly, and these separations are to be avoided. Mom accurate geometric models of
tractor-trailer gaps are needed, of course, to make reliable predictions for trucks.

4.0 Future Plans

The first priority for fiscal year 1998 is to finalize a Multi-Year Program Plan (MYPP). A
Technical Subcommittee with the following members has prime responsibility for con-
structing the MYPP and will directly work with industry in the MYPP developmenfi

DOE National Labs Rose McCallen (LLNL) - committee chair
Walter Rutledge (Sandia National Lab)

Universities Fred Browand(Universityof SouthernCalifornia)
AnthonyLeonard(Caltech)

This Technical Subcommitteeconsists of those individuals who will be directly involved
in the analysis of aerodynamic components and the integrated system. They will visit sev-
eral of the industrial representatives at their design and manufacturing sites to better assess
the current practices.

An Adv&wy committee wiIl also be formed to help define and develop the MyPP. Meet-
ings of the Advisory Committee will provide a forum for communication between compet-
itors in the heavy vehicle trucking industry, DOE National Laboratories, other government
laboratories, and universities with the ultimate goal to develop a MYPP acceptable to all.
This Advisory Committee will suggest not only short-term changes and improvements, but
also long-term approaches and designs. In addition to actual suggestions for design
improvements, the Advisory Committee will also assess current aerodynamic analysis
capabilities (both computational and experimental) and make recommendations for fbture
US research and development relevant to this technology area.

This work was performed under the auspices of the U.S. Department of Energy
by Lawrence Livermore National Laboratory under contract No. W-7405 -Eng-48.
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