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FOREWORD

This report documents the first phase of a study to develop

and evaluate methods for minimizing adverse aerodynamic effects
caused by large trucks on adjacent vehicles. The second phase
- will subsequently ipvolve a limited over the road field
evaluation. The report will be of interest to researchers

. concerned with the aerodynamic phenomena of splash, spray and
truck-induced aerodynamic disturbances and motor vehicle
administrators concerned with methods of remedying these
aerodynamic effects.

This study is a part of Project 1lU, "Safety Aspects of Increased
Size and Weight of Heavy Vehicles" of the Federally Coordinated
Program (FCP) of Research and Development. The project manager
is Michael D. Freitas and the contract manager is George B.
Pilkington II.

A limited number of copies of this report are available for
official use from the Environmental Design and Control Division,
HRS=-41, Office of Research, Federal Highway Administration,

20590. Additional copies are available from the National

Technical Information Service, (NTIS) Springfield, Virginia, 22161
a small cost will be made by NTIS.
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§o{ Charles F. Scheffey
Director, Office of Research
Federal Highway Administration

NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States
Government assumes no liability for its contents or use thereof. The

contents of this report reflect the views of the contractor, who is
responsible for the accuracy of the data presented herein. The contents

do not necessarily reflect the official views or policy of the Department

of Transportation. This report does not constitute a standard, specification,
or regulation.

The United States Government does not endorse products or manufacturers.
Trade or manufacturers; names appear herein only because they are considered
essential to the object of this document.



Technical Report Documentation Page

1. Report No.. . . 2. Government Accession No. J. Recipient's Catalog No.
FHWA~RD-79-84 PB 80 106290
4. Tnlo and Subtitle ' . S. Report Date )

REDUCTION OF ADVERSE AERODYNAMIC EFFECTS OF LARGE TRUCKQ September 1978

6. Performing Organization Code

Volume I: Techniecal Report

8. Performing Organizotion Report No.

7. Authorls)
David H. Weir, Jay F. Strange Robert K. Heffley - TR-1093-1

| 9. Performing Organization Nome ond Address ) . 10. Wark Unit Ne. (TRAIS)

' Systems Technology, Inc. ‘ .
13766 South Hawthorne Boulevard o Vi. Conract or Grant No.
Hawthorne, California 90250 DOT-FH-11-9165

. . 13. Type of Report and Period Cavered

12. Sponscring Agency Name ond Address ‘ Interim Report;
Federal Highway Administration November 1976 to
U.S. Department of Transportatlon ‘ __September 1978
Washlngton, D.C. 20590 : ' ) 14 Sponsoring Agency Code
Environmental Design and Control Division é?é%Q?sL/

15. Supplementary Notes

Contract Manager: 'GedrgE'B. Pilkington II, HRS-L1 -
/ . '

16. Abstroet

*=The overall objective of this study has been to develop methods of minimizing
three aerodynamic-related phenomena: -truck-induced aerodynamic disturbances,
splash, and spray. An analytical methodology has been developed and used to char-
acterize aerodynamiec flow, truck splash and spray generation and propagation, adja-
cent driver visibility factors, the performance of the disturbed adjacent driver/
vehicle system, and benefit/cost comparisons. These same factors have been studied
in a series of driving simulator, wind tunnel, and full scale tests and experiments.
Attention in the experiments and analyses has focused on understanding the phenomens,
as well as on identifying and developing devices, techniques, and procedures for
minimizing these aerodynamic effects. Several truck mounted devices and prototype
concepts are identified which have the potential to alleviate the adverse effects
of splash and spray in a cost-effective way. These include collector flaps, simple
fenders, and aerodynamic panels and devices near the tractor, under the truck, and -
around the wheels. Non-vehicle means of alleviation are considered, as well.

/

17. Key Words ' 18, Distribution Statement

Trucks, splash and spray, truck Document is available to the U.S. public

operations, aerodynamics, driver : through the National Technical Information

performance, drag, cost-benefit - Service, Springfield, Virginia 22161.

19. Security Classif, (of ?‘hil report) - 20, Security Classif. (of ﬂ;i; page) T!l-_ No. of Pages r22. Price
Unclassified : Unclassified =~ ‘ 417-400/

Form DOT F 1700.7 (8-72) Reproduction of eompl.ofed page authorized

v



PREFACE

»

This report documents the first phase of a study to develop methods -
to minimjze the adverse aerodynamic and splash and spray effects caused .
by large trucks on the highway. -This phase occupied 20'months and included -
analyses, laboratory experiments, wind tunnel tests, and full scale tests

with trucks and devices. The second phase, to be accomplished subsequently,i -

involves a limited over the road field evaluation.

The program was accomplished for the Environmental Design and Control
Division, Office of Research, Federal Highway Administration, under Con-
tract DOT-FH-11-9165. The FHWA Contract Technlcal Manager was George B.

- Pilkington II. The STI Principal Investlgator was Dav1d H. Weir, and the
Technical Dlrector was Irving L Ashkenas

ThlS program has been a hlghly 1nterdlsc1p11nary effort involving a wide
range of technical skills and a relatively large number of people. In order
to complement our capabilities, Systems Technology, Inc. (STI) has used
three subcontractors in the accomplishment of this program, i}én:

® AeroVironment, Inc., in Pasadena, California, with
Co-Principal Investigator Peter B. S. Lissaman.

- @ Western nghway Instltute in San Bruno,’ Callfornla
with Project Engineer Thurman S. Sherard :

® Alan M. Voorhees and Assoc Inc., in McLean, Vir-
glnla, with Project Englneer Wllllam A. Stlmpson.

Results of thelr work have been summarlzed in this report for completeness
In addition, details of the AeroVironment, Inc., and Alan M. Voorhees and
‘Assoc., Inc., technical act1v1t1es and results have been reported under
separate cover. . :

The full scale aerodynamic and splash and spray tests were accomplished
at the Firestone Test Center in Fort Stockton, Texas, under the auspices
of Western Highway Institute. The support and cooperation of the Firestone
Test Center personnel was greatly appreciated, ineluding, in particular,-
that of William B. Straub, Richard Vannoy, and Larry Crowell. Western High-
way Institute committee members, personnel, and affiliates who comprised
the test task force included T. R. Swennes, D. A. Clendenen, G. F. Cantlay,
G. Ketchum, H. Reed, W. Reddaway, F. Roberts, E. Schepp, J. R. D'Amico,
J. Rodgers, W. G1bson, D. Fortune, J. Gaussoin, D. Glasenapp, D. Zlellnskl,
W. French, L Larson, and J. Noble.

Also contrlbutlng substantlally to the success of the experimental pro-
gram were those who assisted in preparation of the models and providing
equipment for the full scale tests. These include Globe Fabricators who
provided design data for the Feedliner semitrailer, and Freuhauf Corporation

TR-1093-1 T



who assisted with details of thé tanker semitrailer. The wind tunnel
models were built by Raines Engineering Co. in Anaheim, California. Par-
ticular thanks are due to GMC Truck and Coach Division, Freightliner Cor-
poration, International Harvester Corporation, East Texas Motor Freight
Lines, Yellow Freight System, Frozen Food Express, Bill James Trucking,

- and Whitfield Associated Transport for providing tractors, semitrailers,

.- and other support for the full scale splash and spray tests.

The driving simulator investigation was accomplished under the direc-
- tion of R. Wade Allen of STI. He was supported in this effort by Jeffrey
Hogge and James Nagy, also of STI

Slgnlflcant contrlbutlons were made by a number of other STI staff

- members. 'Contributing to the initial planning were Henry Jex, John Zellner,
AWalter Johnson, and Arthur Blauvelt. Playing key roles in preparing for and
accompllshlng the full scale tests were Ronald Fifer and Richard Klein, with
support from David Thomas and Larry Ingersoll. Participating in the data
analysis and interpretatidn were David Mitchell and Gloria.Benis. . The
authors are also indebted to the STI Production Staff for their care and
dlllgence in preparing this report ‘for publlcatlon "

Slgnlflcant contributions to the AVI aerodynamlc effort were made by
Robert L. Radkey and Bart Hibbs.

Significant contributions to the AMV cost-effectiveness effort were
made by Steven R. Shapiro and Merilyn Johnson.
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NOMENCLATURE

Tread groove .width

- Lateral acceleration

Vehicle frontal area
Effective frontal area

Tread groove depth‘ '

Spray mass concentration

Aerodynamic drag coefficient
Changé in aerodynam@g_qrég>c9;fficient'
Base drag -

Friction dragr

Gap interferencé drag

Induced drag

Form drag :

Forebody friction drag

Aerodynamic roll moment coefficient

| Aefodynamic roll moment derivative

Aerodynamic 1ift coefficient

_Aerodynamic pitch moment coefficient

Aerodynimic yaw moment coefficient

Change‘in aerodynamic yaw ﬁoment céeffipignt
Aerodynamic yaw moment defivatiye_ |
Pressure coefficient

Aerodynamic sidg force coefficient

Aerodynamic side force derivative

xv



a - Droplet diameter

e Base of Naperidn logarithm

Gﬁx - Transfer function relating input b éo response a
Gg - _ Steering.ratio

h Road water depth

J Vel

K1 Wake méan flow velocity component

Ko Turbulence velocity constant |

£ Vehicle wheelbase |

L - Aerodynamic roll moment

Lc ‘Léngth of simulated pray cioud

n Driver rémnant : o

nt ' Numﬁer>of tire grooves

N Aerodynamic¢ yaw moment

Ng Numerator of transfer functioh‘Gg

q Dynamic pressure

Qo Initial mass flow

r ~ Yawing velocity or heading rate

R Maximum reduction in light transmitted through spréyvcloud
Rt Radius of tire |
S Surface tension

t Vehicle‘track.

T Data'segment or run length

u,v,w Flow velocity:componeﬁfs along #,y;z

U Forward wvelocity

Ua Velocity of adjacent car along roadﬁay
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Velocity of truck along roadway

Forward speed of adjacent caf

Mean wake flow velocity

Free stream vélocity
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SECTION I
INTRODUCT ION

A, OBUECTIVES

The overall objective of the program (Ref. 1)" has been to develop
methods of minimizing the adverse effects of three aerodynamic related
phenomena: vehicle-induced alr force disturbances, splash, and spray.

Such development has been effected‘through a combination of state of the

art review and assessment, analytical techniques, laboratory and model scale
experiments, full scale tests, and cost effectiveness evaluation. 'The entire
process and the study have been aimed toward the development of optimum and
feasible methods of minﬁnizing the adverse aerodynamic disturbance, splash,

and spray phenomena associated with trucks.

The emphasis has been on devices fixed to trucks which canhimprove the
air flow properties around the truck and reduce the formation and propaga-
tion of sPlaéh and spray as experienced by adjacent motorists. Such devices
have been conceptualized, developed as prototypes, tested under controlled

full scale conditions, and assessed with respect to cost/benefit. Non=-vehicle
means of minimizing the adverse effects of the three phenomena have been con-

Sidered, also, to the extent that results and interpretations were available.
- B. ELEMENTS OF THE TECHNICAL APPROACH

The overéll technical approach used in this program has included the
following activities:
® TVWork plan preparation and literature search
® Analyses
® Preliminary experiments with a driving simulator

® Model scale wind tunnel experiments

*Reference numbers refer to list at the end of the main text.
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® Full scale laboratory tests with a single wheel
e Aerodynamie field tests’

® Splash and spray field>tests

® Cost-effectiveness analyses

® Over-the-road evaluations

® Reporting

All but the over-the-road evaluatlons comprlsed Phase 1 of the program

effort, and are the subJect of this Interim Report.

Those aspects of the analytical and experimental approach related to
aerodynamic flow and driver/vehicle performance were patterned after earlier
STI work (Refs. 2 and 3) on truck and bus‘aerodynamic disturbances. These
efforts developed and verified methodology and criteria for gquantifying the
performance of a car in the influence of suchfaerodynamic interference
effects., This earlier work proceeded through a series of laboratory experi-
ments, drlver/vehlcle analyses and full scale validation to arrive at this

“way of judging the aerodynamlc disturbance hazard due to a truck or bus, In-
this respect it served as a useful prototype for the current program and
the methods and criteria for aerodynamlc 1nterference effects are bas1cally
applicable to the total picture including splash and spray. Thus, rather -
than separately analyzing induced-aerodynamic, splash, and spray effects
and possibly Welghtlng each to arrive at some artlflclal figure of merlt
the aim has been to judge their integrated and combined effect in the con-
text of composite measures considering such things as visibility, subjective -

ratings, and path deviations of the adjacent car/driver.

To accomplish the objectives of this program, additional methodology
was needed beyond that already ‘developed for only aerodynamic-interference

inputs, i.e., it was necessary to establish:

® The quantitative effects of degraded visibility under
various conditions and situations on driver behavior

® A Dbetter understanding of the physics of splash and
spray formation and propagation
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® The connections between splash/spray-characterization —
Patterns, dengities, drop sizes, etc. — and visibility

® Methods for relating visibility and driver behavior to
the cost of dev1ces in a cost-benefit sense
To round out the needed methodology, the methods and prooedufes required
to devise and select optimum arrangements needed development, i.e., the
estimation of aerodynamic and splash/spray effects from truck or alleviat-.

ing device properties.

Overall, the approach taken allowed us to con31der aerodynemic, splash,
and spray details with quantitative precision; while at the same time focus=-
ing our main effort on the properties of complete trucks under real world,
full scale conditions. Further discussion of the issues involved in this
problem of aerodynamics, splaéh and spray is presented iﬁ Section II; and

the assoc1ated ‘technical approaches are detalled throughout the report.
C. PROJECT TEAM ORGANIZAIION

This program has been a highly interdisciplinary effort involving a
wide range of technical‘skills."ln order to complement our capabilities,
.Systems Technology, Inc. (STI) has used three subcontractofs in the accom-‘
plishment of this program, i,e.:

. ® AeroVironment, Inc. (AVI) for their expertise in aero-
dynamic flow modeling, spray formation and propagation,

and -their general experience in vehlcle-related aero-
dynamic testing :

® Western Highway Institute (WHI) for their background in
splash and spray alleviation and testing, truck opera-
tions, and -safety and highway engineering in general

e Alan M. Voorhees and Associates, Inc. (AMV) for the cost-

effectiveness analyses and thelr special expertise in

the areas of engineering economics and cperations research
‘Descriptions and results of each of their activities have been incorporated
into this document to make it oomplete and self contained, and their special
contributions are identified where appropriate. In addition, separate
detailed technlcal reports have been prepared by AVI and AMV to document
their efforts and results, Refs. 4 and 5, respectively.
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The full scale aerodynamic and splash and spray tests were accomplished
at the Firestone Test Center in Fort Stockton, Texas, under the auspices of
Western Highway Institute. The model scale wind tunnel tests were accom-
plished at the GALCIT and Northrop Aircraft subsonic tunnels under the
direction of STI.. A

D. OVERVIEW OF THE INTERIM REPORT

The next section of this report extends the introduction with a discus-
sion of the problem of truck generated aérodynamic, splash, and spray dis-
turbances. It includes summaries of pertinent prior work, non-vehicle
alleviation technigques, and considerations in the selection of the examrle

test vehicles,

Results of analyses and laboratory experiments which helped guidé tﬁe
wind tunnel and full scale tests and‘data intefpretation are given in Sec-
tion ITI. Truck mounted alleviation devices studied in the wind tunnel and
full scale tests are described in Section .IV. Although in some ways these
devices résulted from said tests, they are characterized early in the report

to help the reader interpret the procedufes and results,

The aerodyﬁamic tests are summarized,'énd thé results are presented, in
Section V. Topilcs include air flow around the truck:and in the waké, truck
drag, and forces and moments on the adjacent car — all as a function of
truck type, devices, ambient ﬁind,_and other situational parameters. Note
that the detailed AVI technical report (Ref, 4) complements this section in

the area of flow modeling.

The splash and spray tests are éummariéed, along wiﬁh the'data and inter-
pretation, in Section'VI. Although a variety of subjective and objective
measures are helpful to quantify splash'and'spray, visibility measures from
a track-mounted laser are used to compare different truck types and configu-

rations, and to quantify the alleviating properties of the various devices,

The cost-effectiveness analysis and results are given in Section VII.
Here the AMV technical report (Ref. 5) provides supporting detail and backup

data, but the essential results and descriptions -are given in Section VII.
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The conclusions and recommendations are given in Section VIII. Iwpli-

cations for Phase 2 are noted, also.

Further details of the splash and spray data are given in Volume II of

this report.
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SECTION II
. ELEMENTS OF THE PROBLEM

This section begins with a discussion of the nature of the total problem
of aerodynamics, splash, and spray associated with truck operations under
adverse weather conditionms. This‘includes a description of the assumed
scenario on the highway, with its driver, vehicle, and disturbance elements.
Though general in cohteﬁt, the aim is to provide a framework within which
to view the detailed analyses, experiments, and results presented in subse-

quent sections.

The next article lists the important parameters and variables of the
aerodynemics, splash; and spray situation. This is followed by a review
of prior research to understand the splash and spray problem and develop
means of alleviation. Next is a discussion of non-vehicle means, i.e.,
ways of reducing or avoiding‘the adverse aerodynamic and visibility effects

other than by devices affixed to the truck.

This section ébncludes,with a discussion of the basis for selecting the
tractor/trailér trucks used as examples for purposes of analysis and testing.

-

A. DISCUSSICON OF THE IBSUES

Movement of a truck along the roadway under wet weather‘conditioﬁs can
affect and disturb the adjacent motorist in several ways. The air flow
around the truck and in the wake can cause force and moment disturbances
on the car; particulafly when the car is close to the truck or when the
ambient wind is such that the car is downwind. The sﬁlash and spray in
the air can obscure or block the driver's vision, and larger droplets
striking the windshield can further obstruct vision and increase the

requirements on the wipers,

When the motorist initially overtakes the truck, his view alongside
of and forward of the truck may be blocked, even though he is still operat-
ing in relatively clear air. Perceiving risk, he may choose not to pass;

because the presence of other traffic, obstacles in the lane, and even the
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geometry of the roadway ahead are not clear. If he follows the truck at

a safe distance other overtaking drivers may be balked, and they may take
excessive risks in thelr urge to maintain their operating speed. Once a
motorist begins to pass the truck and mo?esvalongside, he becomes enveloped
in the spray cloud which obscures vision éheéd and to the side to a degree
dependent upon many situational factors. In addition, intermittent splash
may strike the windshield if there-is puddling or uneven wetting of the
roadway surface in the path of the truck. As the car moves abreast.of the
front of the truck, visibility clears. In eachkbf ﬁhése phases of over=
taking and passing, as'noted above, there can be added buffeting of the car

due to the air flow around the truck,

When a truck overtakes and passes a car, similar aerodynamic and visual
disturbances occur. In addition, there may be an element of surprise, which
can increase the driver's workload and further increase the perceived risk

and potential hazard.

For introductory purposes, ﬁhe phenomena of splash and spray can be
described in simple terms. Splash tends to be relatively large droplets
which move in ballistic trajectories. Spray is composed of the smaller
droplets, which, as én;aerosol,.tend to be suspended in the air and move
with the air flow. TFormation of spray requires a source of water, such as
a stream of splash or a wet surface, plus a relatively high velocity flow
of air which helps break the droplets down to a very small éizé. Typi-
cally, spray is formed when a stream of water or large droplets strikes a
hard or smooth surface, in the presence of ) high velocity air flow., It
is fundamentai, then, that spfay éah be alleviated by modifying or removing
one or more of these three elements: bthe‘watef, the sﬁiface, or the high
velocity air. The physics,qf splash. and spray formation and propagation

are discussed in much greater detail in ‘Section III and Ref. L.

Operation of the truck is also influenced by its configuration and the
ambient wind. A primary factor is the truck drag which has a direct effect
on fuel economy, and it éan be either increased or decreased by the présénce
of devices., The various splash and spréj devices can also Influence the cost

of maintenance, and they can complicate line operations, e.g., due to brake
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heating, or when there 1s a need to install and remove chains. Such factors

are also addressed in some detail in Sections IV and VII.

Obviously, the ideal device or other solution to the problem would be
one which reduced splash and spray, decreased truck drag, decreased the
éerodynamic distﬁrbance of the adjacent car, involved no initial>or recur-
ring cosfs, and had no adverse effects on truck opefations. As will be shown
in later sections, some combinations of devices have the pofential of reducing
splash and spray and truck drag, but they all have some cost associated with

them (which can be offset by fuel savings in some cases).

Included in the devices of primary interest in this study are those that
alter the aerodynamic flow in the vicinity of the tfuck. These would tend
to Suppress'the formation and propagation of splash and spray, to reduce the
overall aerodynamic disturbance to adjacent vehicles, and perhaﬁs to reduce.
the associated truck drag as well., The other main class of device includes
those that collect the splash and spray or prohibit its formation. In sum-
mary, the conceivable methods of minimizing adverse aerodynamic effects

involve:

® Alterations in truck or adjacent vehicle opérating
procedures (e.g., training, speed reduction, lane
selection), or roadway modifications

® Changes in the basic truck configuration to reduce
deleterious air flow and spray generation charac-
teristics :

® TIncorporation of add-on devices to inhibit or collect

splash and spray, or to reduce aerodynamic drag and

splash and spray, while having a beneficial effect on

disturbing aerodynamic forces
The first method, non-vehicle techniques, is discussed in Article D, below.
While such alleviation possibilities have not been excluded entirely, our
principal focus has been on devices fixed to the truck. Our approach to
such devices and their‘prOPerties are presented in Section IV, and the asso-
ciated experimental results and consequences are detailed in Sections V
through VIII, Some additional discussion of the aerodynamic effects on the
adjacent car of changing the truck shape is given in Article C, below, based
on prior STI/FHWA work, The results of prior efforts to conceive and develop

truck mounted devices to suppress splash and spray are also given in Article C,.
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B. STTUATIGNAL PARAMETERS AND CONDITIONS

There Are a variety of truck-centered and situational parameters which
determine'the nature and magnitude of the disturbance caused by aerodynamic
and splash and spray effects, A listing of these factors helps to define
what splash and spray involves and it provides further dimension to the

problem,
1. Truck-Centered Parameters

Parameters which are truck-centered include the following:

® Truck shape and configuration, including number of
ax;es and length

® Underbody detail

® Truck-mounted devices
® Tire tread depth

® TForward speed

® Ioad

In this program, a variety of truck configurations has been considered (see
Article E, below), Although doubles and triples were studied, attention
has focused on 5 axle tractor plus Semitrailer rigs. Variations in under-
body detail were present in the test vehicles and were included in the wind
tunnel tests, ‘A large number of truck-mounted devices has been studied, of
course,.since their definition and assessment was the main point of the
project. Tire tread depth effects were considered in the single wheel labora-
tory experiments, but the vehicles in ﬁhe full scale splash aﬁd Spray tests
all had new or near new tire tread depth levels (e.g., greéter than 9 mm,
on the whole), Speeds of 50 and 60 mph (80 and 97‘km/h) were used, and the
effects of variations in GWT were studied with the basic truck, 3 axle COE

plus L0 £t (12.2 m) van.
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2. Other Situational Parameters

Non-truck parameters which are important to defining the diéturbanée‘

conditions include:
° Pévement texture and geéometries
® Water depth
® Magnitude and direction of the ambient wind
. ® Ambient light and visibility

The full scale splash:and spray tests of this project involved one ?évement

" texture and a flat, straight test section with a cross slope of about 1 per-
cent for drainage. The ambient wind varied, of course, over the whole test
period, but it tended to remain fairly constant for periods on the order of -
an hour, The current tests were run in the daylight with bright sunshine

conditions, for the most part.

Other parameters which comprise the test conditions center on the adja-

cent car, and they include:
® Aerodynamic and handling properties
® Driver field of view (windscreen framing properties)
® h Forwéfd speéd, and speed relati&e to the truck
'® Driver skill and perceptual factors

The example adjacentAcar in the eXperiments reported hére was a full sized
Chevrolet station wagon, vintage 1973. Aside from being représéntative, it
had been studied extensively in prior wind tunnel and full scale experiments,
as will be described. The drivers were all males, 255h0 years-old, with no

impairment and average to above average skill, as discussed in Article VI.A.

_As can be seen, there afe many factors which affect aerodynamic, splash,
and spray disturbances. Prior studies have considered many of these in some
detail, including many of the‘truck-centered parameters,‘paQemenﬁ texture,
water depth, and the aerodynamics and handling of the adjacent car. Where
possible, this program has tried to use and build on prior findings, and to
concentrate on the effects of truck configuration and the potential benefits

of truck-mounted devices,.
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%. - Concept of a Baslc Cese
~ .This fecus on fﬁe trucﬁ ﬁas lead to the concept of a "basic case," and
the study of variations thereto. Briefly, the basic case includes:
™ | 3 axle CCE tractor flus Lo £t (12.2 m) van (382) 
® No deviceé ' 7
® Near nevw tread depth
® Forwardvspeed of 0 mph (§7.km/h)
® Empty (no load) ' .
® Water depth of about 0.055 in. (1.4 mm)
 J Dayiight
® Typical station wagon as adjacent car

This basic case and the truck variations studied are described more speci-

fically in subsequent sections,
C. FINDINGS OF PRIOR STUDIES

This program has endeavored to extend the state of knowledge and iden-
tify solutions to the disturbance problems described above, Hence, consider-
able attention has been péid to prior results. In this article some of those
prior results and activities are reviewed; in order to pfovide a basis for

the new results given in latér sections.
1. Studles of Truck-Cer Aerodynamlc Disturbance

A prior FHWA-funded study by STI (Refs. 2 and 6) provides quantificétion.
of the nature and magnitude of the effect 6f truck-ipducéd'aerodynamic dis-
turbances on a passenger car. The results are expressed in terms”of overall
car/driver safety performance, with the emphasis on steering control and side
to side deviation$ in the car's path along the roddway in the vicinity of‘the
truck. The basic situations studied iﬂvolve a station wagoﬁ.and a~tractor/
semitrailer, a two lane road, overtakihg and passing and car-truck oncoming.

Within this framework the following parameters were varied: truck width and
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shape,'lateral separation and lane width, ambient wind magnitude and direc-
tion, car-truck speeds, car handling properties, and driver skill and alert-
ness., Specific attention was given to the potential effects of increasing
truck width from 96 to 102 inches (2.4k to 2.59'm). The study comprised full
scale experiments, wind tunnel tests, and combined car/driver/disturbance
analyses. As discussed below, the results were interpreted in terms of
possible actions and remedial implications in ﬁhe areas of roadway design,
truck size and configuration, and car/driver dynamics and control charac-

teristics,

a., Truck Configuration Effects

With nd ambient wind or only a headwind, fhe main disturbance comes
from the bow wave near the front of the truck. Streamlining the front of
the tractor was found to reduce the disturbance magnitude somewhat, as can
increased ground clearance under the tractor. Headwinds tend to magnify
the bow wave disturbance. With a crosswind the bow wa&e disturbance compo-
‘nent is still there, but-the other crosswind-related disturbance effects

are much larger when the car is passing downwind,

The truck wake was found to have a substantial disturbance effect,
especially in crosswinds with the car downwind. Drop bed trailers and vans
that élloﬁ less flow under the truck caused larger car/driver disturbances
and deviations in'a crosswind, with the car passing on the downwind side.
Vafiations in thé size of the gap between tractor and trailer did not affect
the disturbance in ways important to performance, because the corresponding
gap flow 1is generally above the level of the car, and the perturhation is
rapid relative to the response of the passing car, With the car on the
upwiﬁd'side of the truck, the wake blows the other way, and the disturbance
is generally very small. . |

Inéreasing truck width can increase the diéturbance‘and affect car/
driver performance, With a large crosswind the width effect'is relatively
small, comrared tdithe basic crosswind effect. With no wind or headwinds
only, the incremental width effects afe a greater peréentage of the basic
bow wave disturbance. In the more critical speed regime, a 6 inch (150 mm)

overall width increase caused about a 5 percent increase in lateral deviation
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of the car, which is about double the percentage increasge assoclated with
a3 inéh (76 mm) reduction in the side to side clearance of car and truck.
Preliminary experiments in Ref. 2 showed that the bow wave disturbance effect
of a 6 inch (150 mm) overall width increase can prbbably be lérgely offset

by suitable rounding and éﬁreanﬂining of an otherwise blunt tractor front.

Preliminary investigations éf:tfuck length effects were accomplished
by exﬁrapolating the then existing data to a double bottom truck configu-
ration with two 27 £t trailers instead of one 40 footer. The same tractor
was used and the dverall length inéreased by about 10 ft (3 m).v The analy-
ses suggested no difference would»occﬁr in the no crosswind case, because
the bow wave is unchanged and it dominates the disturbance. The crosswind-
effects were about the same also, because the flow between the trailers
appeared to offset the effect of increased vehicle length. Generally, the
more porous the truck/trailer configuration to a crosswind (flow under and
through the rig) the less the disturbance to a vehicle passing on the down-

wind side,

b. Operational Effects

From the'standpoint of the highway designer and traffic engineer, the

important variables in the truck disturbance situation were found to be:
® Ambient winds on the roadway
® Iateral separation of the vehicles
® Absolute speed of the vehicles
° | Relative (overtaking) speed of the vehicles
® Driver alertness

Specific numerical results, boundaries, and criteria are presented in Refs. 2

and 6, and some.of the implications are discussed below.

" The ambient wind plus the vehicle's ground spéed combine to produce a
net aifspeed. Since this is an aercdynamic phenomenon the dynamic pressure
of this airspeed scales the intensity of the disturbance, as the square of
the airspeed for a single vehicle or as the product of the respective car

and truck airspeeds in the disturbance situation. Hence, 1t is always
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desirable to reduce the net airspeed by reducing"vehicle speed or- ambient
headwind or both. In terrain w1th prevailing headwinds, the route and

roadway layout should be deSigned to reduce their effect where feasible,

More lateral separation of the vehicles can be achieved in windy regions
by increasing lane widths and medians.. Another pos31bility suggested was
to separate truck lanes from other vehicle lanes by an aux1liary median (or
lane closed to traffic under extreme wind conditions). With no crosswinds,
a small increase in lateral separationywill offset truck widtn increase -
(and other configuration) effects, as noted above. With strong crosswinds,
however, the truck wake disturbance per31sts some distance downw1nd from the

truck and s1mply increasing Separation 1s less effective.

Ehe Ref. 2 study showed that the disturbance effects are generally-more
critical when car and truck are proceeding in the same direction. With no
crosswind, the bow wave disturbance from an oncoming truck causes a rela-.

“tively small disturbance because of its very short duration, and adequate
lateral separation (via lane width or median) will provide sufficient alle-
viation, With a crosswind, the wake blowing from the éncoming truck towards
the car can provide a large disturbance input. The resulting effect on per=-
formance was estlmated to be of the same order as that for the same direction

of travel case, but spec1flc measures were not made.

Higher relative overtaking speeds (same‘direction) generally caused less
disturbance of the car, because the encounter duration was shorter and the
car inertia tends to attenuate rapidly changing forces and moments. Hence,
reduced truck speeds were suggested to provide additional alleviation under

adverse conditions,

Certain types of vehicles such as small vans{fcars towing trailers, and
camper combinations serve to provide the more critical.cases from the stand-
point of highway design and operation. They are more susceptible to aero-
dynamic disturbances. They have poorer handling response once disturbed.
-They tend to have‘lower,speeds relative to the disturbing trucks; and they
tend to operate. in the right lanes on multilane highways in closer proximity
to the trucks. The criticality of these adjacent'vehicles to aerodynamic
disturbances has been confirmed in an FHWA-funded study which considered a
variety of vehicles exposed to the disturbance caused by an intercity bus

(Ref. 3).
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An alerted driver, familiar with potential truck disturbances, was
found to be important to safe operation in the more critical situations,
Since the intenslty of the disturbance varieé significantly with the condi-

ﬁions, the driver cannot always anticipéte a disturbance situation when
. overtaking a truck or pther large vehicle. As a result, he should expect

it alongside a truck in a crosswind and at the front of a truck with a head-
wind., Conservatively, the driver should élways expect it and be prepared
to react and then couhtéfreacﬁ as the disturbance decreases. The poorer
driver (e.g,, with a longer time dela&) or one who is unfamiliar with his
vehicle_ﬁay‘have ﬁore difficulty. Defensively, it can help for the dfiver
to ingréaée his overtaking‘speed_to have a 10 mph (16 km/h) or more headway
adyanﬁage. He should move‘towardé the edge of the lane away from the truck
when the Waké‘is blowing towards his car. With no cfosswind, he should stay
in the middle of his lane to avoid being pushed beyond the lane edge by the
‘bow wave. Suitable warning signs for the driver in areas with prevailing
winds, training, and publicity were Suggestéd as potential means of alle-
viation, also. - - o

Suggésted'guidelinés for operation by the truck driver are given in
Ref. 2. He should move toward the side of the lane away from passing vehi-
| cles and other traffic, when there are no vehicles or pedestrians on the
shoulder. He should be alert for a passing car that may éxperiénce diffi-
culty. 1In the samé vein; he should recognize that when his fruck overtakes
a slower vehicle it ﬁay cause an unexpected disturbance of the overtaken
vehicle and its driver. As noted, the analyses and experiments (and some
corroborative accident data) show that this latter situation can be parti-

~cularly critical when a truck overtakes a car towing a travel trailer.

2. Studles of Devices to Reduce Drag
and Splash and Spray

Recent literature is fife~with studies Qf_add-on devices intended to
reduce either aerodynamic drag or splash and spray (for example, Refs. 7-24),
Although there can be some interaction between these two types of device,
work to date has not usually recognized that possibility, and the litera-

ture treats them separately for the most part,
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a. Drag Reductlon Devices

Historically, the search for better fuel economy has lead to the
development and use of truck-mounted devices designed to fedﬁce drag, and
interest has intensified in recent times. Most commonly, these take the
form of solid or porous shields mounted on the tractor., Fairings on-the
leading edge of the semitrailer have élso‘been used, including rounding
the leading edges. Other,‘more radical apprdaéhes have included fairings
across the gap, streamliﬁed tractors, and streamlining the combination
traétor/semitrailer as a unit. These approaches are typified by>thé
‘devices and methods studied in Refs., 7 and 13-24, As discussed in Sec-
tihn IV, tractor mounted drag shields figure prominently in Qﬁr approaéh.
to cost-effective solutions to the truck-induced aerodynamic and”visi-‘

bility disturbance problem.

To the extent that drag devices inhibit the crosswind air flow down and
through the gap, they could decrease disturbance outflow in that region,
also, Past attempts to reshape the semitrailer fore- and upper-body stream-
lines have not generally resulted in significant éhanges in aerodynamic dis-
turbance generation patterns. Drag reduction devices which affect the under-
body alr flow, on the other hand, could be expected to change the crosswind
disturbance patterns to some extent, since the car is low relative to the _

truck,

b. Splash and Spray Suppression Devices.

A wide variety of direct splash and spray suppression devices has been
designed, developed, and tested. These have shown varying levels of effec-
tiveness (in past tests) and applicebility in alleviating truck induced
splash and spray. Table 1 lists typical examples of thesé devices, which

are grouped into five descriptive categories, i.e.,

@ Conventional fenders and mudflaps -
Spray protector skirts
Water collector fenders

Air and water deflectors

Other suppression devices and techniques

Some of these devices from past tests are sketched in Fig. 1.
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TABLE 1.

RESULTS OF PAST TESTS

SPLASH AND SPRAY SUPPRESSION DEVICES AND

Oregon Division of
Highways suppres-
sion fencer

lower fender converts
spray to droplets,
drains toward center
of vehicle

Perforated metal col-
lector, with air
deflection vanes

all spray reduction

Reduced side spray

capacity; can clog
with ice, ete.

Not effective for
rearward splash and
spray

DEVICE FUNCTIONING PRINCIP-E ADVANTAGES DISADVANTAGES s
Conventional ‘Has "lip" to reduce Upward splash cone Not effective; tends 12
fenders outward splash and teinment to atomize upward

spray splash
Mudflaps Flexible shield behind | Effective at low Not effective &t 12, 25
wheel.blocks rearward speed; low cost high speed; atomizes
splash splash and can pro-
duce addiiional spray
SEray Erotector
skirts i
DOT spray protec- | Envelopment of wheels Effective for upper | No effect on rearward 11, 12
tor and louvred - - tire splash and splash; can cause
spray serious brake and
tire heating
Koneta skirt Conteinment of upper Airstream "fencing" | Not effective (only 26
.- wheel splash and spray | reduces underbaody 2 percernt overall
turbulence, venti- reduction in spray)
lates brakes
Dunlop, AG Molded rubber fender Reduces side spray Drops water back into 1
(Germany), fender | conteins splash and wheel path; not too
with skirt/lip spray effective for rear-
extensions . ward splash; possible
- brake heating
Water collector
fenders
Roberts fender . 3lotted and corrugated | Reduces side spray; Rejected water is 11, 26
and modifications inner fender converts 2-6 percent overall | dropped back into
spray tc droplets, spray reduction; wheel path; has
" drains away from wheel | little brake heat- little effect or-
ing rearwerd splash; can
’ clog witk ice, slush,
‘ ete,
Reddaway fender "Astroturf"-type 9-10 percent “overall; Collected water is 26
material used to spray reduction; dropped back into
entrap and absord little brake heat- wheel path; can clog
spray ing with ice, mud, etc.
PABS fender Perforated/corrugated 15-20 percent over- | Inadequate drainage 11, 26
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TABLE 1.

(Concluded)

ration changes

tanks, stirrups, other
components; lowered
body; altered aerody-
namics; reduced tire
size

and spray suppres-
sion

subsystem perfor-
mance; cost; size

- regulations

DEVICE FUNCTIONING PRINCIPLE ADVANTAGE DISADVANTAGES peiciy
Air and water
deflectors ‘
Gaussoin deflector | Flexible shield in Reduces side spray; Not effective for 1
front of wheel de- will not clog, etc, | rewarward splash and
flects air/water etc.; low cost spray
around wheels, reduces
turbulence )
Scoop-type air- Forced eir currents _Effect increases- Insufficient flow 12
stream direction redirect flow toward . with vehicle speed rate/force; suscep~
center of vehicle : tible to clogging;
poor for downwind
travel
Other suppression-
devices ‘ . ‘
Chined tires ) Sidewall ridge'de- Reduces side splash;| Not effective for 12
"flects side splash keeps splash at low | rearward splash; not
downward angles ’ durable; tire bal-’
: ance problems
Scrubbers, Brushes remove water Reduces rearward Lack of durabllity; 12
wipers from tire tread splash -~ clogging problems
Air compressor and | Forced air redirects Independent of High initial and 12
blower flow air and water toward speed, wind, clog- operating costs; not
deflector center of vehicle ging problems; ) adequately developed
: meximum control of |. S R
airstream ‘
Vehicle configu- Relocation of fuel May improve splash May compromise other | 11, 12

2
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Conventional fenders and mudflaps, though somewhaf effective in reducing
low-speed splashing of water, mud, slush, etc., typically "atomize" imping-
ing water droplets at highway speeds, thus leading to and amplifying the
formation of spray. They can also generate substantial side spray. In
particular, mudguards have been researched by several Stafes and European
nations (e.g., Refs. 12 and 25) along lines of "required equipment" legis-

lation and have been found to be of only limited (low-speed) benefit.

More recently, specialized devices deéignedvspecifically for splash and
spray suppression have undergone comprehensive testing, e.g., Western Highway
Institute tests at Portland, Oregon (1971), at Fort Stockton, Texas (1972),
and (Qith SWRI participation) at Madras, Oregon (1974). Results of these
tests are reviewed in Refs. 11 and 26, and the sequence is swmmarized in
Table 2. ‘The initial Oregon tests were aimed at évéluatiﬁg the‘DOT fender
proposed at that time (see Fig. 1a). The Fort Stockton tests in July 1972
considered 11 truck types, but there were problems with the laser transmis-
soﬁeter. These problems were resolved in the CorVallis tests, and the laser
methodology was used successfully in the preSent_progrém‘(see Section VI).
The Hondo tests gave useful data on the effects of load, Wafer depth, and
tire wear, allowing variation in these‘paramgﬁers to be de-emphasized in the
current study. The Madras tests provide useful comparative information

regarding suppression devices, eliminating some .from further consideration.

In general, most of the devices tested in the pasf have shown improved
splash'and spray suppression to varying degrees, as compared to the base
vehicle; none, however, provided the desired overall level of effective-
ness. The DOT spray protection skirts, for example (Fig. la), achieve maxi-
mum Spray suppression via eh?elopmeﬁt of the rotating wheels, but at the
expense of poor brake and tire ventilation. Also, typical of most of the
suppression devices, the skirt can reduce sideward spray but in doing so it
drops the deflected water back into the wheel path, increasing the intensity
of rearward-directed splash. This rearward splash is often directed at rear

wheels or other exposed components which regenerate atomized spray.

Water collector fenders (e.g., the PABS in Fig. 1b) alleviate this prob-
lem somewhat by allowing the deflected water to pass-through a perforated

lower fender, whence it is collected and channeled away from the wheel path.
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The Roberts fender is similar. This type of device showed relative good per-
formance in'prior studies (up to 20 percent reduction in overall splash and
spray). The principle involved is sound, i.e., collect the spray and pre-
vent its transport into the airstream or'its redeposit in front'of following
wheels, but:inadequate drainage and ice and mud clogging problems limited its
immediate applicability. The Madras tests also showea the Reddaway fender

to be potentially effective, and this has carried over into this program.

Another device approach uses deflectors to modify the flow of air and
water beneath the vehicle (e.g., Fig.-1c). The general cbjective is to redi-
rect the spray, by meansiof-suction or blowing, toward the center of the
vehicle. Though,only linited testing has occurred in the past, the results
suggest that this tyne of,device-holds development potential. Another con-
cept uses an air compressor to induce redirection of water/airstreams, though
it is apparent that the pfactical and coet-benefit aspects of Snch a device ‘
may not be edvantageous. Other suppression possibilities include the use of
. chined tires (Fig; 1d), tire scrubbers/wipers (Fig. le), and changes in vehi-
cle configuration (i.e., locations of components, underbody streamlining,

lowering ef;chassis) There is'some evidence in the results reported in

Ref. 73 that increased bus ground clearance conflnes roadway dust (and snray,
. by 1nference) to below eye level heights, 1mprov1ng visibility. Each of these
ideas has a splash and spray reduction potential, but_there are other perfor-

mance and cost-benefit tradeoffs.

c. Implications of the Prior Work

In con31der1ng the selectlon and development of the most advantageous
- suppression device, past efforts have recognized the need to consider the
specific splash and spray patterns and interactions of different tractor and
semitrailer combinations (e.g., Ref. 11), In general, vehicle-to-vehicle
differences in spray generation, as well as cost-benefit tradeoffs encoun-
tered across the range of anti-disturbance and anti-spray devices, must be

considered in seeking an overall solution to the problem.

In view of the past results described above, several ideas appeared .
promising at the outset of this project. These included testlng of air
deflector devices near the front wheels, use of Astroturf materlal around

and behind wheels (Reddaway fenders), and placement of other devices to
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direct large scale air currénts down and toward the vehicle centerline.
Other promising possibilities included: -

® Devices which inhibit air flow down the gap behind
the tractor -

® Iarger mudflaps, extending to the ground

® Vertical plate;:like a mudflap, between the tandem
wheels

® Astroturf or other collector between the wheels

® Wider fenders, allowing more air flow around the
tires and brakes ‘

® Movement of the fuel tanks, so that they are not
directly behind the front wheels
Approaches whiéh_have not been successful prior to now have included wheel
. skirt devices, but there was not sufficient data to rule them out, com-

pletely.

As noted above, drag reducing devices such as tractor_mountedgshields
héve demonstrated cost advantages, and their possible influence on splash

and spray further suggested that they be considered in our planning.

Regarding instrumentation, the prior work showed that lasers and pho-
tometers could be used to quantify spray in a repeatable way. Densitometer
measures, from photographs with suitable backgrounds,-also have a potential
role, Color and black and white photos provide a useful data record and
basis for compérison, also, Observer ratings have been extensively used in

.past tests, and this together with their use as a subjective measure of what
the eye perceives, makes them an lmportant part of the éplash and spray

~assessment process.,
D. NON-VEHICLE ALLEVIATION TECHNIQUES

As stated, the emphasis in this study has been on alleviating devices
fixed to the truck and other truck-centered means. At the same time ettention
has been pald to non-vehicle issues where convenient, Some initial discussion
in this regard was presented in Article C.1.b, above, and further comments

are gilven below, based on material developed by subcontractor AMV.
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1., Driver Training

Several levels of educational plans could be appropriate, in order to
account for differing types of involvement in vehicle-to-vehicle aerodynamic
interactions. In decreasing order of likely effectiveness, the plans might

be addressed to driver groupsvoperating the following types of vehicles:
® Line-haul tractor/trailer combinations
® Single unit service vans
® Private automobiles

For the trucks, drivers could be instructed in special operating controls
or procedures to ameliorate adverse aerodynamic effects. Also, driving traits
which can contribute to unsaferreactions by other drivers would be identified
and discouraged. For instance, the passing of slow vehicles by a lcaded truck,
on a long grade with e very small speed differential, often causes long follow-
ing queues to.form. Under wet pavement conditione, such queues contribnte'to
reduced visibility, result in gap sizes unsafe for emergency stopping; and
may encourage hazardous passing maneuvers by drivers of more responsive pas-

senger cars,

wnilé fleet tracter/Semitrailer driﬁers'COuld receife appropriate eupple-
mental training through'tneir employer, many independent truckers could not.
Perhaps the union could participate in a safety-oriented educaticnal effort.
Whatever the possible training implementation problems, the desired driver
knowledge or performance could certainly be tested by expanding current quali-
- fying examinations to give greater emphasis to driving techniques which reduce

the adverse effects of concern here,

Many of the smaller ven-type trucks are operated in fleets (e.g., tele~
phone and gas companies), and there appears to be a good potential for more
rigorous driver training and testing. Such training could cover the opera-
tion of this vehicle as a producer of advefse effects (with respect to sub-
compact automobiles), as well as an impactee in interactions with larger
trucks,- As a result of their aerodynamic properties and volume=-to-weight

ratio, two-axle vans can be more susceptible to aerodynamic force effects.
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With the assistance of improved driver training and handbocks, following
and passing maneuvers could be more fully defined to account for the effects
-of splash and spray. Applying the findings of past and present‘research,
for example, better wet weather passing behavior might be discussed by
addressing such questions as:

® How fast should one travel to pass a large truck which
1s emitting splash and spray? What is the safety trade-
off between minimizing the time during which visibility

is obscured by spray and increasing the probability of
an accident or viclation due to higher speed?

® When should the windshield wasSher or high-speed wipers
be used? If their operation requires one hand to be
removed from the steering wheel, is the improvement in
visibility worth the increased psychomotor workload at
a possibly critical time?-

In addition to developing reasonable answers for such questions, the
general driver training approach to alleviating the adverse aerodynamic
effects of large trucks must overcome at least two-other impleméntation
problems. One involves the importance of performance standards in the pub-
lic driver licensing proeess. Unfortunately, it would not be practicable
to include a wet weather truck-passing situation in very many actual road
tests; only a background understanding of the subject could be checked in

_the licensing examination.

The other training implementation problem inveolves the general inade-
qQuacy of current driver handbooks. In reviewing those of seven geographi-
cally scattered states (Florida, Maryland, Massachusetts,'Michigan, Texas,
Vermoﬁt, and Virginia), it was learned that none recognizes splash and spray
from trucks as a wet weather driving problem. Wet pavements and adverse
visibility conditions are briefly mentiocned as potentially hazardous situa-
tions, but only because of possible skidding and stopping-distance problems.
If some experienced drivers do in fact perceive a splash and spray problem,
the value of their experience is éertainly not being conveyed to the authors
of the handbooks or to the many new drivers whose training courées often-

revolve around the handbooks.
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2. Operational Controls and Regulations

This‘category of countermeasure includes all traffic control mechanisms,
whether implemented through signing or via unposted operational rule. Most:
of the rather few applications to date have dealt with speed 'and lane restric-
tions for large vehicles, were instituted prior to the 55 mph (89 km/h) speed
limit, and have not been comprehensively evaluated with regard to traffic
flow, safety, or economic effects, Due to the largely untested nature of
the various operational controls and regulations Wﬁich might‘reduce or ame-
liorate the.advérse aefodynamic effects of large trucks, much of the following

discussion is conceptual in nature.

a. Speed Controls

Prior results have shown that SPiash and spray are substantially reduced
by moderate decreases in speed. Controls could be adopted for just large
trucks or for all vehicles in the traffic stréam,_and they could be eithér
continuous or based‘on weather conditions. Relatively little is known about
the degree of enforceability associated with each of these regulatory com-
binations. One would expect, however, that a system based on conditions and
applicable to all vehicles would be most believable and equitable, and hence
most énforceable. Under current commercial trucking economics, a continuous

regulation applying only to lafge trucks would probably be least enforceable.

‘ Regardless of specific policy, there would be additional costs for
enforcement, the control devices réquiréd; and the longer travel times which
would accrue."If the policy applied only to one class of vehicle, the ‘increase
in traffic stream speed variance could result in higher accident costs as well.
At least partially offsetting these cost increases would be potential savings
in-visibility-related accidents, fﬁel consumption, and other operating costs,
If the speed regulation applied to all vehicles, the severity (if not fre-
quency) of accidents would be less, with a concomitant reduction in a;cident

“costs,
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b. Lane-Usage Controls

There are at least two»conceivable lane-usage controls. -The‘fiist would
require that large trucks on multilane highways be operated in the léeward
lane under crosswind conditions. This would allow the drivers of faster
vehicle# to pass in the windward lane under better visibility conditions,
Unforfunaﬁely, this concept could be: difficult to implément,'hard'té
wénforce, a source of hazardous perturbations in the normal ‘traffic flow,
and s disbenefit to oncoming vehicles under some qéﬁditiéns (i.e., where
the leeward lane is on the:left and there is iittlé of no median‘strtp).
Despite these drawbacks, the method has been adopted sucéesﬁfﬁlly iﬁ-Sﬁédén
(Ref. 27)'aﬁd Canada on & limited basis. - | o

Another type of lane-usage fegulation could take the form of sign-
reinforced driver training which would encourage truck drivers to operate
to the right of the lane centerline, As discussed pfeviously, this would
tend .to reduce both aerodynamic and visibilitf disturbances. Howevér,ﬁ
structural damage to the pavement edge and shoulder treatment will occur
earlier if heavy loads are consistently applied further to the right. A
raveled pavement and worn edgeline would seem to detract from safety as

much as degraded visibility during the passing maneuver.

¢. Warning Signs and Other Traffic Advisories

Where and when unusually heavy rainfall, strong winds, or hazardous
combinations of rainfall and.wind can be identified on a long-term or short-
term basis, it may be desirable to provide special warning signs‘or traffic
advisories., BSuch special guidance could remind drivers of speed versus
hydroplaning relationships, safe following distances, and procedures. to
follow during the truck passing maneuver to alleviate the adverse aefody-

namic qffects.

The key implementatién difficulty would be in making the messages suffi-
ciently concise and believable. Variable-message signing would be the most
effective technique, especially if supplemented by radic advisories. Such

signing could be expensive, and general radio advisories might have to be
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used under more extreme environmental conditions. Despite these drawbacks,
signs and other wind indicators have been successfully deployed in parts

'of Europe.

d. - Improved Roadway Delineation

Any operational measure which increases the driver{s feeling of security
as to his placeméqt and trajectory on the highway should be of value during
vehicle-to-vehicle.aerodynamic interactions. Stronger roadway delineation
enhances this feeliﬁg,df.security. For instancé, the use of bold paint
stripingé raised pavément markers, and shoulder treatments of contrasting
texture dnd/orvcolor would provide additional guidance under adverse condi-
tions.‘>This would be wvaluable for-both day and nighttime driviﬁg conditions,
and be especially important during those moments when forward visibility may
be sharply restricted by splash and spray. Improved "far" delineation, such
as retroreflective raised pavement markers and post-mounted delineators, could
also be of great assistance to the driver under wet nighttime conditions, when
other types of delineation are largely obscured and the adverse visibility

effects -of truck-produced_SPIash and spray are most critical.

e. Highway Maintenance Procedures

This category of countermeasure includes such items as the frequent
cleaning of drainage inlets, the plowing of snow further back on the shoulder
to promote drainage, and the extent to which chemicals or sand are applied
torslippéry pavements (which may increase the opacity of truck spray on the
windshield). Certainly improved pavement draining would be beneficial to
operational effiéienCy and safety in general; however, the question of skid
resistance versus spray opacity prcbably favors the former. One other fac-
tor, the amount of pruning done to roadside vegetation, should be mentioned
for completeness, although it is unlikely to have any significant effect on

crosswind characteristics under most conditions.
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3. Highwey Deslgn Changes

.Thié last major category of ndn-Vehicle éountermeasureé ranges in scale
from pavement surface modifications to basic questions of route location
and orientation. The varioﬁsVCandidate design changes are discussed below
in probable order of increasing impact upon the highway planning and design

process,

a. Improved Roadway Drainage System

One of the most'popuiar techniques‘for,improving roadway dfainagé; to
reduce hydroplaning and skidding accidents, is pavement grooving. A little
ackndwledged'byproduct is the likely decrease in the supply of water avail-
 able for splash and spray generation (assuming that water accumulation in
the gfooves is not pulled out by passing tiréé). >While Seemingly a rather
effective wet-weather safety measure, pavemenﬁ grboving is not withouﬁ;its
disadvantages, Perhapé'mdst significant is the high cost of installation.
Also, grooving may result in steering disturbances and passenger discomfort

for certain combinations of vehicle suspension system and tire design. -

Another important method of improving pavement drainage is to construct
pavements having steeper cross slopes. Design standards in the last fif-
teen years have called for flatter pavement. However, several factors now

suggest that they ma& need to‘be‘re-examined, for example:

® The contribution of pavement surface water to hydro-
planing and vehicle splash and spray is being viewed
with increasing concern,

® Several successful steps taken to improve longitudinal
skid resistance should also offset the sideslipping
potential attributed to higher crown. These steps
include better tire design, grooved pavement, fast-
draining paved shoulders, and chemical de-icing.

® The combination in newer designs of straighter hori-
zontal alignments, greater sight distances, generous
lane widths, and stronger roadside delineation should
lessen the probability of shoulder encroachment under
any pavement surface conditions.
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Other drainage improvements might include the use of open graded asphalt
friction courses, smcocther and more steeply sloped shoulders, higher capa-
city gutters, and larger and more frequeﬁtly spaced curbside drainage inlets.
A basic objective throughout a highway design review should be to minimize
both the source of splash and spray and the poténtial for introducing new

hazards in the reconfigured rocadway environment.

b. Introduction of Wind Barriers

The berms, walls, and fences installed with increasing frequency as
traffic noise attenuators alé$ serve to some degree in biocking crosswinds
which accentuate the adverse aerodynamic effects of'large trucks. Just how
effective these barriers afe in fulfiliing this secondary function remains
to be determined. Height limitations based én‘aesthetic considerations
comprise the primary ﬁechnicél constraint,'while some care must be taken not
té énd.the barriers suddenly and causing é sharp wind gradient. The construc-
tion and mainténénce costs for continucus barriers probably would be diffi-~
cult to justify if noise were not also considered a substantial impact which
had to be alleviated. An alternative to artificial construction is to use

trees and other planting along the roadside. -

A more limited use of barriers would be at open locations where cross-
winds are especially sevére or unexpected, A high fill section following
a deep cut section is.a possible example. Drivers in such terrain may already
have their workload increased by grade climbing, visibility, or passing prob-
lems. If a motorist enters the fill section in the shadow of a large truck
and is exposed to a sudden onset of crosswinds upoﬁ cbmpleting his pass, a
hazardous situation could result. The presence of the shoulder'or the upslope
of the fill may provide an opporfunity for mounting and protecting some sort

of windbreak,

A third application of wind barriers would be on bridges. Either the
bridge rail could be heighténed and solidified or fencing could be installed
‘'on the outer side of the vehicle or pedestrian barrier. In some cases,
cyclone fencing already exists and need only be equipped with some sort of
lightweight sheeting or slats. The primary disadvantage wéuld again be the

likelihood of poor aesthetics. If the bridge were unusually narrow, high
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opaque sides could also constrict traffic flow, due in part to perceptual

narrowing.

Finally, a fourth possible location for wind barrier installation. would
be on tunnel approaches. Here the focus would be on providing a transition
from a completely controlled state (insofar as natural winds are concerned)
to an uncontrolled state. This transition problem is somewhat similar to
that of acclimating a driver to the change in light level experienced in
entering and departing a tunnel, Not only should the prospective barrier
vary gradually in 1ts porosity to crosswinds, but the full pavement wetness
should probably be reintroduced prior to the driver reaching the point where

he is completely unshielded from crosswinds,.

¢c. Use of Wider lanes

As previously indicated, wider lanes would allow greater lateral separa-
tion between paseing vehicles, the same type of benefit sought with the sug-
gestion that truck drivers operate to the right of centerline, With 13 or
14 foot (4.0 or 4.3 m) lanes, however, greater separation could be cbtained
without necessarily disturbing the centrality of iateral placement. Studies
have shown that increasing lane widths beyond>11 ft (3.4 m) can result in
an increase in accident rates. Another disadvantage of increased lane width
'wou;d‘be the construction cost increase associated with the use of wider

pavements.

d, Route Location and Orientation

Although many other more important issues of highway economics, access,
and aesthetlecs may be declslve, prevalling winds might also be considered
in selecting the route for a new highway. That route alternative minimizing
the time during which drivers must travel with significant crosswinds would
be preferred if all other factors were equal., However, it is unlikely that

they ever will be.
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E. SELECTICN OF EXAMPLE TEST VEHICLES

To carry out the experimenté and analyses of the research, it was neces-
sary to select example vehicles to represent the disturbing truck and the
disturbed adjacent car. The considerations involved in this selection pro-

cess, and the results, are described in this article.

_The main factors in vehicle selection, especially with regard to the

trucks, included a desire that they include examples which were:
® Representative of over the road commercial vehicles

® Typical, in the sense of their disturbance generation
and interaction with the adjacent car

® Critical, in the same sense
® Relatable to past applied research studies

® Pertinent to possible future trends in truck ¢oﬁfigu-
rations ‘ o

For tying in with prior studies, it was useful to use a truck exampie for
which wind tunnel and full scale data and analyses existed, and for which a
suitable wind tunnel modgl was available. That was feasible‘and selection
of suitable examples presented no difficultiés. >For each vehicle, truck and
adjacgnt‘cér, ﬁe considef é "basic case" plus variations theretd. The véhi-
cles are described in more specific detail (dimensions, etc.) in Sections V

and VI. Metric equivalents are shown there, also.
1. Example Trucks

A variety of exampie trucks was included in the wind tunnel and full
scale tests. This included a 3 axle COE tractor plus 40 ft (12.2 m) van
semitrailer as the basic case, plus variations in both the tractor and semi-

trailer configuration — as discussed below.

a. Basic Truck, COE Plus 40 ft Van

The reference or basic truck used was a 3 axle cab over engine (COE)

tractor plus a 40 ft (12.2 m) tandem axle dry carge van. Western Highway
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Institute data indicate that it is representative of about 80 percent of
the rigs*® in over the road operatlons. Past results taken together sug-
gest that it is among the worst conflguratlons for splash and Spray genera-
tion, and it can also cause strong aerodynamic disturbances because of its
size. It is one of the more difficult rigs upon which to mount fenders,
because of the limited clearance around the tractor duals and the fact that

the van dimensions extend to the legal limit, in general.

From a research standpoint, past disturbance date and results are most
extensive for this configuration (e.g., Refs. 2, 6, 29-31). In addition, a
suitable high gquality variable configuration wind tunnel model was svailable

from past STI/FHWA studies (Refs. 2 and 29). ' “

b. Varistions on the Semitrailer -

Three additional semitrailer configurations were selécted as variations .
on the basic truck for analytical and experimental study. They are:

® Liquid cargo tanker; elliptical cross section,
9200 gal (34,800 litre) capacity, tandem axle

® Dry cargo tanker, "Feedliner,".taﬁdem axle
® TFlatbed, tandem axle

The liquid cargo tanker provides a significant variation in truck shape,
particularly on the underside and around the wheels. It has a different
potential for mounting fenders and deflectors than does the hO‘ft‘van, and

current design practice bears this out,

The dry cargo tanker is a type commonly used to haul livestock food in
rural regions. As the figure in Section V shows, it has high sides sloping
inward around the bottom and it represents one potentlally critical case

in terms of shape and wheel exposure,

The flatbed represents an aerodynamlc varlatﬂon also. The underbody

is s1m11ar to the L0 ft van, whlle the upper Shape is dlfferent

*This includes the recent trend towards 45 ft (13.7 m) vans, which repre-
sent a very minor variation on the basic truck for purposes of this study.
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c. Variations on the Tractor

The two tractor versions used were the COE of the basic truck and the
cab behind engine (CBE) or "conventional" configuration. In the models
and full scale eramples, the 3 axle COEs and CBEs had the same chassis
with different cabs. '

The resulting change in shape was expected to affect the drag, and the
change in the air flow could influence the formation and propagation of
splash and spray. Compared to the COE, the CBE also has a shorter gap

between the tractor and semitrailer face, for a given chassis wheelbase,

d.  Other Truck Variations

'Another truck version selected for model and full scale study was a
2 axle COE tractor plus a 27 ft (8.2 m)_van (single axle). Such COEs gener-
ally. have a short cab dimension. That coupled with a typically small gap
leads to a potentially important shape change relative to the basic truck,
Hence, the reduced number of axles and the shorter gap were both expected

to affect the splash and spray characterlstlcs.
Further variations on this theme included:
® 2 axle COE + double 27 ft vans
® 2 axle CCE + triple 27 ft vans

These provide a length variation of some interest., The "doubles" rigs are
fairly common, while triples have been proposed as a future trend, and are

in operation in some of the Rocky Mountailn states.
2. Adjacent Cer

The erample adjacent car selected was a full oize Chevrolet station
wagon, vintage 1973, This car was representatlve of U.S. practlce at the
tlme ‘the progect was started Aerodynamlcally, 1t is relatlvely 1nsen81-
tive to crosswinds and other disturbances (based on work in Refs. 2, 3, a
29). Its handling properties are about average, The car was available for
full scale tests and it:could be instrumented fairly readily. ‘
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As the example adjacent car, the Chevrolet station wagon ties in well
with prior work. It has been used in past disturbance studies (Refs. 2, 3,
and 6), and results and data quantifying its aerodynmamics, handling dyna-
mics, and disturbance properties are availlable as a consequence. This pro-
vided a useful input to the analyses and simulation of this program, saving
time and ceost. A wind tunnel model was also available from the prior STI/
FHWA work.

Despite the selection of one adjacent car example, we have a good under-
standing of the effects of varying adjacent car properties, For instance,
in past FEWA-funded aerodynamic studies (Refs. 3 and 29) we have considered

the truck/bus-car disturbance properties of
® Station wagon plus trailer
® Chevrolet sedan
® Datsun 510 subcompact
® VW station wagon (microbus)
® Pickup truck'plus camper

In each case, the aerodynamic and handling properties have been quantified
analytically and experimentally. ' In addition, current NHTSA-funded work at
STI (Ref. 32) is extending our knowledge of the aerodynamics and response
properties of passenger vehicles, As a result, we can draw conclusions
about the effects of varying adjacent car propefties, as a function of the
truck and situatioral characteristids, without necessarily using a range of

cars in an additional test program, -
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SECTION IIT

PRELIMINARY ANABYSES AND EXPERIMENTS

Several analytical and experimental activities were undertaken during
the early stages of the program in order to
©® Better define the nature of the aerodynamic and

splash and spray effects of trucks and their rela-
tion to the behavior of the adjacent motorist

o Help identify potential methods and devices for
allevigting said adverse effects

@ Guide planning for the more elaborate wind tunnel
and full scale tests.
These analytical and experimental activities and their results are summa-

rized in this section.

.Described first are the generation end dispereion of splash and spray,
in Articles A and B, respectively. This work is candensed directly from
the AeroVironment report, Ref. 4. As discussed in Article A, and Sec-
“tion II,vabove, the mechanism by which water droplet clouds are formed
in the vicinity of a vehicle traveling along a wet road involves a com-
plicated interaction of aero-hydrodynamics. ' The primary mechanism of the
process is that in which the wheel and tire pick up Water from the road
-surface film, or displace it.in the form of side and forward .splashes.
This water contalns both large and small droplets which may. be broken .
into-smaller droplets by ilmpaction w1th solid surfaces or by its velocity
induced interaction with the alr flow. This process of formation of flne

droplet mists is called spray generatlon

‘'This spray, which is concentrated near the wheels and fenders, is then
convected by the local air flow and dlspersed by the turbulence in the air
- flow to form the spray clouds which move with the vehicle:. As descrdbed
in Article B, this is called the dlsperslon process. It is obyious that
this dispersion cennot be predicted unless the details of the air flow in
the vicinity of the spray generation‘centers are known.‘ Thus, an addi-

tional important link in understending these mechanisms involves estimating
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the aerodynamic flow field, and additional material related to the air flow
around the trucks is given in Section V. Knowing the air flow and asso-
ciated turbulence, then the dlsper51on along any . stream tube may be deter-
" mined us1ng technlques which have been developed in alr'quallty and plume
modellﬁg. The basic=idea of this procedure is to consider the history of
a puff or cloudlet ofvdrops.following a stream tube. It is convected at
the speed of'the mean flow,'while the stream tube's scale, or radius,
increases as a function of the local turbulence. Additional factors such
as the influence of the ground plene and the truck side, as well as the
fallout under gravity, can be taken into account. Then a computer program
can be developed to calculate droplet concentrations for any position in

the field.

Analytical methods have been'used‘at STI to quantify and interpret the
response and performance of the driver/vehicle system in the vieinity of
the truck, and the basis for this work is discussed in Article C. Prelimi-
nary studies of driver behavior in trﬁck splash and spray encounters were
accomplished in the STI Driving Simulator, and these are described.ip Arti-

‘cle D.
A. GENERATION OF SPLASH AND SFRAY

The droplet clouds which cause splash and spray visibility effects
are'ereated largely by the ejection of road surface water into the azir by
the vehicle tires, and by the subsequent breakup of a portion of the drops
due to impaction on‘nearby.tires and parts of the vehicle body. Summarizing
.the AeroVironment work, Ref. 4, this article discusses the mechanisms of
splash and spra& generation operative for a single wheel and then dis-
:cusses‘the>more complicated mechanisms at work for multiple wheel sets and
for wheels ejecting droplet streams onto impaction surfaces. The basic
results of previogs work are first'discdssed;and then some:simple models
developed by AeroVironmEnt-are described. Thelanalytical model is then :
compared with the spray. data obtalned from the s1ngle wheel tests and the
full scale track tests. . ’ '

TR-1093-1 ‘ 37



1. Overvlew of Splash and Spray Mechanilsms

The four primary mechanisms for water ejection by a tire are bow and
side splash waves, tread piokup,-and capillary adhesion. These mechanisms.
are illustrated in Fig. 2. All four are functions of tire speed, road
water depth, and tire design. Of the total water film in the tire path,
part is passed through the tread grooves and the remainder is displaced
shead of the tire in a bow wave and to either side of the tire in side '
waves. The droplets in the bow and side anés are relatively large in
size and these droplet streams are usually categorized as splash. The
side waves are created by displacement of the road water toward the sides
of the tire. Although the volume of water throwh oan be large, side waves
do not usually constitute a severe problem, because the splash travels in
relatively low trajectories outboard from the truck or impacts on the truck

underframe and is returhed to the road

The water that is passed through the tread grooves is ejected into the
air immediately as tread pickup or is retained on the tire as a thin film
in cdpillary adhesion. The capillary film is stripped from the tire bY?
the incoming airstream. This phenomenon is quite variable and depends on
the wind speed and how well the tire is shielded from the wind. The drop-
lets in the tread pickup stream are distributed in size from small (less
than 1 mm) to reasonably large (3 to 5 mm), but the stream is not charac-
terized by large droplets as are the bow and side wave streams. Most of
the drops thrown by the treads travel in low trajectories, but some are
ejected high enough to degrade visibility. A greater cbntribution is
created by the impaction of tread-thrown dropleté on-following tires, or
on parts of the truck body such as the gas tanks, fénder»ﬁells, mud flaps,
or frames. These impacting droplets break up into clouds of fine droplets
t (much less than 1 mm) which are carrled away from the truck at sufficient
height and in sufficient concentrations to cause a considerable reduction -
in visibility. o T B

Water held in the thin capillary adheéion-film:is stripped off neaf
the top of the tire by the incoming airstream and forms a cloud of fine
droplets. ' This spray cloud‘oan have armajor effect on visibility, because

it forme in the wheel wells or in the space between the tire and the
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underbody of the trailer and is ejected outboard from these regions to
nearby low pressure regions in the flow field, at approximately the wind-
shield height of a passing car. The capillary adhesion spray and the

tread-throw impaction spray constitute the major components.
2. Effect of Operational and Tire Factors

For water depths greater than about 3 mm the tread grooves are filled,
and excess water in the tire path is displaced into the bow and side waves.
This phenomenon is readily observed when a tire passes through a puddle,
sending up a large splash. Under .conditions of deep water and high speed,
severe bow and side wave splash streams can result. It has been noted
that at a giwen speed the size of the droplets ejected by altire increases
as the water depth increases (Ref; 25). Further discussion of the effect

of operational and tire factors on droplet size is given in Ref. 4.

Speed of the tire through the water ls a major factor in splash and
spray generation. Maycock (Ref. 25) showed that the overall spray water
density measured 30 ft (9.2 m) behind’aftest truck increased'in proportion
to the 2.8 power of the vehicle speed, with the best fit for speeds between
45 mph (20 m/s) and 75 mph (33 m/s). Very little spray was measured at
speeds belowHBO'mph (13 m/s). Since the amount of. water encountered by
the adjacent vehicle. is equal to the spray density tlmes the vehicle velo-
city, the visibility effect could increase in proportion to as: much as the
3.8 power of the velocity. Maycock also noted‘that the length of the. spray
cloud trailing the venicle was proportional to the velocity sqnared. It
has been, obéerved that wave splash is thrown farther laterally and verti-
cally as vehlcle speed increases and that droplet size is strongly affected
" by 1ncrea51ng speed . Maycock 1nd1cated that below 13 m/s water is ejected
pr1nc1pally 1n tread throw and waves as large droplets which do not break
' up -into spray and fall back ‘to the’ ground 'where they are extinguished (no
rebound) .- However, as speed 1ncreases, more water is eJected as fine spray,
until at speed of 33 m/s most of the water. thrown is in a fine spray and
very little falls to the ground as large drops. These results are configu-
ratlon dependent and cannot be readily generalized, but they do lead to the

overwhelming conclusion that increasing speed increases every aspect of
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splash and spray. The effect of truck speed on spray-related visibility
is further detaileﬁ‘in Section VI, based on the data obtained in this

program.

For water depths less than about 3. mm tread design affects the amount
of water picked up bj the grooves rqther than displaced. in splash waves.
As the groove volume increases, more water:pasSesnthIOUgh the grooves and
leés is‘displaqed in splash.»rFof water‘depths gréater than about. > mm, -
even in well profiled tifes, all the drainage -grooves.are filled and all
the excess water in the path of the tire must be displaced in waves. If
the tire is smobth~(zero tread groove volume), water is still thrown like
tread pickup, but it is thrown off the tire muéh nearer the sidewalls than
‘the éeﬁter cof thé tire fdce. The droplets thrown by smcoth or worn fires
in general appear tb Ee sméller_than those thrown by treaded tires; but
‘this is ndt_substantiated‘by direct measurements reported in the litera-'

‘ture. Kamm and Wray (Ref. 9) reported in a series of tests on tires with

. different tread designs‘thét the actual tréad_design has no marked effect

on spray. This tends to support the idea that tread groove volume is the

important parameter.

Since the volﬁme of water ejected‘into the air is-directly related to
the width of the tire, this aSpeét‘of tire design greatiy affects the splash
and spray generated. The shape of the tire footprint and the details of the
.shapé at the tfeéd face and sidewall juncfure can influence the angles a@
which splash waves leave the fire, although thefe ié insuffiéient research
available to determine this effect'quantitatively. An extreme-example is

the addition of chines to suppress side wave splash on aircraft tires.
3. Spray Generation by Tread Pickup end Caplllary Adhesgion

The mechanisms of spray generation by tread pickﬁp and capillary adhe-
sion are considered together, because they are closely related phenomena.
Braun (Ref. 33) indicates that at low speeds a tire forms a circulating
water ring in which water is carried in a film adhering to the groove sur-
faces or tire face over the top of the tire and back toc the roadway. As
the wheel speed increases, the centrifugal forces overcome the adhesion

forces and tangential sprays result, forming the tread pickup spray.
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Because of the high accelerations experienced as the individual tread lugs
- and groove elements move away from the contact surface in a progressing |
cycloid, most of the Water_will be discharged from the tire almost imme-
diately. Consequently, an observer moving with the tire sees a spray with
the greatest concentrations near the ground, leaving the tire below 10 deg
of arc, as shown:in Fig. 2. The thin film remaining on the tire continues
to be shed in“decreasing amounts, posSibiyfdue to,increasing‘resistancet
forces along the groove faces as the film thins.:>Finally, near the top

of the tire the incoming air stream creates a surface shear strong enough

to strip the capillary film in a spray Of'very fine droplets.

A theoretlcal treatment of the tread pickup phenomena 1nclud1ng the
con51deratlon of a number of possible mechanisms has been made in Ref. 4.
Some interesting results have been obtained which contain the correct physi-
cal character of the observed phenomena using ordlnary continuum, fluid

mechanlcs concepts and some simplifying assumptlons

a. Tread Pickup Models

Each of the wvarious tread throw models tried started with a different
set of assumptions for the throw mechanism.  Each assumed that the tire
tread starts flat on the gronnd with zero velocity. A tread point starts
accelerating'npward at a uniform rate, and the water in the tread grooves
is assumed to start at rest. Details of thesermodeling approaches are
>given in Ref. 4. The gist of one of them is summarized as follows. It
assumes that the water starts as a thin film on the sides of the tire
groove. As the tread and groove accelerate upwards, the water film is
assumed to take on a parabolic velocity distribution similar to that of
flow in a narrow channel. Droplets are assumed to be produced when the
water leaves the groove, and their velocity is assumed to be equal to the
average exit velocity of the water. The principles of this model are shown
in Fig. 3. It should be noted that the outermost layer of the thin film on
the groove face does not accelerate with respect to the road. Figure 3
shows the spray distribution as a function of angle. The numhers in the
Fig. 3 example show how the mass of water carried in a film 1 mm thick, on a

unit of grcove face 10 mm wide and of specified depth, is thrown per degree
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of angle measured from the'tire contact point. Figure 3 shows the‘spfay
distribution after the curve has been averaged to estimate'the true spréy
pattern in the real world; 'Variations in groove~depth'and film thicknesé
tend to distribute the - thrown water through a set‘of.anglés which can be
averaged to give a smboth and more realistic distribution. . In this prOc?ss,
the peak of the distribution was arbitrarily reduced to 60 percent of the. |
theoretical value and the total concentration was conserved' (area under the
curve was held constant). These curves give the spray distribution created -

by the single groove face 10 mm deep and 10 mm wide.

As the film gets thicker, the amount of water thrown at any one angle
increases proportionally but the shape of the curve does not change. -‘Increas-
ing depth of the groove will cause the curve to be stretched upward to higher
angles, and the total amount of water thrown by the tread element will
increase. ‘Changing:the speed of the tire will not change the curve for a
singlevelemeﬁt.' Increasiﬁg the wheei diameter stretches the curve to gréater
angles. More detail on behavidr oflthe model and the complete énalyficél :

development of the model are contained in Ref.. k.

b. Capillary Adhesion Film Estimates

Three separate estimates have been made of the thickness of the capil-
lary adhesion film. As detailed in Ref. 4, these have considered: 1) only
surface tension and tire curvature; 2) the remaining depth of the watér layer
thrown from the treads; and 3) the size of individual surface adhering drops

which, if closely packed, could be considered a surface film.

Considering>only surface tension and tire curvéture, the film depth, &,

can be expressed as

5=i‘—1_
P (QRt)E

where, in cgs units,

S = Surface tension of water, 70 dynes/cm
p = Density of water, 1 gm/cm3_ |
Q= Angular velocity of tire, rad/sec

Rt = Radius of tire, cm
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Using an estimate of 2500 cm/sec for (Ry, a film depth of 1.1 X 107 cm is
calculated, which appears quite small in comparison to the amount of water

initially retained in the tread groove, which is on the order of 10 mm.

Using the tréad throﬁ model described in Item a, above, andgrecognizing
the inaccurachof the modél at high'angles of throw, a film depth was cal-
culated which correspon&s to the position at.the top of the tiré. Thé film
depth was taken to be the reﬁaining depth‘of the water initially picked up
by the .tread grodvé surfaces éfter‘enough time has elapsed for one-half

revolution of the tire. The estimated depth based on a 1 mm film adhering

© - to a 10 mm deep tread groove, 6 mm wide, is 5 um, which is considerably

larger than the estimate in the previous paragraph.

The third:éstimaté‘was made based on the volume of water contained in
a film composed of cloéely packed individual‘dropleté adhering to the tire
face. For hexagonal paéking; which represents an upper limit to this physi-

cal SituationJ a film depth of 0.2 mm was calculated.

These estimatés aré widely divergent, but they do suggest upper and
lower bounds on the amount of wa%er retained in the capillary‘adhesion_film
near the top of the tire. If a median order of magnitude is assﬁmed, the
film thickness could be on the order of 0.1 mm. ‘Assuming that the entire
volume of the capillary adhesion filwm is stripped by the air stream, Ref. L
shows that roughly one percent of the water picked up by the treads is put

into the air as capillary adhesion spray.

L. Splesh Generation by Displacement Waves

— Cbnsideration of the displacement waves originating from a rolling tire
indicates that only a very detailed analysis of water jet intefaction, com=-
plete with tire geometry details, would be adequate to derive useful pre-
dictive results concerning this phenomenon. Trott (Ref. 34) gives a good
qualitative description of the bow and side wave méch;niéms; and other
authors, notably Braun (Ref. 33), Maycock (Ref. 25), and Kamm (Ref. 9),
describe the effect of road water depth, tire speed, tire inflation pres-

sure, and tire design on displacement waves.
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The basic wave geometry is shown in Fig. 2. As noted earlier, when
the road water depth is less than 3> mm, some of the water in the path cof
the tire is picked up in the tread grooves and the remainder is displaced
to the sides and ahead of the tire in the side and bow waves. When the
water depth is greater than 3 mm the tread grooves are filled and all the
remaining water is displaced in wavés. Little is known about how the water
is distributed between the bow and side waves, but quélitative observations
suggest that for well-treaded tires operating in less than 3 mm of water,

most of the splash is thrown in the side waves.

The effect of speed on splash waves is also not well understood. While
the general spray volume increases proportional to speed to the 2.8 power,
the contribution of the side and bow waves to the spray volume may be quite
low because the side waves lie along low trajectories. 1In the-lower limit,
the increase in wave splash volume must at léast be proportional to the
vehicle speed because more pavement will be swept per unit time as the‘speed
increases. Observations also sﬁggest that droplet size from the splash waves .
decreases as velocity increases. There is, however, no cohesive theory to

explain this phenomenon quantitatively.
5. Simple Single Wheel Model

Based primarily on these qualitative results, a simple model has been
constructed to describe splash and spray generation by a single wheel. The
model maintains the continuity of mass in that all water in the path of>the
tire is accounted for in the splash and spray streams. Where possible, the

results of more sophisticated models have been incorporated in- this model.

Thevunderlying assumption of the model is that the tire grooves are
filled when the water depth on the road reaches 3 mm. The total water in
the path of the tire per second, *total) is'divided into the water per
second displaced in waves, *wave; and the water per second picked up in

the tread grooves, Wipega- The distribution of w between the bow and

wave
side waves is an estimate based on observations of truck tires operating
at 25 m/s. The distribution of Wiread Petween the tread throw spray and
the capillary adhesion spray is an estimate based on calculations of the

depth of the capillary adhesion film. Tire tread pattern details are easily
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included because the volume of the grooves appears to be the most important
parameter.

Based on the detail in Ref. L, these simple model components are given

by:

Total volume of water in path of ‘:Ttotal = UnW
tire per second: ..

Volume of water picked up in *tread =
treads per second assuming the

treads are full when h = 3 mm

and h < 3 mm:

Ul’l-t ab

N

Volume of water picked up in ‘;Ttread = Ungab
treads per second when h > 3 mm:

Volume of water displaced by bow
and side waves:

Wiave = Wtotal — Wiread
The terms and dimensions are defined in Fig. 4. Because no accurate theory
or data exist on the distribution of water between the tread pickup, bow"
wave and side waves, it hacs tuen arbitrarily assumed that the bow wave is
10 percent of the wave displacement, while each side accounfs for 45 per-
cent. In addition, the capillary adhesion has been assumed to be about

1 percent of the tread pickup, based on the previously described models.

The resulting allocation is depicted in Fig. 5.

Estimated droplet size distributions are shown in Fig. 6. These are
estimates but contain the essential character of the various droplet streams
and are supported by data taken in the single wheel experiments and full

scale experiments conducted ss a part of this program.

a = tread groove width

tread groove depth
number of grooves

U = tire velocity

h =road water depth

W = tire width at road contact

Fo
1 1

Figure 4. Tread Nomenclature for Single Wheel Model
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6. Analysis of Single Wheel Tests

Tests Were run by AeroVironment, Ine., at Camarillo County Airport near
Oxnard, California, to provide data on the mechanisms of splash and spray
generation by single wheel and dual adjacent wheel configurations. Test
‘runs were made with light and heavy loads, normal and smooth (taped) treads,
varying speéds, and numerocus auxiliary devices such as aft-mounted plain and
astroturf-covered flaps. The test setup, data, and results are presented in

more detail in Ref. 4. This section summarizes the more pertinent'resnlts.

For these tests, quantitative measures of both spray density and drop-
let size were‘taken for a number of configurations. Spray density was
neasured by an array of water cOllector tubes positioned abont 110 em behind
the wheel center, and droplet sizes were meesured using a droplet sizer
developed by AVI'for these tests. The droplet silzer passes a porous screen
coated with powdered sugar past an orifice through which droplets are flow-
ing. The droplets leave distinct patterns‘in the sugar, and the pattern
images are correlated to actual droplet size by a calibration curve. ‘Average

spray dens1ty can also be deduced from the droplet screens.

b,a. Single Wheel Collector Results

Results in Ref 4 from the collector,measures show approx1mately Gaus51an-
spray density distributions across the t1re face, “and 1ntens1ty 1ncreas1ng
considerably toward the ground. The heavyﬂtire produced con31derably more
spray than the light tlres, except at the high throw angles where the smooth

tire produced more spray than the normally treaded t1res

The reason why the heav1ly 1oaded tire produced much more spray cannot
be fully explalned by the 31mple single wheel theory 31nce the tread volume
was not apprec1ably increased. It is more likely that the lightly loaded
tires were partially hydroplaning, becanse a low inflation pressure was used

to maintain a tire shape closer to that of the loaded cross section.

The collector data were used to estimate the total mass of water -thrown
by the treads per sécond. Because the bottom collectors were positioned at
a throw angle of approximately 13 deg, they missed the major portion of the

tread throw stream which was later shown to lie below 10 deg. Consequently,
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the collector data were extrapolated to the lower angles. In the throw
angle region where data were obtained, the results are in reasonable agree-

ment with the corresponding (for tread depth) analytical values in Fig. 3.

The-single wheel test results indicate several things. First, the
simple model is reasonably accurate in accounting for the tread throw
velume for well defined cases where the tire footprint is in uniform con-
tact with the ground. For heavily loade@ or nearly smooth tires, the simple
model does not account for observed results. In the case of the heavy tire,
this may be due to deformations‘at the tire face which increase the effec-
tive tread volume. Second, the tread throw model summarized in Article 3,
above, appears to overpredict the low angle spray density, at least as
applied to the extrapolation of the collector data. o

b. Single Wheel Droplet Sizer Results

Data were obtained for specimen droplet sizer screens mounted at various
locations behind the wheel. Of particular interest are Runs 2, 5, 33, and
3L. For Runs 2 aﬁd 33, the sizer was positioned nearly on the tire center-
line 50 in. (1.27 m) aft of the tire center and 31 in. (0.79 m) above the
ground. For Runs 5 and 3h,rthe sizer was similarly positioned only 10.5 in.

(0427 m) farther outboard. The run numbers are those of Ref. k.

‘ An analy31s of these screens is shown in Fig. 7. Droplets were counted
'and categorlzed accordlng to 31ze using a calibration curve to determine
the actual size from the ;mage size. The distributions shown in Fig. 7
give a good picture-of the droplets in the tread throw stream froﬁ the
lightly loaded and heav1ly loaded tires. They also show that very little
spray exists away from the main tread throw stream. It is particularly
ylnterestlng ‘to note the shlft 1n the centerline distributions towards
larger droplets for the heav1ly loaded tire. Overall, the heav1ly loaded
single and dual adgacent tires produced much more spray than the other con-
-Pigurations. Most of the screens located out31de of the main droplet streams
- showed very low concentrations. The astroturf-covered aft flap resulted in

a considerable reduction in spray concentration further aft.

In order to quantify these results and relate them to the collector

data, spray concentrations were determined assuming the passage of spray
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through the sizer orifice at freestream velocity, as detailed in Ref. L.
The calculated spray concentrations from the SCreens, shcwn in Fig. 7, were
found to be ‘greater than those calculated frcm the drcplet ccllector meas-
urements. ‘The collector concentrations are considered to be more represen--
tative of average spray proportions than the screen concentraticns for A
several reasons. The collectors are essentially integrating devices that
collect water over a reasonably large time interval and thus provide a good
average of the spray. The droplet screens are virtually instantaneous sam-
plers which record events taken over a very short time interval.. The spray
cloud is an unsteady, turbulent, fluctuatingrdistribution with the charac-
teristic peak/mean ratio of turbulent plumes. Mbreover, the reduced screen
data are biasea by the selection for reduction of screens containing only
rather extensive droplet signatures, so that gcod droplet spéctra readings
can be obtained. In retrospect, the-san@les indicating very low droplet
concentrations were not reduced, but evidently ccntributefto mean levels.
Meander, scatter, and variance levels are not known for this spray situa-
tion, buttit is noted that for‘plumes, peak/mean concentration ratios of

the order of 3-5-can occur.
8. Multiple Wheel Set Sprey Generation Model "

The generation of splash and spray by multlple wheel sets can now
be con31dered to complete this artlcle _and to prov1de the input for the-

multlple dlscrete source dispersion model presented in Article B, below.

The multiple wheel set spray model uses the - simple single wheel model
as its ba51s and considers mechanlsms of surface water removal surface
water replenlshment multiple wheel 1nterference spray generatlon, and
droplet: 1mpact10n to construct quantltatlve representatlons of multiple
wheel set conflguratlons Observatlons of success1ve wheel sets in the
full scale data indicate that the spray dlmlnlshes for follow1ng sets.

For the typlcal 3 axle COE plus 40 ft (12.2rm) van,lmost of the spray
‘cloud appears to be generated by the front'wheelsvand theidrive tandems,
with considerably less generated by the semitrailer-tandems{ Figure 8
glves a quantitative measure of this phenomenon as reduced from the full

scale droplet collector data for the 2 axle ‘COE tractor with three 27 fit
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(8.2 m) trailers. It is readily seen that the spray is reduced for succes-

sive wheel sets.

Starting with the simple .single wheel model, it is assumed that each
tire throws or displaces only 85'percent of the water in its path. - For
typical truck configurations, thé front wheel track lies a.p;proximately
3 in. (76 mm) outboard of the center of the dual wheels. Consequently,
the drive tandem duals receive surface water which is nearly undisturbed
by the front wheels. Succeeding tire sets follow along the same track as
the drive set. If the 85 percent assumption is used, then the rear wheels
of the third 27 ft van shown in Fig.'8 would pick up less than 0.0001 as
much water as,the drive wheels. Clearly this is not the case. Water must
be replenished in the péth of following wheel sets. It is not known pre-
cisely how this hapbens, but several mechanisms are quite probable. Some
of the water thrown by leading wheel sets returns to the ground in the path
" of following wheels. This is true also for runoff from the wetted underside
of the tractor and semitrailer. And, each pieared path through the water
will begin to fiii»up égaiﬁ as watér_migrates‘inward from the sides of thé
cleared ﬁrack. For water film depths on the order of 1 mm, this process is
slow in comparisdn with passage of the truck and little replenishment results.
This is subétantiated by the observation'of wheel tracks that persist many

truck lengths downstream of the truck.

Using the ﬁodels and the full scale collector fesuits, ; water pickup
schedule fof'the complete 3 axle COE plus LO ft van rig is developed in
Ref. 4, Some assumptions have been made about water replenishment to give
- reasonable corréépondence to the results shown in Fig. 8. For the front
wheel, 5 percent replenishment is assumed to cover return Wafer from the
f front wheel tread pickup plus water dripping back to fhe roadway from the
front wﬁéel well. For the drive tandem-duals; 5 percent replenishment is
assumed due fg the first dual tread throw impaction on the second dual.
Prior to the trailer tandem duals,‘QO percent of the pre—drive—tandem watér
is assumed returned tb»the road. This is made up by drive tandei tread
throw ahd roostertail cdntributions which fall in the path‘of‘the reaxr
wheels. And, after the first tfailer“téhdem, 5 percent replenishment is
assumed again. Total water remaining in the tracks of the tandem wheéls

is.less than 1 percent of the original water on the road.
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To complete the multiple wheel set model, the tétal spray generated
by each wheel was divided up into wave and tread throw components, and
configuration-dependent phenomena  such as spray impédtion on the gas tanks
were treated. The breakup of the various sprays is illustrated in Fig. 9.
Amounts of spray reflected upon impaction and combining to form interference
sprays are eétimates chpsen to be consistent with the observations and data
presented here and in Ref. 4. These spray stream mass fléws form the basis
for choosing source strengths for the spray dispersion computer model. The
numbers are slightly different for those runs because the additional small
increments of overlap between the front tire and following tandems have

been taken into account.
B. DISPERSION OF SPLASH AND SPRAY

This article summarizes the analytical model developed by AeroVironment,
Inc., which computes the spray field concentration distribution near the
truck. First, the basic dispersion model for a source emitting particle of
a given size in a turbulent flow is discussed. Then a full computer model
integrating all the sources on an arbitrary truck configuration is described.
Finally, examples of the computer-generated concentrations of the spray
fields are shown, togefher with’avcomparison with field data obtained from
the full scale tests. The material presented here is based on the detail
in Ref. L. '

The analysis of the dispersion of water droplet sprays in thé fully
separated truck wake is a difficult problem at best. Droplet streams con-
taining different size droplets are introduced from multiﬁle sources into
an extremely complex flow field. Rational dispersion anaLysis;uéing the
well established Pasquill-Gifford diffusion relations can be applied to this
problem; but appropriate mean and turbulence velocities mustbbe determined

and spray sources must be adequately categorized to do so.

In addition, the dispersion model ﬁust contain enough structure to
satisfy the basic physics of the phenomena. For instance, droplet streams
are injected into the flow field with velocities which are different in
magnitude and direction from the mean flow velocity. But, the airstream

acts on these droplets and eventually they are cafried downstream at the
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mean velocity. -Additionally, droplets fall under gravitational force until
they are extinguished upon contact with the ground, or are suspended aloft

by strong turbulence until they disperse to very small -concetrations. Con-
sequently, a model should satisfy the near-field condition of initial dpop-
let injection velocity, satisfy the far-field condition.of:alignmentkwith

the hean flow, and contain mechanisms for droplet fall under grdvitational
force and eventual dispersion to infinitely small concentrations. The model
presented in Ref. 4 for this analysis fulfills these requiremehts and permits
consideration of the rebound of dfoplets off the side of the truck. Yet, the
model is simplé enough that the intricate details of the near wake do not
have to Be known, which is appropriate because those flows are much too com-
plicated for ‘detailed analysis and only regional mean and turbulence veloci-

ties have been determined experimentally.
1. Use of the Gaussien Plume to Mcdel Spray Dispersion

Classical diffusion analysis of plumes as pioneered by Pasquill (Ref. 35)
and Gifford (Ref. 36) holds that they disperse with a Gaussian cross stream
concentration distribution and expand linearly with downstream distance.

The Pasquill-Gifford equation

QW 1 1 {y\2 _ 1 {2\
C(x,y, Z') = W 2ﬂﬂyUz €Xp [_ ? (Uy) - ? (E’;:) ]

Where ¢ is the concentration and Q is the initial mass flow. The mechanism
of dispersion is the lateral transport of small particles by turbulent
eddies in the flow field. These eddies are characterized by a turbulenée
velocity which acts in all directions and defines the extent of lateral

dispersion as shown schematically in Fig. 10.

"This approach can be applied.direéily to the'probiem of a fine droplet
spray introduced intova uniform flow field; hoﬁevér, when large droplets
are considered and/or dfopléts are injected into the flow field with some
initial velocity different from that of'thé mean flow, the approach has to
be modified. In that case, the acceleration of the droplet depends on the
size of the droplet and the aerodynamic drag force which is related to the

net velocity by an aerodynamic drag law. Using the reference frame of the
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= X'/U|

o = VT [} T )

a = tan'{vy/U)) Note that the total flux of the

U, = mean flow plume must be conserved at
each cross-section

VT = turbulence

figure 70. Basic Pasquill-Gifford Dispersion Relations

droplet, a differential equation can be written which, when integrated,
will give the droplet's velocity and position as a function of time as the
particle accelerates. Knowing these quantities, the actual trajectory and

velocity can be determined.

If all droplets in a given spray stream are assumed to be of the same
size, then dispersion of this stream can be modeled using the Pasquill-
Gifford equation by assuming the trajectory of a single drop to be the
centerline of a dispersion plume. Another simplifying assumption is that
concentrations are Gaussian normal to the mean flow field streamlines rather
than normal to the plume centerline. This/greatly reduces the computational
complexity of the model. As described in Ref. L, the effect of gravity
on the droplets can be accounted for by assuming that the vertical compo-
nent of the final freestream velocity is the terminal full speed of the
droplets. This approach works rather well, and if the velocity difference
between initial and final velocities is several times greater than the ter-
minal fall speed, the effect of gravity is very sméll and an acceptably

accurate trajectory in the vertical plane is achieved.
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The resulting model_giVes reasonable droplet behavior and dispersion
spray stream treated as dispersing plumes, illustrated in Fig. 11. Knon-
ing only the initial spray mass flow (g/s), the droplet size, the initial
injection velocity (V}) the relative wind angle (W), the wake mean velo-
city (U1), and the wake turbulence velocity (V}), the concentration of water

g/m due to a single source can be determined at any point in space; The

development of the appropriate equations is contained in Ref. L.
2. Discrete Source Model of Complete Confilgurations

The total water concentration at e point in space due to a number of
discrete spray plume sources can be calculated. The various spray streams
of a single wheel, a multlple wheel set, or a complete truck configuration-
can be represented. The model generates detailed concentfation plots and
isopleth plots of the truck splash and spray.‘ A complete description of
the model is contained in Appendix G of Ref. L,

The ﬁodel requires the following inputs for-each case
® TFreestream velocity, U,
‘® Relative wind angle,‘ww
and the following inputs for each source
® Source water mass flow, Qy
.. 'Wake mean flow velocity,constant,jK1
® Turbulence velocity constant, K>

® X, y, z components of source initial veloc1ty
vector, V@x, V¢y, Vo,

® Xx, y, z coordinates of source location, Xpy» ypo, Zpg
® Droplet diameter for this source, d
® Initial spray plume width at the source, o,

The output is in the form of concentration plots or isopleth plots in a
specified x, y, or z plane. A basic rectangular image is included to mark
the location of the truck end each source is marked with a letter of the

alphabet in the order in which they are input.
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a. 3 Axle COE Plus 40 ft Van Example Results

One configuration studied_in detail was the 3 axle COE plus 40 ft van.
Source descriptions and inpﬁts are presented in Ref. 4. Source inputs
were developed using the splash and spray generation model described in
Article A.8, above. VSourcevstrengths are not exactly the same as those
shown in Fig. 9, because the slight amount of tire overlap between the
front tire and the tandems was included in the analysis. In any case,
spray source mass flows and initial velocities were estimates, since no
accurate supporting data exist regarding theilr breakdown. The correspond-
ing source locations are shown in Fig. 12. Source initial velocities and
Op'S were chosen to correspond to observed spray plume initial directions
and diameter. Droplet sizes were chosen based on the experimental results
on droplet size discussed in Article A.6. Constants Kj-and Kp were chosen’

based on the wind tunnel and ground based anemometer data.

Figure 13 shows the spray concentrations in g/m5‘for the basic truck at
Wy = 0° as viewed in the x-plane just aft of the tractor-tandems. Figure 14
shows spray 1sopleths for the. x-plane v1ews also, taken just behind the drive
tandems at Yy = 0°. ThlS figure gives a more graphic view of the extent of
the spray alongside the truck. Figure 15 shows spray concentratlons viewed
in the z-plane at a height of 1-m above the ground for Yy = 0°- The height
was chosen:to be close to windshield height for a passing car and low enough
. to capture the main truck spray plumes. Corresponding isopleths are pre-
sented in Fig. 16. These figures highlight the regions of maximum spray
density. Similar figures given in Ref.ih show the leeward drift of the
spféy cloud with increaSing’ygw angle. Another'example series given there
illustrates the effect of fedhcing source etrength,(e.g., by Reddaway fen-

ders)‘and'modifying the aerodynamics via a cab-mounted drag shield.

In general these analytlcal results are in good agreement with the
spray-related v1s1b111ty measures obtalned durlng ‘the June and November,
-1977, full scale tests This can be seen in the checkerboard photographs
on the individual data sheets in Appendlx B. It is also ev1dent in compari-

sons shown in Raf. U4, based on the same Appendlx B data
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SPLASH AND SPRAY GRAPHICS PACKAGE
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C. DRIVER/VEHICLE SYSTEM PROFERTIES

Aerodynamic and visibility disturbances in the vicinity of a truck cén
degrade the path performance of an adjacent car and cause'corresponding
reductions in safety. Analytical procedures have been developed for inves-
tigating the effect of such disturbances on the driver/vehicle system, and
they are summerized here. Additional background materiesl on driver/vehicle
models, analysis, and their applications are given in Refs. 2, 3, 6, and '

37-45, for example.
1. Disturbance Situation and Driver Task

The geometry of aerodynamic disturbance sitﬁations:is shown in Fig. 17.

The car (disturbed vehicle) is shown on the left of the truck, either over-
taking it or being overtaken by it. Positive lateral path déviations (yI)

“move the car toward the right (and toward the truck). The driver's task is

to stay in the center of his lane and avoid drifts in lane position. To

Relative Crosswind Angle (+)
j::&/”’/”*

J — - Lane ¢
Uc - Car Velocity

CAR

ad

y; - Lateral Deviation

1
]

- - Lane ¢
Ut -Truck Velocity

TRUCK

1
o———tt J

15 - 10 5 -5 -10
x1, Distance Relative to Truck Front{m)

Figure 17. Typical Truck-Car Disturbance Situation
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accomplish this, he makes steering corrections, based on perceived motions
of his vehicle, to minimize the lateral deviations caused by the distur-
" bance. One convenient performance measure is the peak lateral deViation

from the lane centerline due to the disturbance (yI)

The truck creates a .turbulent wakenthat_gropagates downwind. A posi-
tive relative crosswind is one that causes the wake from the truck to blow
away from the lane the car is in, and conversely. The crosswind angle (ww)
is measured relative to a sensor on the moving truck, and it reflects a
combination of the ambient wind (relative to the ground) and vehicle motion.
Zero crosswind refers to the case with no relative crosswind angle, although

. a headwind or tailWind may. be present Because the vehicles are symmetri-
cal, the results are equally applicable to the case with the car on the
right If the car and truck are traveling along their respective lane

centerlines, the centerline separation equals the lane Width
2. Basic Dri‘ver/Vehicle Model

The dynamic model for driver/vehicle response and performance is based
on-an'empirical‘theory of manual control that takes into account:

° Guidance and control requirements related to stability
and path following, and

® Driver requirements related to human characteristics

The driver responds to stimuli from the full uisual‘field. The current
driver control model is based on human response data obtained in a tariety
of vehicular control tasks, including driving. The basic manual control
theory is presented in Refs. 39 and 42, for example. Specializations to
driver control have been described in detail (e g s Refs 37 and h5;45)

and are reViewed briefly below

To set up the driver/vehicle system dynamic model, the vehicle proper-
ties are readily defined using linear or nonlinear differential equations
of motion. One derivation and summary is given in Ref. 46 for passenger
automobiles. There, directional pr0perties-pertinent to steering control
are modeled using linear equations in three degrees of freedom: lateral

velocity, yawing velocity, and body roll angle. The equations of vehicle
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motion and steer angle response functions have been quantified, subsequently,
by using chassis and tire data and verified in full scale tests (e.g., Refs. 3,
43, 45, and elsewhere). More complete models abound in the literature, among
the best of which are the HVOSM model developed by FHWA (Ref. 47) and the

APL JHU HVHP model developed by NHTSA (Ref. L8).

To model the driver we rely on a nonlinear approach in which the driver's
control behavior is characterized by an input-dependent deseribing function(s)
plus remmant represéntation. The describing fungtions represenﬂ the driver's
vaétion'in reducing errors in lane position, vehicle heading, ete., whereas
the remnant amounts to a kind of driver-induced noise.  As the Qperatiﬁe ele-
ment ‘in the system, the driver adapts his'dynamic characteristics (describing
functions) so as to satisfy the key guidance and control requirements for the
driver/vehicle sysfem. Stated verbally, the guidance and control requirements
for lane position control are: '

® To establish and maintain the automobile on the specified
path

® To reduce path errors to zero in a stable, well damped
and rapidly responding manner

® To establish an equilibrium driving condition

® Td maintain the established path in the presence of dis-

turbances such as gusts, crosswinds, and roadway distur-

bances
These reqﬁirements relate,pfimarily'to the relatively iow;frequency path |
modes of the driver/vehicle system. To éafisfy them, "outer" control loops
© which involve the feedback of vehicle motion quantities such ss lateral posi-
tion in the lane mﬁst be set up or "mechanized" by and through the driver.
However, with only this control acting the system may not be stable, well-
damped, and rapidly‘responding in transient oéerations To provide this,
. equalization u51ng feedback of additional vehicle motion quantlties is

ordinarily required as discussed below.
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" a. Driver Describing Function

Driver closed-loop steering response caﬁ be modeled by @escribing func-
tions with parameters that depend on the system and situation, rules that

tell how to adjust the parameters, and an additive remnant.

Remnant is the part of the driver control output that is not linearly
correlated with the in@ut, and it can be modeled as a random noise added
to that output; Its main source seems to be nonstationary behavior. Some
evidence of remnant is seen in the steer angle and yéw velocity of the full
scale data shown subsequently. Generally, it can be neglected when differ-
ences in performance due to changes in the vehicle, roadway geometry, dis-

turbance situation, and so on are analyzed.

The rationale of driver equalization can be expresséd most simply by
using an approximate crossover model (ﬁef. 42), which states that the driver
adjusts his describing function (YP) in each loop such that the open-ioop
function, made up of the effective vehicle dynamics'(Yc) and the driver, in
the vicinity of the gain crossover frequency for that loop has the follow-

ing approximate form:
Y Y, = —/—— _ (1)

The crossover frequency (wc),in Eq. 1 is a key parameter. It corre-
sponds to the "bandwidth" of the closed-ldop driver/véhicle system, and’
its magnitﬁde determines the quality of control and sYstem responsiveness.
The érossover frequency is adjusted by the drivér for a given situation '
based on the vehicle's handling pfopérties, the driver's skill levél, and
the nature of the inputs.and the perceptual situation. Tﬁe time delay (1)
in Eq. 1 includes neuromuscular dynamics as well as any high-freQuency
vehicle lags. In mﬁltiloop situations the controlled element dynaﬁiés
will include the effects of all the inner loops closed. Experimental
values of the parameters in Eq. 1 and the basic adjustment rules are

reported in the references listed above, for various situations and tasks.
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b. Driver/Vehicle System Structure

Multiloop control involving more than one feedback stimulus is néeded
fo:satisfy the guidance,'cbntrol, and driver requirements. The systen
shown in Fig. 18 is repreéentative fdr the steering control task of interest
and the typical passenger cars. This system has a primary feedback.loop
for functions of vehicle heading angle plus an 6uter loob for functions of
lateral deviation. In the model these feedback cues are operéted on by the
driver's describing functions to produce steer angle corrections.

e —— — G- S — — — ——l Aerodynamic

DRIVER . Disturbance
| Remnant | } |
Y1
. 5
Desired I w
Yy Y‘p S YC 4,
P

I VEHICLE

— e e —

Figure 18. Driver/Venicle System Concept

Yy and Yy (Fig. 18) acéognt for the effective driver response proper-
ties. However, they are not necessarily an exact analog of the system
details. As noted, driver perceptual activity may invoive some attention
to other cues such eas yaw velocity and lateral accelerafion, but the net
effects of these feedbacks (if present) are embodied in Y, and Y. Simi-
larly, higher order dynemic properties of the vehicle can be reflected in
the three-degree-bf-freedom_model for the range of frequencies and ampli-
tudes important to driver control in aerodynamic disturbance regulation

tasks.

The mathematics for the multiloop system in Fig. 18, and the associated
response'data presentations, can be simplified by expressing the behavior

of the driver/vehicle system in terms of an equivalent single loop operation.
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In such a single loop system the denominator of the closed loop system -
transfer functions will have a form in .which the open loop system transfer
functioh, G, ‘is added to nnit'y, i.e., 1+G. If an effective driver describ-
ing functlon is defined as YP’ in the fashion shown below, then the closed
loop denomlnator for Fig. 18 is '

D= 1+ Ts(6d, + 1yeE,)

1+ YieCY. .‘ | (2)

where Gg is-the“sieering ratio, Ggw and Gngare the respective vehicle

transfer functions, and

6L,
*
G
‘SW'
= Yy |1+ ¥y oW , | (3)

W,

In these equations the effective open single-loop driver/vehicle transfer
function is Y;Gngw The effective driver describing function is seen to
depend on the heading loop driver descrlblng functlon, YW’ and that for
the lateral p081t10n loop, Yy, as'well as on the vehlcle y and v transfer

" function numerators. ThlS Jlatter point is emphasized by the ratio Ny /NBW
in Eq. 3, a notation which represents the vehlcle transfer function

numerators spe01f1cally

‘ Falrly extenslve data are avallable from recent - full scale experiments
' -(e g., Refs. 41, and 43- h5) to quantify the equivalent open loop describ-
ing- functlon of the drlver/vehlcle systeng YstGgw, for aerodynamic dis-
turbance regulatlon tasks. These data are for a range of passenger car ‘
dynamlcs, and a varlety of male and. femalé . subJects An example of thls

-‘frequency response fUnctlon for 8 male and 8 female subJects from the
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‘Rgf, 43 study is shown in Fig. 19. These data are for a 1974 Chevrolet Nova
with a random appearing side gust-like disturbance. The key properties of
such describing fuhctions'are summarized by-fhe'crossover frequency, wq, the
phase margin, ¢y, and the slope of the émplitudé ratio (see Fig. 19c for
callouts of these quantities). For the female drivers, the amplitude ratio
elope is almost exactly —20 dB/dec, whereas it is somewhat less (—15 dB/
dec) for the males. This indicates that the women are somewhat more effec-
tive in suppressing Very low freqQuency disturbances than the men, whereas
the men showed slightly higher system bandwidths, as measured by w,. The
phase margins were essentially the same for all. The.differences noted are

" relatively minor{ although they illustrate the smal;-detail resolution which

' the method permits..

Another key point in these data is the varisbility. This is‘indicated
graphically in Fig. 19 by the *ic hatch marks @bove and below the plotted
average points. Also available are histograms for the describing function
data points themselves and for the characterizing parameters, wc and Py-
Consequently, any performance estimates made with these data can be couched

in terms of population averages plus likely statistical variations.

With data such as these {(or their mathematical model replacements), the }
‘denominatoer funétioﬁ D" in Eq. 2 can be considered completely known. ‘That -
is, the common factor [1/(1 + YEGSGgW)] present in all response quantities
is easily determined from the data of Fig. 19. This leaves the numerator
- functions to‘be adjusted according to the situations which are to be éhar-

acterized and analyzed.
3. Adding Aerodynamic Disturbances to the Mod.érl

The effects on lateral lane position of aerodynamic disturbances, 7,
can be con@uted'fbr a giveﬁ.passenger car and aerodynamic disturbance using

the equation:

‘ ' 1 Ng YV
y1 =4[1—+%G—§gw](Gn+Yuﬁan6w>ﬂ IR
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Here, the vehicle transfer function G% relates the lateral position of the
car alone to the disturbance n, and the coupling transfer function Gﬂgﬁ is
also a vehicle-alone property. The corrective effect of the driver control
action is given by the bracketed term in front. As can be appreciated from
the data of Fig. 19, at frequencies less than the crossover frequency this
bracketed term is a number less than unity. It thus serves to reduce the
lateral deviation that the car would have if the driver were not present
and active. The gust susceptibility- of the car is accounted for by the Gy
and Gyaw transfer functions, whereas the time course and magnitude of the
aerodynamic disturbance itself 1s given by n. When these quantities are
known for a specific sifuation, from vehicle equations of motion and wind
tunnel force and moment data, transient and steady state calculations of the

lateral deviation yy can be made.
4. Example Results for Disturbance Situations

The yaw moment and side force disturbances on an adjacent car have been
.quantified'in past studies (see Refs. 2, 3, 6, 29 and 30) for various truck
and bus shapes, using wind tunnel experiments and 1/10 scale models. The
forces and moments of the disturbed car were measured for various relative
crossyind ahgles, centerline separations, and longitudinal positions. Details

of those scale model experiments are given in Ref. 29.

Example Cy and Cy disturbance: coeff1c1ents are shown in Fig. 20a for
a full-sized station wagon in the presence of a 3 axle COE plus 40 ft van
semitrailer. These data are for zero crosswind and three centerline - separa-
tions. The principal disturbance in this case results from the flow around
the bluff front of the truck. Intercity bus data have a similar appearance
“for the zero crosswind case. Crosswind disturbance data are shown in Fig. 20b
wherein the disturbed adjacent vehicle‘passes along the lee side of the truck"
or bus. In this case the main‘disturbance“is large and of lower ffequency
than the zero crosswind situation, and it results from the truck or bus sha-
dowing the relative crosswind. The data in Fig. 20Cb also show differences
between truck and bus shape. Variations in centerline separation have less
effect on the disturbance magnitude with a crosswind than they do with zero

crosswind. Additional aerodynamic data for vehicle disturbance situations
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were obtained as part of the’present program, and they are presented in

Section V.

Driver/vehicle response and performance estimates for various situations
have been computed in past studies (Réfs. 2, 3, and 6) using.the models and
data discussed above. Simultaneous full scale tests with instruﬁented vehi-
cles have been used to confirm the analytical and model results. An example
comparison of analytical and full scale results is shbwn in Fig. 21, from
Ref. 3. The aerodynamic disturbance shown was caused by the station wagon
passing an ‘intercity bus at a relative speed of 7 mph (3 m/s) with a strong
crosswind. In Fig. 21, &y is the front wheel steer angle, r is the heading
rate, and [WV| and AWV are the megnitude and angle of the wind relative. to

the moving car. The results show good agreement, particularly in terms of

Tl

H-Full’Scale/ -

‘%{mede=63mph

1"{12 ft ¢ Separation

.| ¥ =~ 23 deg

T Run No. 720620-43
AL A |

i

Figure 21. Compariscn of Results for Station Wagon
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the overall'yI. The higher frequency (3 to 10'rad/sec) oscillations in

the 3, and r data can be accounted for as remnant.

The dfiver/vehicle résponse values shown in Fig. .19 and typically used
in model calculations are based on a.reasonably skilled and alert driver
) attemptiﬁg to maintain a constant path in the lane. This level of control
activity and performance is sufficient for studying the effects of changing
other parameters suéh as truck‘shapé and émbient wind, and the results of
these comparisons are insensitive to fairly wide variations in driver skill
and attentivenesé. In an absolute sense, however, the performance values
shown could improve somewhat with a very-skilled driver and degrade substan-

tially if the adjacent driver were inexperienced or distracted.

Splash and spray aside, there are several waYs5£0‘improve drivef/
-vehicle performance in aerodynamic disturbance situations. Changing vehicle
éhapes reduces the ﬁagnitude of the aerodynamic disturbance. Increasing the
‘distance between vehicles is,inﬁéﬁiably beneficial. Increasing the speed
of the passing catr helps by reducing exposure time and increasing the fre-
quency content of tﬁe disturbance (which résuits in greater éftenuatidn by
the car's‘inertia)ﬁ If the truck passes tﬁe car, reduction in the 5speed of
‘either vehicle is generally helpful. Better car?handling dynamics and driver
skill impréve performance. Reducing the vehicle airspeeds and wake effects
is helpful, and this will occur with no headwind (or a tailwind) and when .
the crosswind (if present) is such that_thé truck wake is_not blowing across

the path of the car, as previously discussed.

The effect of varying the‘handling and aerodynamic properties of the
adjacent vehicle are shown in Fig. 22. Their aerodynamic properties are
shown in Fig.-22b in terms of ng,‘the laperal acceleration per unit cross-
wind gust. The normalized yaw moment could be used as well. Large low-
density vehiclesA(such as a pickup truck-camper or a utility van) are more
gust-sensitive than conventional sedans. Driver/vehicle performance of
these vehicles in the presence of a bus disturbance with strong negative
crosswind is shown in Figs. 22a. The differences in performance generally
follow the trend of the gust sensitivities, with the exception of the station
wagon and station wagon towing a trailer. These perform poorly because of

their aerodynamic and handling properties, as detailed in Ref. 3.
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The direction and magnitude of the ambient wind relative to the moving
vehicles are significant parameters in vehicle disturbance situations, and
there are two basic conditions: »

® Zero crosswind in which the flow about the front of
the truck or bus pushes the vehicle away (also repre-

sentative of wvehicle passing upwind of a truck or
bus in a crosswind), and ‘

® DNegative crosswind (diéturbed vehicle downwind) in

which the wake alongside and to the rear of the

truck or bus "pulls" the two vehicles together.
The variations in performance with relative wind for two nominal distur-
bance situations caused by a bus are shown in‘Fig. 23. Both positive (toward
bus) and negative (away from bus) peak deviations are shown. Positive cross-
wind (car upwind from bué)'results differ little from zero crosswind. For
negative relative crosswind angles and magnitudes greater than about 5 deg,
the performance decreases sharply because of the large amplitude, low fre-
quency disturbance caused by the shadowing effect of the bus. Results for
the COE plus semitrailer truck have a similaf'form, although the‘pegative
crosswind performance degradation transition occurs at Yy = =10 deg because

of the differences in shape and configuration between the bus and the truck.

Varying the speeds of both the car and the truck or bus has a substan-
tial effect on performance. This is shown in Fig. 23 with two car speed/
bus speed combinations: 60/50 and T0/65. The T0/65 case results in sub-
stantially larger path deviations by the car. At higher speeds the dynamic
pressure increases, and this amplifies the level of the disturbing forces and
moments. At lower relative speeds the disturbance lasts longer and changes
more slowly, which tends to disturb the car more despite corrective driver
steering. At higher speeds the car's handling dynamics change, it responds

more gradually to driver steering corrections, and this reduces performance.

A1l of the example results discussed here are for the bus (or truck) and
the: disturbed vehicle traveling in the same direction. Oncoming vehicles
present a case in which the relative speed is very high. This generally
causes the aerodynamic disturbance to have a very short duration and results
in a relatively small lateral deviation of the driver/vehicle system. The
median on most modern highways increases separation and reduces the distur-

bance due to oncoming vehicles.
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5. Accounting for Visibility Effects :I.n the Model

Splash and spray, in contrast to the aerodynamic disturbances, exert
only minor or negligible forces directly on the driver/vehicle system.
Their effect is more to interrupt closed loop operations by reducing or
momentarily eliminating driver visual inputs. These effects can be con-
sidered in the same general framework as that'introduce@_above, albeit as
systém parameter variations rather than as forcing functibns to which the

system responds. The modeling factors are outlined below.

To simplify this discussion we can neglect aerodynamic disturbances,
and assume the forcing inputs are primarily the desired path, y., and
driver remnant, n. The driver/vehicle system's lateral deviation will then
be:

yp = [—l——T]YwGngW(Ych + n) (5)
1+ YPGSG ) '

The effects of the splash and spfay on the visual scene show up in the
model as changes in the describing functions, Yy and Y¢ , and the remnant,
n. Results of a recent study for the FHWA (Ref. 49) help relate the com-
" bined effects of adverse visibility and roadway delineation to changes in
the driver/vehicle system guidance and control properties. Data were
gathered in a fixed-base simulator and in a full scale car and van on the
road. The results show that the major effects of a reduced visual segment
_appear to occur in the following order:

® Reduction of the lateral lane position gain, i.e.,
the describing function Yy becomes smaller

® Increase in the driver remnant, n

o '»Reductioﬁ iﬁ the heading loop gain, Y, becomes
smaller ‘ ‘
Physically, the reduction in lane position gain, with a lesser reduction
in the heading loOp; is tantamount to a reduction in sight distance of the
eye point of regard. This is completely consistent with the "physically"
reduced visual segment. As this is reduced, the ability to generate good

closed loop path control decreases.

TR-1093-1 ' 82



Remnant buildup can increase the lane position deviation in the same
fashion as an increase in any other fofcing funcfion: Although the ;ncreased
- remnant due to adverse vigibility is not well understood, it appears that
more scanning is required of the driver than ordinarily takes place.” To the
extent that this 1s the explanation, the remnant must indeed gb up, because
scanning among various‘elements of thé visual field for information‘is a

well established cause for remnant (see Ref. Loy,

- In summery, considering these effects and Eq. 5, the lateral deviation
‘due to visibility effects will be increased by remnant increases and by
reductions ir the describing funetion gainé. The position and heading
describing functions can become smaller than normal, but not necessarily
tecgether. 1In ény event, the result would be a reduction in the effective
open loop describing function Yﬁ. As this quantity decreases the closed
loop system modifying term [1/(1 + YﬁGSGgW)] increases. In fact, if Y;Gngw
becomes small relative to 1, the driver/vehicle feedback control system

becomes essentially open loop.
D. DRIVING SIMULATOR TESTS

A series of tests was run in the STI Driving Simulator,garly in the
program. One purpose was to study the effects of visibility changes on
driver performance, and to gain a further understanding of the important
visual cues. Related to this was an interest in trying to identify spray

. cloud shapes and patterns which would minimize adverse visibility effects
on the adjacent driver. Finally, we wanted to further develop candidate
visibility and performance measures for use in the full scale splash and

‘spray tests.
1. Slmulator Setup

The test subjects were presented with a part-task simulation that pro-
vided the essential features of a truck splash and spray passing scenario.

This included:
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® An interactive truck image

® Visibility reduction due to a truck-related spray
cloud ' i

'0 * Truck-induced aérodynamic force and moment distur-

bance to the simulated car lateral equations of

motion
These'features were incorporated into an extant automobile simulation
(Ref. 50), which already displayed features in the ground plane such as
delineation, intersections, and raised edge reflectors. The display elec-
tronics were expanded to portray an interactive truck with various spray-
induced visibility reductions, as exemplified in Fig. 2L. Aerodynamic
forces and moments were imposed on the analbg vehicle equafions of motion,
through the use of a minicomputer, causing the visual scene to be disturbed
laterally. The truck was introduced on the simulator display, traveling at
a fixed speed some distance ahead of the driver subject with prescribed spray
cloud characteristics. The driver could overtake and pass the truék by con-
trolling the speed and lateral position of the vehicle. Details are given

below.

a. Visual Scene

The simulator mechanization of spray visibility reduction is illustrated
in Fig. 25. It assumes a cylindrical cloud of length L., with an ellipti- -~
cal cross section density. The cbntrast of any element in the scene (road
delineation, side of truck, etc.) is a function of both the viewing dis-
tance through the cloud and the density along the line of sight. A con-
stant density along any given line of sight is assumed, which is determined

by both the position of the driver and target element as illustrated.

Although éomewhat simplified over real spray cloud conditions, this
approach ﬁrbvides.appropriate basic visibility characteristics. For example,
visibility varies with the driver's lateral position relative to the truck,
as well as the lateral position of all road elements. Also, visibility
increases as the line of éight viewing distance through the cloud decreases
due to the driver aﬁd/or visual elements emerging from the cloud. Thus,.
as the driver passes the truck he observes the visibility of down-the-road

cues to first decrease, then increase.
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a) Vide Low Cloud Obscuring
Delineation

b) Narrow Tall Cloud Obscuring
Truck

e¢) Large Cloud Obscuring
Delineation and Truck"

Figure 24. Example Visibility Conditions
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" Figure ?5 Cloud Density Distribution Simulation Scheme
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The disﬁlay circuitry wasvset up to allow for variation of: 1) the
height and lateral position of the density ellipse; 2) the magnitude of
the major and minor ellipse axes; 3) the density falloff as a function of
distance from the ellipse center; and 4).the overall magnitudé density of
the cloud. Wifh‘these Variationsvwe were able to simulate a wide range of
generic cloud configurations in-order to determine the consequences on

performance and driver opinion of the loss of various visual cues.

_b. Vehicle Dynamics and Disturbance

Linear two-degree-of-freedom equations were used to describe the basic
lateral-directional (steering) equations of motion for the simulated car.
Aerodynamic side fopce and yaw moments appropriate to a car passing a ‘
truck (see Article C, above) were provided by a minicomputer table lookup
routine as a function of the relative longitudinal car/truck position dis-

. played to the driver.

The aerodynamic disturbances used were patterned after the truck data
shown in Fig. 20. They are a function of the average distance from the
car to the truck, the relative wind ahglé, and the car and truck speed and
configuration. The.steady state components were deleted in the crosswind
case for computational convenience. Three different disturbance levels
were used in this experiment, two corresponding to a typical (1972 Chev-
rolet) station wagon with and without a —20 deg relative crosswind angle .
and a third represénting a VW station wagon (bus) with the crosswind. The
disturbance functions for the two crosswind conditions were derived from
Ref. 2, and the vehicle differences were obtained by varying the equation

of motion coefficients.
‘c. Measures

Driver behavior was measured using control and vehicle motion variables
and subjective ratings. The variables were qigitized.bn-line, and an algo-
rithm was provided fon.taking enserble averages over repeat runs. - The mean -
squared value of the Various variables was also integrated over a 25 sec
interval. For‘example, in the case of the steering wheel signal, 6sw(t),

the integrated mean square value was given by:
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The g; term was the average value of the first five samples (1.25 sec),

used to take out any initial mean offsets. Typical simulator data illus-
trating the above measurements are given in Fig. 26. The time responses
‘shown are ensemble averages over four replications, for a given driver
subject and test condition. The yaw moment disturbance input is shown

at the bottom of the figure. Lateral lane position proviaed an oﬁerall
safety performance measure. Steering wheel activity was used as the meas-
ure of driver behavior. The forward speed was fixed, as if by autothrottle,

at the desired value relative to the truck.

The "accident risk" and '"task difficulty" rating scales‘used by the
driver subjects were the same ones used in the subsequent full scale tests.
It is shown in Section VI (Fig. 93). The subjects were formally instructed

in the task, and in the rating procedure.
2. Experimentsl Design end Procedure

The two variables of most interest in this simulator study were visi-
bility and aerodynamic disturbance. Relative ‘speed and vehicle properties
were also varied. Because it was a limited preliminary study, only certain
combinations of visibility conditions, vehicles, and speeds were uséd, as

discussed below.
a. Visibility

Five experimental spray cloud cdnfigurations were defined to selectively
obscure various visual cues. A "narrow" cloud (N) obscured the truck, but
left some delineation visible on the left-hand side. A wide cloud (W) was
used to obscure only the bottom'of the "truck, leaving the top for visual
réference but effectively obscuring all the delineation. Two different
large clouds (M ahd‘L) effectively obscured both'thé truck and the delinea-
tion. Both large clouds were the same size, but one (M) was translated
20 ft (6 m) furthef to thé rear of the truck than the other. Finally, the

clear condition (C) provided a baseline against which to compare the various
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degraded situations. 1In each case, the visibility obscuration was a time
varying effect with various cues disappearing and reappearing as the car

moved past the truck through the spray cloud.

In order to quantify the visibility effect of each cloud condition,
subjects were asked to indicate the poinﬂ Aﬁ which varipus visual cues
were visible. The data were averaged over subjects and are summﬁrized.in

. Fig. 27 .along with cloud diﬁensions and the aerodynamic yaw disturbance.
Several éffécts are apparent from Fig. 27 which help interpretation of
the performance and rating data. First; note that the back of the truck
becomes visible within‘the‘cloﬁds at a range of‘45 ft (14 m), which is well
in advance of the "high freqﬁency" portion of the-aerodynaiic disturbance
(i.e., thé 10420‘sec portion). Truck~and/or delineation cues are then

- available for the.remainder of the run. 1In £he case of the wide cloud (W)

the topzof the truck is always visible as the driver approaches;: and for
the narrow cloud (N), down-the-road delineation cues are available prior -
tévreaching the:truck-and the "high‘frequénéy”:disturbance region. -Thus,
the narrow and wide clouds may have a lesser effect on driver/vehicle

system response.

b. Aerodynamic Disturbance and Speed

The magnitude of the aerodynamicrdistﬁfbénéé‘was,varied by varyihg
theAcar/truck overtaking speed;‘the relative crosswind angle, and thé
vehicle dynamics. A largerLdisturbance was achieved when the relative
crosswind was —20 deg. Car speed was varied to give two overtaking speeds,
5 and 10 mﬁh (2.2 and 4.5 m/s) with the crosswind present. This variation
had a combined effect on the aerodynamic disturbance. The higher speed
éave a slightly higher dymamic pressure, increasing the disturbance magni-
tude.” But, the exposure time was cut in half for the higher relative speed,
and the frequency content of the time varying disturbance was doubled. On
balance, the 4.5 m/s overtaking speed seemed to éause‘a slightly greater

disturbancé.

A higher level of disturbance was achieﬁed by changing the vehicle
dynamics and aerodynamics from the 1972 Chevrolet station wagon (W) to a
VW bus (V). The simulated VW. had somewhat slower handling response and a

greater sensitivity to aerodynamic disturbance.
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The aerodynamic disturbance conditions were completely replicated
for the large cloud visibility conditidﬁ, while‘the visibility conditions
were completely replicated for.the station wagon dynamics and 5 mph
(2.2 m/s) overtaking speed. Three disturbance conditions were replicated
for both the clear and large cloud v151bility conditions to study the
interaction between disturbance and visibility. The test conditions are '
denoted by a code  — for example, WIM means station wagon (W), at 5 mph
(2.2 m/s) relative speed (1), and with the large cloud aft (M); A 10 mph
(4.5 m/s) relative speed would use a code of 2. -

¢. Scenario and Driver Subjeéts

The scenario described to the subjects was that of driving on a four
lane divided freeway (two lanes each way) on an overcast and rainy day.
The truck'speéd for all conditions was fixed at 55 mph (25 m/s), so that
5 and 10 mph (2.2 and 4.5 m/s) overfaking speeds meanﬁ’car‘speeds of 60 and
65 mph (27 and 29 m/s respectively. In every'case, the speed was fixed,
to maintain a constant overtaking rate in an effort to minimize intra- and

inter-subject variability

Four subjects were used in thé'formal experimghts, and each experienced
the same combinations of experimental variables. Thesg\drivers‘comprised
the STI team of éngineeré”who éiso‘drové in the full scale splash and spray
tests, in order to give the maximum connection betﬁeenlthe two program

phases.

The conditions were‘grouped into two subsets by.vehicle type — eight
"wagon' conditions and two "VW" conditioﬁé. The two condition groups were
presented to the subjeéts over three sessions. The first two sessions ran
2-3 hburs each, and each included three to five wagon conditions. The two
VW conditions were presented during a separate one-hour session to minimize
the effects of different vehicle dynamics. Each of the two groups of condi-
tions was presented to each subject in random‘order counterbalanced across

subjects to minimize order effects.

The first minutes of each formal session served as a warmip. This was
followed by a 15-25 minute session during which a subject typically made

8 to 9 truck passes for the given visibility and passing speed combination.

TR-1093-1 92



The first pass on which the condition's aerodynamie disturbance was given
was treated as afwarmup and:wes not analyzed with later passes. The aero-
dynamic disturbance‘én a given pass was one of three types. Besides the
disturbance correspondlng to the condition, there were two options: no

. disturbance, and a random gust 1nput that produced forces and moments. less

‘ than or equal to those of the aerodynamlc disturbance. Both of the optional
inputs were randomly interspersed in each session's runs to avoid the driver's
res?qnﬁing to- the .truck-induced inputs in'e programmed or anticipatory way.
The_everage rate for the optional'inputs wae 3 in 10 passes (0.6 for the
‘random gust; 2.4 for the no disturbance caSe). Thus,~the lergely.unpredic-
tEble .character of real-world disturbances was preserved The no distur--
bance ”placebo" passes also exposed any unreallstlc ant1c1patory behavior

in a subgect 8 1nput

Priorrto the formal testing,-each subject was trained about- an hour on
each of two days, before the day of the firétffqrmal‘sessien. 'The training
timespan ang-regimen were individually adjusted to assure‘that.the,subjeét
: would be sufficiently accustomed to handling the simulated vehicle. Three
of the four subjects had considerable prior experience in operating the
driving similator. '

During preliminary analysis, one subject's data were found fo-be;quite
atypical. There were some possible overlearning trends in hisrdata,‘sihce
he had been used in preliminary testing, which may have reéﬁlted in unusual
effects due to repeated exposure. This subject's data were dropped from

subsequent analysis.
3. Results of the Simulator Experiments

Two kinds of measures are presented here, mean square values of the
' responses and subjective ratings. FEach mean square value is for an ensemble

of four 25 sec runs.

a. Performance Measures

Mean square values were computed for each variable in Fig. 26 over each
of the four runs used to compute the ensemble traces. Several runs gave

unusually high mean square values and were obviously outliers, so in each
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group of four measures the highest value was eliminated in the calcula-
tion.. Then the average rms value of the remaining'three numbers was com-

puted. These data are plotted in Figs. 28-31.

In Fig. 28 rms steering'nheel response as a functioniof'various‘visi-

bility and aerodynamic disturbance conditions is. shown It is appérent-

"- the driver steering reSponse is a function of the aerodynamic disturbance"

(Fig: 28b) but 1s not affected by ‘the change in v131bility conditions.
Note that -the difference between W and V is due mainly to differences in
the simulated vehicle aerodynamics and handllng properties, and represents

‘a steering gain effect o R - e

The cér's yawing velocity and-lateral acceleration provide'direct
measures of the.disturbance and the drivers' ectiVity in,attempting to
correct for same,’ and thus might provide more sensitive measures of visi-
bility_effects}“‘ln Figs: 29 and 30 we see some evidence of visibility ‘

‘ effects in thefyaw velocity"énd lateral acceleration measures; but the

‘ effect is' small. 1In Part a. of each figure the motions increase somewhat |
as v1sual cues are progress1vely ‘removed by the. various cloud conditlons

The worst condition is the‘large aft cloud (W1iM) which is the same size as
the mge forward cloud (W1L) but tra.nslated 20 ft (6 m) further back behind
the truck. .AlSO’ note in Figs. 29c and 30c that visibility effects seem to
occur over .a range of aerodynamic disturbance levels The change,between

W and V, due to varying the vehicle dynamics, is not unexpected and reflects
the increased aerodynamic sen51t1v1ty and slower handling response of the

latter, noted before.

The primary driver/vehicle performance measure related to traffic safety
‘is lateral lane position. In Fig. 31 rms lane p051t10n is plotted both as
a function of visibility and disturbance conditions, Here we do not see any
sensitivity to visibility condition, although the Sensitivity to disturbance
level for Vehicle V is still apparent. |

It is interesting to note that lateral acceleration showed some small
sensitivity to visibility, while the lane position measures'did'not. Lateral

position is the second integral of ay. Typically,‘any ay effects which occur

at higher frequencies are attenuated in the rms lane position variable.
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Overall, the effects of the visibility conditions tested here on driver
response and performance ﬁere quite small, and a strict objective interpre-
tation would not indicate significant safety-related performance changes.
The driﬁer‘opinion data given below provide for further insight into the

experimental results.

.b. Driver Ratings

Driver ratings were obtained from each subject on each experiﬂéhtal
condition as noted above. The results of the "accident risk' rating aver-
aged over sﬁbjects are illﬁstrated in Fig. 32. Considering cloud visibility
effects, only (Fig. 32a), the large aft cloud seems to cause a distinetly
poorer reactioﬁ from the subjects than the remaining conditions. Ratings
were quite sensitive to aerodynamic disturbance effects (Fig. 32b), and the
magnitude of the asercdynamic effect seems to emphasize visibility differ- -
enées.as'shown in Fig. 32¢. "Tagk difficulty" rating results are plotted in
_,Fig] 33. The‘resﬁits are similar to the accident riSk ratihgs, with the
possible‘exception Of'the‘aéfodynamic disturbance variation in Fig. 33b
which exhibifé higher‘(worée) disturbance ratings for the low visibility

cases than are seen in the accident risk ratings.

These driver ratings reflect the subject's impression of the relative
severity of the varicus experimental conditions.. They show a greater sen-
sitivity than the previéusly discussed perfofmance results. AS‘WOuld be
'expected, the driver's reaction seems to stem from what he perceives‘about
the increased difficulty of the task, as oppbsed to significant changes in

system performance measures.
c. Discussion

' Referring back to tHe visibility measures in Fig. 27, some added under-
standing of these results can be obtained. First, the fact that the back
" of the truck became visiﬁle within. the clouds at a range of 45 ft-(1h m)
| aft, and” that cues were fhen available for the remainder of the run, may
— account for some of the insengitivity of lateral lane position measures

to visibility conditions. Also, the top of the.truck was alweys visible
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with the wide c¢loud (W), and road delineation cues were available much of

the time with the narrow cloud (N).

The visibility effect responsible for the performance and ‘rating differ-
ences between the fore and aft positions of the largé cloud War}ants dis-
cussion, too. For all practical purposes the cues availablé to-the driver
would appear to be similar except for the beginning of the cleud. As shown

in Fig. 27, the driver encounters the aft (M) cloud 20 ft (6 m) sooner, and
at a5 mph (2.2 m/s) overtaking speed this means his cues are degraded for
about 2.7 sec longer. More to the poinf; if we calculate the difference
between the point of cloud éntry‘and the point where the back of the truck
appears and provides additional cues, we find the following. For the for-
ward large cloud (L) the driver travels 25 ft (8 m) or 3.4 sec at 2 2.2 m/s
overtaking speed, between cloud entry.and'firSt sight of the rear of the
truck. For the aft cloud (M) the driver travels 45 ft (14 m) or 6.1 sec in
the region of the worse cue deprivation. This is almost a factor of 2 to 1
‘between the two largé,cloud conditions. It is'coqceivable that the driver's
opinion is degraded more for the aft cloud position because of this initial

periodiof-extEnded cue deprivation.

In summary, driver/vehicle system performance (lateral lane poéition)
was not significantly impiired under any combination of conditions. Inter-
vening performance variaﬁles including rms yawing velocity and lateral accel-
eration showed minor effects, and a significant influence on driver opinion
was noted. Overall, the simulatof resulﬁs suggést that the spray cloud
length behind the truck seems to haveithe most significant visibility
effect. _Means should be sought to minimize spray cloud length in the
adjacent lane. 'Secondly, visibility effects are influenced by aerodyna-
mic disﬁurbance-level, with higher levels giving more senSiti;e visibiiity
effecté. Therefore, means for reducing disturbance levels should be sought;;
To the extent that visibility and aerodynamic disturbance effects go hand .
in hand,'simultaﬁeqﬁs'reduction of each should give significant,improvement

in driver subjective reaction.
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SECTION IV

CANDIDATE DEVICES FOR MINIMIZING ADVERSE EFFECTS

To this point, the report has presented a number of background con-
Siderations, andmreviewedfthe”objectives and results of the preliminary
analyses and experiments.‘ Prior to detailing the more elaborate aero-
dynamic and splash and spray tests and results, this gsectich describes the
devices that were studied in model and‘full scale. Although, chronologi-
cally, the dev1ces resulted in part from those experiments, it is logical
to describe them in one place at the outset to avoid repetition and an
unnecessary air of suspense.

As discussed in Section II, the focus in this study has been on devices
fixed to over-the-road trucks, for purposes of alleriating or reducing their
adverse aerodynamic and splash and spray effects on adJacent vehicles and

motorists. Hence, this section concentrates on truck-mounted dev1ces.

Tt begins by dividing the devices into categories for ease of descrip-
tion. Then the physical properties and function of each device are described,
| 1nclud1ng a sketch or illustration of the prototype tested This is followed
“by more detail regarding projected operational characteristics costs, and
poss1ble disadvantages of a given concept The cost information is used in

the Section VII analyses.
A. CATEGORIES OF DEVICES

It is convenient to place the devices uhder'cohsideration.inrthree
categories. 'The first 1ncludes dev1ces that are directed mainly at reducing
i truck drag, With and w1thout crossw1nds. These dev1ces may also reduce ‘

splash and spray because of their influence on the air flow around the truck.
uThe second category is for aerodynamic dev1ces which are 1ntended to reduce
spray by modifying the air flow which 1nfluences its formation and propaga-
tion. The third category includes collector devices whose purpose is to
inhibit the formation of splash and spray, or contain it at 1ts source 1u

“the area of the wheels and the underbody structure. The latter category
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is, of course, more hydrodynamic in nature, while the first two are aero-
dynamic. -

As has been‘noted;'the aerodynamic drag ef“the truck and the flow
perturbation are direct1y~related — a streamlined truck giving less per-
turbation than a non-streamlined truck in pr1nc1ple. However, drag' con-
siderations aside, near the front of the truck the alr must be pushed aside
by as much as 1.2 m, and this generally occurs very abruptly because prac-
tical truck design and regulations are not conducive’to long tapered fore-
bodies. 1In contrast, under crosswinds,'the wake from the air flow direction
is the important. consideration — with less emphasis on the front of the
truck. With regard to the disturbance created, consideratiohs of practi-
cality and diverse wind conditions indicate that practical basic truck
streamlining generally will have little effect onkthe critical flow field
about an adJacent vehlcle. This was shown in Ref. 2 where the adjacent car
dlsturbance results for a tractor nose and trailer forebody modification

’ Were nearly the same as for the unmodified truck.
B.. . DEVICES TO REDUCE DRAG

The devices studied in this category include cab (tractor) mounted drag
rshields,'rounded corners on the semitrailer leading edges, dam below the
bumper on the tractor, lateral lips on the‘semdtrailer, ;ongitudinak baffle
under the semdtrailer, and vertical splitter panel in the gap. While the
first four focused on drag, the latter two were also expected to reduce-

spray, as well. These devices are detailed below.
1. Drag Shield Mounted on the Cab . ..

- As dlscussed in Sectlon II drag shlelds have rece1ved intensive study
and they are w1dely used on over-the-road trucks at this time. They were
“included 1n this study for completeness,‘and in order that we would be con-
d81der1ng conflguratlons representatlve of current and future practlce. It
'1was also expected that they Would complement other dev1ces for allev1at1ng

~

.splash and sPray

Two .drag shlelds were used the AeroV1ronment Aeroboost IIT and Unlroyal
-Air Shleld No. 9037 They are sketched in Fig. 34 and a photo of the wind’
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a/ Aercbocst I
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b) Uniroyal Air Shield No. 9037

Cab Mounted Drag Shields

Figure 3k,
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tunnel model of the Aercboost is given in Fig. 57, in Section V. The
latter design features:rounded edges“and a'porous face, intended to énhance
. its'drag redncing properties‘in a crosswind{ »The Uniroyal has a more typi-'
cal appearing curved piate shape. ,Itfwas tilted back at‘a nominal angle‘
of about 25 deg from the wertieai;‘ ‘ N | o

The Aeroboost design was used in'the wind tunnel tests, and in both
series of full scale tests at Fort Stockton. The Uniroyal was also used
in the second Fort Stockton series. our results, and that in the litera-
ture, indicate that the functional properties of the two versions are about
the same, insofar as the level of detail of this program is concerned. As
a consequenee; we do not distinguish between the two designs in the results
of Sections V through VII. o

The drag shield fUnctions by smoothing the transition of air from over
‘the top of the tractor. towards the face. of the semltraller Studies have
. shown that it is p051t10ned properly when' the "flow’ streamllne from the top
dof the shleld (e.g., from.a flow vlsuallzatlon test) Just intersects the
upper edge of the semitraiier. hlS is achieved by adJustlng the fore and.
aft location of the shield, and by settlng it at an angle sloplng to the 7
rear in the case of the Un1royal type. Among other things, the drag shleid
‘reduces the amount of air flow1ng down in the gap, and strlklng the leadlngA‘
portion of the tractor duals. As a result 1t can 1nfluence the formation

and propagatlon of spray, as demonstrated subsequently.

Drag shlelds can be installed on v1rtually any type of truck. They
are most effectlve when the semitrailer face (or other truck body) rises
cons1derably ‘above the top of the cab. They are also. more effective when
the gap between the back of the tractor and the front of the semitrailer

is relatively short.
2. Rounded Corners on the Semltrailer

Another proven method of reducing truck drag is to round the vertical
leading edges of the van—typersemitraiier, although it is not as effective
as the cab mounted drag-shield; A modest range of corner radii was studied
in the wind tunnel tests, described in Section V. Although drag reduction

is their main purpose, we also tr1ed to determine’ whether there was any
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measurable change in the air flow which might influence spray formation

and propagation. ‘
The fertical‘leading edge radii stuﬁied-in_ﬁhéﬂwindhtunael were
® Sqﬁare i- | | | - B |
e 12 iﬁ. (0.305 m)
'1 ® 2 in, (o 61 m)’

. with the basic truck. The standard corner radius was 12 in. (0.305 m),
and that was used in the other w1qd-tunnel tests with the 40 ft van,

" This type of modificatioh-is limited to relatively boxy van-type
trucks. Its main disadvantage is the reduction in cubic cargo capacity

as the corner radii increase.
3. Dam Below the Tractor Bumper —_— S .

Aerodynamic work with passenger,éafs suggested that a‘dam’below the
front bumper, to block the air flow under the COE tractor, might reduce
the drag. This modification was tried on the bas1c truck in the wind

-tunnel tests, and a photo of the dev1ce ig given. in Section V (Fig. 58).

It proved unsuccessful as the drag went up, and the aerodynamlc dis- - -

turbance of the adjacent car, near the front of the truck, was increased.
This is undoubtedly due to the truck being relatlvely tall and hav1ng large
'ground clearance whereas automoblles have a low proflle and some of the

dlsplaced air can flow readlly over the top
4. ZLateral Lips on the Semitrailer

Rounded lips or moldings were placed around the upper edge of the
basic truck semitrailer across the front and along the sides. The intent
was to reduce the drag in crosswind conditions, and it was moderately suc-
cessful. Details and a photograph of theAwind tunnel mode; of this device
are given in Section V. ‘

On a standard sized truck, this modification éxceeds the current width
limits. As with the rounded corners, described above, it is only pertinent

for boxy, van-like vehicles with vertical sides.
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5. Longitudinel Baffle Under the Semitrailer

A vertical panel was placed under the van semitrailer, down the under-
body centerllne from behlnd the fifth wheel to the rear axle. In full
scale,. the panel dropped from the underside of the floor down to about
6 in. (.15 m) from the roadway surface. In the model,_the baffle ran the
full length of the truck, inciuding under the tractor. This baffle serves
to inhibit the eii»flow under the truck in tne croeswind condition. 1In so
doiné; it reduces both the truek‘drag and the splash and-spray in the cross-
wind, as detailed in Sections V and VI. As shown in Ref. 2, the aerodyna-
-mic masking effect created therebyiwill‘incfease the force and moment dis-
turbance of an adjacent car-downwind; The longitudinal baffle has no effect
in still air, or with only a headwind, due to its symmetrical location on
the centerline. To augment its splash and spray suppression properties,
the longitudinal baffle could Be covered with the‘gress-like material used

in the Reddaway fenders, as discussed subsequently.

In the wind tunnel tests, tnis baffle was represented by a vertical
metal penei under the truck model, as detailed in Section V. For the full
scale tests, it was mocked up'from.plywood panels rigidly attached to the -
semitrailer underbody (see Section VI) This type of modification is per-
finenf to most truck conflguratlons. Some semltrallers such as drop -beds
and dry cargo tankers, are designed with reduced clearance which tends to
have the same effect. Aside from the p0551ble increase in the adJacent car
dlsturbance noted above, the main dlsadvantages of this dev1ce ‘seem to be
its vulnerablllty to damage, reduced payload and the need to malntaln the
desired ground clearance as the semitrailer load varies. The longitudinal
baffle was also tested in conjunction with the gap splitter panel, described

below.
6. Splitter Panel in the Gap

A.vertieel panel was placed in the gap, along the truck centerline,
between the tractor and the semitrailer. In the wind tunnel it extended
from the bottom of the van to the level of the tractor cab roof. In the
full scale tests it extended from the bottom of the van to 8 ft (2.44 m)
from the bottom, and it was attached to the back of the drag shield at the
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top front. Such a baffle tends to hlockrthe>lateral flOW'through the

gap in a crosswind. Although originally intended as a spray alleviation
device, it also helps reduce the drag in a crossw1nd, partlcularly in com-
bination with the longltudlnal baffle, as detalled in later sections.
Because it 1is hlgher up, and extends for a shorter distance along the
truck the gap splitter panel has less adverse effect on the aerodynamlc
disturbance of the adjacent car (as 1llustrated by the‘rectangular—block—
-in-the-gap data of Ref., 2). The splitter panel only influences. the cross-

wind case, due to its'symmetrical location on the truck centerline.

The splitter panel plus -longitudinal baffle concept is sketched in
Fig. 35. In the wind tunnel experiments, the splitter panel was repre-
sented by a vertical metal panel flxed in the gap, as detalled in Section V.
'wFor the full scale tests it was mocked up using a heavy, 22 oz (750 g/m?
vinyl coated nylon tarpaulln, restralned by nylon cords and shock cords, to
a metal framework flush mounted to the face of the semltraller. The latter
allowed easy hookup when the tractor was attached to the semltraller, and

permltted the rlg to artlculate and flex vertlcally.

The gap splitter panel pr1nc1ple could be adapted to v1rtually any-
tractor/sem1tra1ler combination. By using a flex1ble_mater1al it can be_
configured so as not to interfere with air hoses and accessories, and yet
accomplish its aerodynamic function. .It is vulnerable to damage, and it
could interfere with driver movement through the gap area. On the other

hand, it need only be deplcyed during periods of inclement weather.

-—»l,am}——

OOL v O O

I—r———————- 6.4m ——————*4

Figure 35, Underbody Baffle Plus Splitter Panel Concept
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C. AERODYNAMIC DEVICES‘FOR SPLASH AND SPRAY

Dev1ces studled Whlch were 1ntended to alleviate splash and spray by
modlfylng the air flow around the truck 1nclude gap filler panel, partial
- gap panel, angled side vanes, and deflector foil mounted on the rear of
the semitrailef; In addition ‘aS'noted above,. the drag shield, longitu-
. dinal baffle, and gap splltter panel also contributed to the measured
‘reductlons in splash and spray The three addltlonal dev1ces, noted flrst

rare detailed below.
1. Filler Penel in the Ga.p-, :

A flex1ble, nomlnally horizontal panel was placed in the gap between
'vthe tractor and semitrailer. It extended laterally the full w1dth of the
truck (van) The purpose of such.a panel is to block the air flowing down
in the gap, and to keep said flow from strlklng the tractor duals and con--
trlbutlng to the formatlon of spray To some extent the gap panel is an
‘alternatlve to a properly set drag shleld for this purpose, 81nce'the latter
- also réduces the down flow in the gap. Because of its location'just above
‘the traqfor’frame and wheel area, its-potential effectiveness is not reduced':
by the presenée;dfra crosswind component. Since it serves to close the
bottom of the gap, and cover the portion  of the tractor wheels which are

norinally exposed, the concept is applicable to most trucks.

Fof the full scale teets the gaﬁ fillef panel was mocked up using a
heavy, vinyl coated‘hylon tarp. It was mounted at two different angles,
as shown in Fig. 36. The tarp was rigidly attached to a metal framework
on the face of the semitrailer, and connected to the back of theitractor
by shock cofds; This permitted the truck to aiticuiate and flex vertically,
and allowed the panel to work around the air hose mounts and other acces-
sories.

As with the gap splitter panel, its main disadvantages would appear to
be vulnerability to damage and interference with driver aceess to the gap

~area, yet it only needs to be deployed in wet weather.

In the wind tunnel, a horizontal metal plate was used, mounted above
the frame rails, as detailed in Section V, in order to close off the bottom

of the gap.
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a) Upper Position b) Lower Position
Figure 36. Gap Filler Panel Concept for Full Scale Tests

2. Pertisl Panel in. the Gap

As a variation on the gap pahel described above, a rigid panel was
attached to the face of the semitrailer, extending at an angle‘pait way
across_tﬁe gap. The bottom-of the panel‘wés even with the bottom of the
semitrailer. Again, the purpose-was to stop the air flow down in the gap‘
from hitting the wheel area. The full scale test configuration is shown
in Fig. 37. The prototype mockup was made from plywcod ﬁastened to a sup-
porting metal framework. In. practice, this.panel might'be‘fabricated from

sheet aluminum, as part of the semitrailer structure.

The basic partial panel extended the width of the semitrailer. Two
variations Wére tested, also, involving straight and angled end plates.
These are sketched in Fig. 38. Their effectiveness against spray is
detailed in Section VI. These end plates extended beyond the current

width limit.

B — [=— 0.61m

W N
o0 oJo=x¢

Figure 37. Partial Gap Panel Concept for Full Scale Tests

TR-1093-1 ' 11



a) Straight b) Angled at 45 deg

Figure 38. End Plates for Partial Gap Panel

The partial gap panel is most pertinent to boxy, van-like semitrailers
ﬁith their flat front face. Since it is a rigid, cantilevered structure, -
its size 1s limited by considerations of:afticulatién; vertical flexing,
and clearance of accessories. Such a design should be more durable than
the tarp-like gap filler panel, and it would give better driver access. to
-the area behind the cab. Tt is always in place and there ié no need to

deploy it.

3. Angled Side Vanes Around the Wheels

Vanes were installed ahead of and behind the tractor and semitrailer
wheels on the basic truck. The objective of this device was to draw air
in and around the wheels toward the center of the truck, thereby carrying
the spray under the truck and away from the adjacent car. The vanes were
4 £t (1.22 m) high on the steered axle and 3.5 ft (1.07 m) high elsewhere,
mounted vertically, with about 6 in. (0.15 m) roadway clearance at the

bottom. The side view is drawn in Fig. 39 for the basic layout.

The plan view arrangement used in the initial full scale tests with
the basic layou£ is shown in Fig. 40a. By contrast, the basic wind tunnel
configuration included vanes ahead of the steered axle, but none ahead of

the semitrailer tandems. A photograph of the wind tunnel model is given
in Fig, 61 of Section: V.
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Figure 39. Angled Side Vane Concept, Side View
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Figure 40. Angled Side Vane Concept, Plan View

- In the initial basic layout, the vanes were set to protrude beycnd
.the current legal width of the trﬁck, in order to enhance their effective-
ness in dueting the air flow. During the full scale tests several different
sets of vanes and vane angles were used in an effort to optimize the spray
alleviation performance. The final configuration is that shéwn in Fig. LOb,
It features a more acute semitrailer vane angle relative to the centerline,
and the end of the semitrailer vanes were set so as not to extend beyond

the legal width limit. The splash and spray suppression propertieé_of these
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vanes could be further enhanced by-covering the faces with'thé grass-like

~mqteriél used in the Reddaway-type fender, discussed later.

' In the wind tunnel the vanes were machined from aluminum énd fitted.
to the truck model. The' full scale test mockups were made of plywood.
They were mounted egainst the underside of the semitrailer, and around'
the tractor wheels, and restrained from déflecting in the airstream by

lightweight braided wires.

The vanes appear to be best suited to the van semitrailer with its
flat bottom and relatively open underside, fairly high off the ground.
Tnis provides a pathway for the air, allowing it to flow in around the
sides and out the rear of the truck. Their main disadvantages would
include the added weight (reduction in payload), and possibly vulneré-
bility; however, the latter should be no worse than that for conventional
mudflaps, since'they.approximate an enlarged and reoriented version of the

standard device.
L. Deflector Foil on the Rear of the Semitrailer

For the wind tunnel tééts, an air foil was placed horizontally across
the top rear of the semitrailer van. A photo of the device is shown in
Fig. 64 of Section V, énd it looked somewhat 1ike a spoiler or the raised
rear "wing" on a facing.car. The idea of this device was to deflect air
down at the rear of the truck, inté the étagnation region at the base. This
body of "still air" moving along with the truck is an area where spray can
collect and intensify, and the hope was that the deflected air would tend

to disperse it.

'The device was not tested in-full scale, due mainly to' the fact that
it increased the truck height substantially beyond the legal limit. Also,
mounting the prbtotype would have required considerable modification to the
semitrailer van. t
. The wind tunnel reéults shéwed that it did deflectuthe air, somewhat,
with a small drag penalty (see Section V). . -
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D. COLLECTOR DEVICES FOR SPLASH AND SPRAY

Devices studied which were intendea to alleviate splash and spray
by collecting and containing the droplets include the European fender,
the Roberts fender, the Reddaway fender, ahd the "fuzzy truck" underbody.
These four devices are described below. In addition, the longitudinal
baffle and angled side vanes, described in previous articles, tend to col-
lect splash and spray, particularly when coated with a mat-liké material

such as that used in the Reddaway fender.

As discussed‘in Section II, numerous fenders and other devices for
suppréSsing splash and spray have been. propcsed, -and some of these had been
tested in prior studies. In the'planning stage all the devices tested in
prior WHI and SWRI tests (see Table 1 in Sec. II) were considered as poten-
tial candidates. The ones tested here were selected for coﬁbinations of
several reasons including: prior results to demonstrate their potential
for alleviation, lack of significant or inherent'deficiencies,‘practicality,
and availability of a working prototype set for test purposes. In some
cases (e.g., the Roberts fender) several similar devices were available,

and a representative example was chosen.
1. European Fender

A set of the molded rubber Eurcpean-type fenders manufactured by
Dunlop was included in the second Ft. Stockton test series. This pro-
vided an example of a currently legislated device for comparison purposes,
and it gave a reference point fromfpfior European research which lead to

that design and associated requirements for its use.

An example of such a fender is sketched in Fig. 41. Fender Code
PF-2071 was used. They cover both wheels in the dual pair, and they are
long enough to cover a tandem set. In‘the November tests, they wefe
attached to the underside of the van semitrailer of the basic truck (above

the outside wheels) over the tandem duals at the rea.f, only.

Two sets of "quarter fenders" were mounted about the tractor tandem
duals as sketched in Fig. 42. These were mounted on rods attached to the

frame rails.
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Figure 42. ' Sketch of Quarter Fenders on Tractor

TR-1093-1 116



The lips along the inside and outside edge, and the overhangs at. the
front and rear, of the PF-2071 are designed to tfap the splash and spray
ffom around the tires and the underside of the van. The overhang at the
rear covers the rear tire from behind and avoids the neea for a.standard

mudflap.

The fenders are relatively lightweight, yet rugged, because‘of fheir
rubber composition design. The lips along the inside and outside edge
only extend down about 80 mm, and this may limit their effectiveness in
trapping the side spray from the tép of the tires. This will also vary
with normal load and suspension deflection. 1In addition, the water "col-
“lected" on the unaerside of the fender drips back onto the tire,‘recycling

into that spray source,

These fenders appear to be adaptable to most trucks, requiring only

a supporting surface or structure for mounting.
2. Roberts Fender

A set of Roberts fenders was installed on the basic truck for‘the.fuli
scale splash and spray tests. As described in Section II, these fenders
have a corrugated and slotted inner liner which collects the splash and

spray droplets and drains the water to.the roadway inside the wheel.

The Roberts fender is sketched in‘fig. L3, The water collects between
the inner and outer liner, and runs down to the trough. The fenders were
mounted to the underside of the semitrailer (for the rear tandem duals),
and to lateral supports attached to the tractor framerréils for the tractor
tandem duals. They were alsc placed inside the fender wells over the front
wheels. They sit close té the tire, yet past experiments have shown little
tendency for the tires and brakes to overhéat.: There are no lips at the
. edges so any side‘spray between the wheels ﬁnd fenders can escape fieely —

which is generally undesirable.

The fenders are lightweighf. The prototype version tested seemed
relatively fragile, due perhaps to the temporary and jury-rigged nature
of the test installation. These fenders are reported to be susceptible

to clogging by mud, slush, and ice (under very adverse conditions). They
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Figure 43. Sketch of Roberts Fender on Semitrailer

would also interfere with the use of tire chains because of their proximity
to the tire.

The Roberts fenders are riot well suited to installation on the hp>ft
van semitrailer configuration, because there is little clearance betﬁeen
the toﬁ of theftire and the botﬁbm of the box, particularly when loaded.
They install more readily, and reportedly work better, on more open truck

designs, such as liquid cargo tankers.
3. Reddaway. Fender

Several variations on the Reddaway-type fender were studied in the
full scale tests. These were based on the Spray. Guard version of the
Reddaway fender, manufactﬁféd by Monsanto Plastics and Resins Co. ' ‘The
basic material of this fender is an astroturf-like plastic "grass" material
bonded to a hard plastic backing. This grass material collects. and contains
“the splash and spray around the wheels,'and it runs down thfough the grass
-and drips off the bottom onto the roadway. ‘

Thecomplete form of the Monsanto version of the Reddaway fender

:system isvskétqhed in_Fig. Wi,  There is'a rear flap, similatr in size and
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Figure 44%. Sketch of Reddaway Fender

location to a conventional mudflap; a doubie-sidéd flap between £he tan-
dems; ahd a side flap which extends down over the outside upper edge of
the wheels., The ground clearance of the vertical flaps was about 10 cm.
As shown, the fenders attach to the semitrailer for both the tractdr and
semitrailer tandem duals. The grass-like liner is on the inside of these
'flaps,\féciﬁg"the‘tires} One variation tested had the double-sided flap
* between the tandems deleted, as discussed iﬁ Article E, sﬁbsequentiy; In
that case, it may-be desirable to extend the Side flap downwards, in the

. area between . the tandems, perhaps as é triangular-shaped extension.

The fenders are relatively light in weight. They can be mounted
securely to the box-like van bodies. Their plastic aﬁdlrésin laminate
gonstruction makes them reiatively rugged. Experience of thé‘Oregon-State
Highway Departmént indicatesrthat‘they can have a relétively-lqng lifé
(e.g., 5;1Q years) and that they are hqf particularly susceptibie fo”clog-
ging by ice, show, and slush. They are flexible,'énd bend out of the way _

"the side flap can be lifted up — so that the tires can be accessed for

installation of chains, maintenance, and tire checking.
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The Reddaway fenders appeai to be best suited for installation on the
40 ft van semitrailer, or other configuration which allows a convenient
support from which to hang the flaps. This contrasts with the Robefts
fenders, for example, which are more rigid and are better suited to

cantilevered and point mounting.
L. TFuzzy Truck

The three collector devices discussed above have been commercially
developed and used over the road, including the Roberts fender on a limited
basis. The fuzzy truck, on.the other hand, was suggested as a result of

the preliminary analyses and experiments on this programn.

The fuzzy truck concept recognizes the collection and suppression
properties of the grass-like material used in ‘the Reddaway design. Instead
of putting it on flaps, the idea is to attach it directly to the truck chas-
sis and structure in the vicinity of the tandem duéls. This includes the
.fuel tanks, frame, and stirrups on the tractor, the underside of the semi-
trailer, the landing gear and other structures-in. that area. The mudflaps
can be replaced by fuzzy Reddaway-type flaps. This approach works on the
principle that much of the spray is formed when the splash and spray from
the wheels strikeé the underbédy and chassis of the truck, in the presence -
of relatively high velocity air. By having mat-1ike collector surfaces in
these areas, this secondary spray formatlon could be inhibited and the water
could run down thfough the grass and drip on the roadway. The material o
direct;y above the wheels would tend to offset the_need for a'side flap

to contain the:characteristic side spray from that area.

This collector ‘concept is fairly lightweight. For purpose of our tests,
the prototype was mocked up by spreading and attaching panels of the grass-
like material (manufactured by Monsanto) over the underbody areas described
above. One production concept would be to attach the "fuzz'" directly to
the surface, for example in the way that ﬁndercoat is sprayed on vehicles.
In other words, it could be apflied‘as a sticky undercoat,lsprayed on, and
then covered by suitable flocking material. This approach would have the
advantage that it could bé patched or replenished, periodically, as needed.
In addition, it does not add any flapé or*panels (other than the standard
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mudflaps) to interfere with access to the wheels, cooling air flow, ete.;
and it does not modify fhe‘basic appearance or shape of the truck, which
seems to be an important factor.in obtaining driver or owner/operator

acceptance of an allev1at10n dev1ce

The fuzzy truck idea would appear to have general applicability to
all types of trucks,‘Since it does not require mounting boints, bracketry,

etc,
“E', DEVICE CHARACTERISTICB AS PROTOTYPES ' )

To support the costfeffectiveness_analyses in Sectibﬁ VII, further
despription of the deviéeslis needed related to cost and.operational ser-
vice properties.' Estimates for these values have been made, and tﬁey are
Hpresented below. For the Reddaway-type fender, cost and,sefyice estimates
are available from Monsanto 'which correspond to volume production lots.
For the'other devices, the estimates apply more to the fabrication and

operational testing of pre-production prototypes.

As discusséd‘previously,wSOme of the deVices were used in combination,
and two or moré variations of nearly every device were tested and analyzed.
‘Accordingly, these variations are defined in Table 3. Then, the basis for

the prototype cost information is discussed..
7. Summary of Device Varistions

The aerodynamic and splash and épfay devices, and variations thereto,
are summarized in Table 3. Most of these were tested in the second Ft.
Stockton test series. They have all been subjected to comparative analy-
sis. In each case, the device or modification is to the basic truck, con-
sisting of a 3 axle COE tractor plus a L0 ft‘van semitrailer. It is denoted

by T1 in subsequent data tables and run logs. -

Four versions of the angled side vanes are listed in Table 3, including
the basic and revised vane layouts from Figs. L40a and 4Ob, V1 and V4, respec-
tively. Configurations V2 through V4 have the drag shield added. V3 is an
intermediate version, with the vanes behind the tractor tandems deleted

from the basic configuration.
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TABLE 3. SUMMARY. OF DEVICES

Drag shield
D1 Drag shield

Longitudinal baffle , , ,

' L1 Longitudinal baffle + gap splitter panel + drag shield
I2 Longitudinal baffle + gap splitter panel
L3 Longitudinal baffle . . =~
L4  Longitudinal baffle + drag shield

Gap filler panel .
G1 Gap filler panel in upper position
G2 Gap.filler panel in lower position"

- Partial gap panel
P1 Partial gap panel
. P2~ Partial gap panel +: straight end plates
- P3 Partial gap panel + angled end plates

Angled side vanes ’
V1  Angled side vanes (basic layout)
V2  Angled side vanes (V1) + drag shield
V3 Like V2, less vaneés behind- tractor tandems
V4  Like V3, less tank vanes and with trailer vane angles reset

European fender

E1 European fender Wlth grass -like llner
E2 European fender (basic)

Roberts fenderv
R1 Roberts fender
R2 Roberts fender + drag shield

Reddaway fender
MO Reddaway fender system + drag shleld
M1  Reddaway fender system
M2 . Like M1, less flaps hetween the tandems
M3 Like M1, grass forward only
M. Like M2, less side flaps
M5 Like M4, less rear flaps.on tractor
M6 Like M2 + drag shield + longitudinal baffle
M7  Like M2 + drag shield . ‘

Fuzzy truck
N Fuzzy truck
F2  Fuzzy truck + drag shleld
F3 Like F2 + longitudinal baffle
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. The European fender‘wés tested in its basic version (E2), and with the
Reddaway-type material lining‘théqinside:L,The lattér'was;provided,by Mon-

santo, and was the same as the material used to mock up the fuzzy truck.

" The complete Reddaway féndgr system (M1) is that sketched in Fig. U,
Adding the drag shield was generally'heipful“for any version (viz., MO, M6,
and M7). Versions Mp and M3 involve variations ih the flap between the
' - tandems, M3 having the grass-like material on the forward facing side ohly.
_Although. not tested in full scale, configurations M6 and M7 were hybridized
© from the data‘and"includéd in the’éost-effECtiveneSS.anglysis. |
Thé_fuzzyrﬁfuék'COnfigﬁratiqn,lFB;'aISO“evolvéd during the data inter-
pretation énd?éhdljéiégﬁhases; when itﬁbecémé evident that their attributes

were complementary. -
. 2. Cost'Estimates BT

" Monsanto has provided prélimiﬂary estimates for the costd and installa-
© tion of the Reddaway-type fender. In large comrercial quantitiés they would

ekpect the price range of the Spfay Guard COmjonents to -be in the ranges:

Single sided flap | . ) v$1.é5-1.75/ft2 ($b.13-0.19/m25
Double sided flap »_"7 o $2.75-5;25/ft2 ($O.29-O.55/m2)
Grass material, 1mX 15m . 8$0.75-0.85/£t? ($0.08-0.10/n?)

The single sided flap stock would be used for the front, rear, and side
flaps aroﬁnd the fandem duals. The doﬁble.sided flap is intended to go

- between the duals, if used, as discussed above. The grass-like material
was used to create the fuzzy truck as a prototype, and it could be used to

coat the longitudinal baffle, angled side vanes, etec.

Estimates by Monsanto for installation (in manhours per pair) of the

Reddaway components are as follows:

Replace current trailer back flaps. | 1
Replace current tractor back flaps- L
Install side skirts . ’ -~ 1.5
Install tandem flaps 1.8
Install steering flap o 1.5-2.5
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Equipping more than one truck isﬂestimated to reduce these costs 25-55‘§er-
cent: These estimates are based upon their experience at the second Ft.
Stockton tests and equlpplng trucks for fleld testlng durlng the flrst part
of 1978.

Preliminary estimates of the costs.of‘prototype version of the other
combinations of devices studied have ‘been ﬁade, and these are summarized
in Table L% The drag shield is, of course, a-production item. Fabrication
costs of the other devices would be-ekpectedftOirednce‘somewhat,lin‘going
from prototype,to‘production lots. ' In"each case, the. selvage value has been
assumed to be zero. The drag shield is assumed to last, 1O years with no sal-
vage value, i.e., arcost of. $h1/year.‘ The cost per ‘man- hour of 1nstallat10n
and maintenance has been assumed to be $15 1n Table U4 'and recurrent and
replacement costs have not been discounted to present (initial) value. The

compufed cost per year is shown in the last column for comparison purposes.

. The device codes were deflned in Table 3. The longitndinel baffle, L3
is a series of panels, under the semltraller, assumed to be made of double-
31ded (and backed)‘Spray Guard meterlal. Lo consists of L3 and G1, ‘where
tra latter is a verticel tarn in the gap. Conflguratlon L1 consists of I2
plus the drag‘snield. The service lives of L1 and L2 are assumed to be
limited primarily by the life of the tarp panel in the gAp.- The cost of L2
was obtained by adding 1/5 or the life cost of L3 to the fabrication cost
cf G1, and then showing. the other costs of Gl. Similarly,-L1>costs'are
obtained from L2 costs, with 1/JO £he life cost of the‘drag shield added
to the fabrication cost. The maintenance costs of the longitudinal baffle

are assumed to involve mainly cleaning the grass and repairing tears.

The partial gap panel is assumed to be a rigid aluminum panel attached
to the face of the semitrailer with suitable mounting bracketry. The shape
is assumed to not affect the cost. The service life is expected to be

limited by wear and tear.

The gap flller panel is made of heavy fabric or tarpaulin. G1 and G2
denote different angles relative to the horizontal. The tarp is assumed to
be retractable to the face of the semitrailer, much like a window shade, and
hooks are required on the tractor. A nonretractable version would have a

slightly lower initial cost, but it would be more vulnerable to damage during
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hookup and storage. Also, »1t cannot be stowed as conveniently durlng
periods of good weather. Serv1ce and maintenance would involve such thlngs

as_tears and cleaning the retractor mechanism.

The angied Side vanes are envisioned to be rigid panels faced with
.-the grass- like material 'As summarized in Table 3, V1 is the basic set
of angled side vanes at ell wheels. V2 adds the drag shield. V3 delefes‘
the vanes behind the’ tractor tandems and the result is assumed to cost
2/3 of V1 plus the drag shield. vk deletes the tank vanes, ahd costs 1/2
of V1 plus the drag shield. Malntenance is expected to involve malnly

"cleanlng and repa.lrlng the grass. '

The fuzzy truck conflguratlons are descrlbed in Table 3, also; F2
includes the drag shleld. Malntenance is: expected to involve cleanlng ‘and
repair of tears or'replecement of a qpatlng applied to the chassis and

structure.
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SECTION V
AERCDYNAMIC TESTS AND RESULTS

The purpose of the wind tunnel tests was to provide the basicfaero-
dynamlc flow and force and moment data for use in other phases of* the pro-
gram. . Specifically, ‘the wind tunnel tests: '

® Described and measured weke flow details and obtained‘

limited pressure data for use in disturbance and splash
and spray propagation analyses

® Iooked at the effect on air flow and disturbances of
' selected remedial devices

® Measured forces and moments on trudks, with and Without,
devices : ‘
® Provided additional disturbance measures on an adjaeent
vehicle for a variety of truck configurations
The general approach was to make selected measurements, gulded by ex1st-ﬁ
ing data a.nd our experience in 31m11ar prev1ous studies (1.e., Refs. 2, 3,
29, and 31). The cost of wind tunnel proparation and testing precluded a
blanket approach Withlan_all-inclusive, systematic test matrix. Maximum

use was made of existing wind tunnel models and hardware.

The wind tunnel tests were made in two separate seriles, each invﬁlving i
a different facility. The initial series of experiments was carried out at
the California Institute of Technology, GALCIT, 10 ft (3.1 m) diameter wind
tunnel. This involved force and moment measurements on several truck con-
figurations and a corresponding series of flow visﬁalization measurements.
The second set of tests was conducted at the Northrop 7 X ﬁO £t (2.1 X 3.1 mj
Low Speed Wind Tunnel. This inclqded truck plus adjacent disturbed vehicle

tests plus some additional flow visualization experiments.

The first article in this section describes the wind tunnel facilities,
models, and test procedures. This is followed by a description of the air

flow data and example results. Article C summarizes the truck drag measures,

used later in the cost-effectiveness analyses of Section VII. The last arti- .

cle presents data to show the forces and moments on the adjacent car for

various truck configurations.
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_A.  WIND TUNNEL FACILITIES, MODELS,
AND TEST PROCEDURES

The features of the wind tunnels-and models are described below. Test

prngdures are also treated.
1. GALCIT and Northrop Wind Tunnels

‘The GALCIT wind tunnel has a 10 ft (3.05 m) diameter cross-section in
:Which a ground plane is mounted. An external strain gauge balance is located
directly beneath a yaw tablé:centered in the éround plane. The yaw table is
64 in. (1.6'm) in diameter, and it can be rotated to simulate crosswinds. The
genéral pianview is shown in Fig. 45; énd additional detail is shown subse-

quently in Figs. 58-61.

' Fldw_visualizatiOn measures were obtained at GALCIT by phbtograﬁhing.
tufts of yarn attached to the truck surface, and to an array of 40 vertical
posts placed on the left (looking forward), in either. a forward or aft longi-
tudinal position. ‘These tuft array positions are shown in Fig. 45, In cer-
tain cases, posts with tufts were attached to the front and rear faces of the
semitrailér. These posts and tufts are also shown, subsequently, in the
photographs of Figs. 58-61. Runs were also made using the basic truck, con-
sisting of a three-axle cabover engine (COE) plus a 40 fﬁ.(12.2 m) van, with
static pressure ports on the sides of the van, and 3 pitot-static pressure
probeé.situated at different vertical heights and located at seven different
points to the left of the truck. The locations of these pressure ports and
probes are shown in Figs. 3-5 and 3-6 of Ref. 4 (Vol. 1). The model is
described, subsequently- |

The Northrop wind tunnel has a 7% 10 ft (E.i X 3.1 m) rectangular cross
secticn. It features a relatively long test section, approximately 20 ft
(6.1 m) long, and a full width yaw table, 10 ft (3.1 m) in diameter, mounted
in the tunnel floor. Thé test setup involved mounting a six component strain
gauge balance internal to a 1972 Chevrolet station wagon model (described
subsequently). The balance was mounted to the base (underbody) of the car
and to a- support pedestal, then the car body was fitted‘overfthe balance and
‘attached to the base. This assembly was attached fhrough the support pedes-
tal to special floor plates placed in the tunnel yaw table. Two different

TR-1093-1 . 128



s3Jng, pue YOIl oTsed Y3tM dnjag Tauunl LIDTVD G oamBTd

uge

ue

uiDj

._._N_.
‘woiq sisod

ug'e

urg9
: Siyb1aH

:

(Ot 40 Apaip)
isod iny

ugoZ —»

il

wwe'ge = "di
uolsod
Koary 0] —>
v

o Ol*llo o

Q

L

f

upeg

uMOYs suolsuawip
a|Das |apop

UDA 4 Ot + 300

ut 9
31qo] MDA

uoy1s0d

<— Apuiy i4ng ‘

piDMiIOS

[«] [+ -]
- H.c_n

129

TR-1093-1



lbngitudinal positions on the floor plates, forward and aft, were used for
mounting the car. Various truck configurations weré bolted, via support . -
ﬁedestals, tovthe floor plates to the right of the car. A pattern of holes
on the floor plates allowed the truck to be mounted at various points,
'longitudinally, so as to vary the relative car-truck positions. A truck.
centerline to car centerline separation of 12.ft (3.66 m) full scale was
used fbr all runs. This entire setup rotated with the yaw_tablé through a
large range of relative wind angles. The layout provided sufficient area
to conduct the adjacent car-truck'tests._ The same test arrangemént was used
in prior studies (Refs. 2, 3, and 29). 'The overall setup is shown in

Fig. Lé6.

‘Two flow angularity probes were‘mounted.at Nbrthrop: one directly in
front of the car, at 3.4 in. (86 mm) above the floor platés; and another to
the right of the‘trucks with probe tip symmetric with the-car mid-wheelbase,
at 3.4 in. (86 mm) above the yaw table. These probes were moved, corre-

spondingly, as the car was movgd.
2.  Truck Models

A véfiety,of truck model configurations were at GALCIT and Northrop.
‘The basic configuration was a 3 axle COE plus 40 £t van. This model was
already in‘existencé at the\éufset of‘thé project, and it had been fabri-
cated in connection with prior FHWA-fﬁnded research at STI (Refs. 2 and 29).
The devices were mounféd on this base configuration. It was also modified
to accept other semitrailer body shapes, and a CBE (conventional) tractor
: body.  An é&ditional short” truck model was fabricated also. The models were

all 1/]0 scale replicas Qf‘existing vehicles. They are described beloﬁ.

Models of the following full scale trucks were used in the wind tunnel

‘tests: - 7 ‘
e B‘axle COE plus 40 ft (12.2 m) van semitrailer
@ 3 axle CCE plus dry cargo tanker semitrailer
® 3 axle\éQE plus flat bed semitrailef
® 3 axle COEleus liquid cargo tanker sémitrailér
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® 3 axle CBE plus 40 ft (12.2 m) van semitrailer
o 3 axle‘CBE plus_dfy;cargo tanker semitrailer
® 2 axle COE plus 27 £t (8.2 m) van semitrailer

" 2 axie‘COE plus 27 ft (8.2 m) van semltraller plus
u‘hO“ft (2. 2 m) van trailer
All models but the basic conflguratlon were fabrlcated as part of this pro-
gram. The last conflguratlon listed was used to simulate a doubles con-
figuration, with respect to the air flow around the leadlng semitrailer (at
Northrop). '

Drawings of the truck modéls listed are given in Figé. 47-54. The
dimensions shown on the figures are in inches (millimetres) in model scale,
except for the reference frontal area (A) which is sqﬁare feet (also model
scale). The reference. frontal area-includes both the tractor and semitrailer
outlines. The wheelbase is £ and the track is t. ' The wheelbase is measured
from the fprward (steered) tractor axle to midway betwéen the semitrailer
tandems, or_to the axle of a single axle Semitrailer; The track is the
lateral separation of the midpoints of the outer semitrailer wheels. A com-
plete set of mounting pedestals is shown for each model, although not all
were used in the GALCIT tests. Not shown are tractor and semitrailer rear
wheel mudflaps that were included. The end view outlinééfare intended to

show the nominal semitrailer cross-section and not the fofward detail.

The tﬁree axle COE and CBE tractors modeled were of long wheéibase,

187 in. (4;75 m) full.scale, patterned after Peterbilt models 352-86 and
359-19, respectively. The three-axlé COE was based on an existing model
(Refs. 2 and 29) which con51sted of a wooden cab shell bolted to a metal
backbone. The cab 1ncluded a bumper and Wlndow detail. Wheels with axles
and mudflaps, fuel.ténks, and different fifth wheels attached to the back-
bone. 'RéarView'mirfdrs, exhaust stacks, a removable buﬁper~and griil, and
a top of cab ai; cleaner were added for the current program. The CBE also
consisted of‘é‘wooaéh'cab”shell which bolted in place of the CCE to‘the same
backbone. As such 1t 1ncorporated the samé wheels with axles and mudflaps,
fuel tanks, and £ifth wheels. The Wlndshleld hood headllghts, bumper,

grill, and wheel fenders were detailed. Rearvlew mirrors, exhaust stacks,
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~air cleaner, and blower were included. A photo of the basic truck (with

drag shield). is given in Fig. 57, subsequently.

The existing 40 ft van model was a ‘typical dry freight tandem axle box
design. Tts full scale equivalent‘wés 8 ft (2.4 m) wide and 13.5 ft (4.1 m)
high, with 12 in. (0.3 m) radii vertical leading edges. It consisted of a
wooden shell mounted to the same metal backbone. -Wheels and_akles attached
to the backbone. Modifications for these tests included fixing the width at
8 ft (2.4 m), where it had been variable. Leading vertical corners of dif-
ferent nédii were provided, and static pressure ports weré included on the

lef't side, the front, back, and the bottom.

The dry cargo tanker model was patterned after a 36 ft (11 m) Feedliner,
Model RGM. Its wooden body attached to a metal base plate at either end.
" Tandem wheels with‘axles and mﬁdflaps were mounted to the rear basé plate.
The loading and‘unloadiné belts and apparatus were not included. They are
located at the rgar.of the actual RGM semitrailér, and they would have
involved more intficaﬁe model work ﬁhaﬁ thei; expected effect dn the flow
field and the adjacent car force and moment warranted. Note that Feedliner
Model RDM, which was tested full 5cale, see Sections II and VI, differed
from Model RGM in having its loading and unloading apparatus located along
the lower left side of the semitrailer. However, this difference was not
considered significant in terms of relating the full scale and wind tunnel

data for purposes of this program.

The 40 ft flatbed model was fabricated from a suitably sized metal plate

t0 which tandem wheels with axles and mudflaps were bolted.

The liquid cargo tarker was a 1/10 scale replica of a 9200 gal (34,800 L)
Fruehauf, Model TAG-F2-ESF 9200. It consisted of a large upper and a smaller
bottom.shell, each of which is attached to the metal backbone, completely
enclosing it. Two shaped end ﬁlates éttached to this assembly. The hQ ft
van backbone was used. Tandem wheels with axles and mudflaps bolted to the

backbone through the bottom shell.

The two axle CCE and 27 ft (8.2 m) van models were designed and built
in the seme wey as the three axle COE and 40 ft van described ebove. Each
consisted of a wooden body shell attached to.a metal backbone. The short

wheelbase, 114 in. (2.90 m) full scale, two axle COE was patterned after a
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Peterbilt Model 282-63. It included the same features as the three axle COE.
‘The 27 ft van modeled had a single axle with-dual wheels and mudflaps, and
fixed, 12 in. (0.3 m) radius, vertical leading edges. This truck model was

designed to stand alone, having no parts in common with the other models.

‘The truck models were monnted, via four pedestals through the ground
board,‘to the GALCIT balance mechanism. Six pedestals were used at Northrop,
as'iliuStrated subsequently in Fig. 62. The basic four pedestals bolted
 directly to the particular truck's backbone, or base plates for the dry
: cargo'tanker,‘so as to keep all wheels from touching the ground plane. This
was necessary to prevent wheel contact forces from affecting the balance
measures., TWO pedestals attached to the tractor backbone and two to the
semltraller backbone in the case of the two axle COE and 27 ft van. Each

configuration required 1ts own set of pedestals.
Of the truck models llsted -at the beginning of this artlcle, all but the
® 3 axle CEE plus dry cargo tanker semltraller, and

e 2 axle COE plus 27 ft (8.2 m) ven semitrailer plus
MO ft van (12 2 m) van traller

were run at GALCIT. At Nerthrop, all were run but the

® 3 axle COE plus dry cargo tanker semitrailer.
The 3 axle CBE version was selected over the COE in the adjacent car tests,
because the CBE provided a more realistic tractor to semitrailer gap size.

3. Models of Devices

A variety of devices was tested in the wind tunnel, as add-ons and modi-
fications to the basic truck configuration. The devices were designed to
either alleviate splash.and spray, or to reduce the drag of the truck. The
former were run in the wind tunnel to assess their effect on the air flow
around the truék,:and any influence they might have on the force arnd moment

disturbance of the adjacent car.

The following devices and modifications to -the basic truck configura-

tion were modeled and run:
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® Vertical gap splitter panel between tractor and
semitrailer ,

® Horizontal gap bottom plate between tractor and
' semitrailer. :

L :Cab-mounted drag éhield, approximately 70 percent:
- porous ! ' . .
® Dam under the 3 axle COE front bumper

® Vertical‘leading’edges on semitrailer with 2k in.
'(0.61 m) radii, full scale

‘corners

o Gap filler block, to extend van semltraller forward
about 5 £t (1.5 m), full scale. It had 6 in. (0.15 m)
~radii vertlcal leading edges, full scale. _

® Lateral lips on van’ upper edge, dcross the front and
down the sides

e Angled side vanes ahead of and behind the tractor
wheels, angled at 60 deg to the truck longitudinal .
centerline .

. 'iongitudlnal‘underbody baffle hanging vertically
beneath the’ entlre truck, approximately on the center-
- line : s

e Full fenders over the tractor tandem wheels

® Hofizontal flow defleétor foil placed-on the top rear
of the wvan

These devices are illustrated in the photographs of Figs. 55-64, with the

exception of the vertical leading edges. Their design and function are

described in Section IV. Note that the vanes Jjust behirid the steered wheels

in Fig. 61 were run at GALCIT but not at Northrép. In addition, a run was

made with wheel mudflaps removed .on the basic configuration.

The devices.listed above were run at GALCIT, to study air flow and to
cbtain the configuration drag properties. In addition, the drag shield was
run at GALCIT on the 3 axle CBE plus hb ft van with porosities of approxi-
mately 70 and 50 percent, as well as fully blocked (nonporous). The devices
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Figure 58. Dam Under Front Bumper
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Figure 60. Lateral Lips on Van Upper Edge
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Figure 61.

Angled Side Vanes Around Tractor Wheels
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Figure 62.

143

TR-1093-1



Figure 6k4.

Horizontal Flow Deflector Foil

14k



listed above were also run in the adjacent car tests at Northrop, with the

exception of the
® Dan under the 5 axle COE front bumper
® Gép filler block
® Lateral lips og van upper edge

At Northrop the drag shield porosity was set at about 50 percent, and it

was also run on the 3 axle CBE plus L0 ft van against the adjacent car.

L. Adjacent Car Model

The adjacent car model used at Northrop was a 1/10 scale replica of a
1972-Chevrolet station wagon. It was originally fabricated in connection
with the test program reported in Refs. 3 and 29. It is illustrated in
Figs. 46, 57, and 63. The body contours were cerefully matched to full
~ -scale, and the rain gutters around the side windows were modeled and the
windows were inset. Sufficient underbody detail was included to give a.
generally equivalent roughness to the underside of the vehicle. Radiator
flow was not provided; however, past experiments (e.g., White, Ref. 51)
have shown that this has little effect on the lateral-directional aefody—
namic data, Which have been shown to be of most importance in the truck-car
aerodynamic disturbance problem. Front and side view drawings of this model

are shown in Fig. 65. The reference frontal area, wheelbase, and track are

=.251t2
.= 12.5in.
= 6.4in.
5.9in. . )
4.0in. 1.8in. :
| = =
] .
o 34in. <::L:>\
n FLOOR L 1 —:— |
3.2in. o] 10°  alin. 104in. 13.2in. 16.6in. 09in. 22.3in.
14.8in. ———~————4

Figure 65. 1972 Chevrolet Station Wagon Model
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defined in a way which corresponds to that of -the.truck model in Fig. 47.
The modei consisted of a mahogany body shell mated to an aiﬁminum baseplate.
The baseplaté held wheels and underbddy sprugture as well as the balance
block. The balance was atfached tdrthe'médel via the balance block and to

the tunnel floor by a 1.2 in. (30.5 mm) diameter vertical strut.

Aerodynamic measurements were made using>é‘1.25 in. (32 mm) dismeter
Task Mk V balance. The balance center was located close to7the estimated
éerodynamic center of theavehicle, in order to minimize'aerodynamic moment
measurement error. The dynamic range for side fqrée and yaw moment measures
were +550 1b (2L47 N) and #1170 in.-1b (132.2 N-m), respectively.

Flow probes were located just ahead of the station wagon and to tﬁe
right of the trucks, as shown in Fig. 46.  They were a five port design to
measure flow direction and magnitude, 'similar to those used in.previous STI
wind tunnel tests (Refs. 2, 3, and 29). The base of fhe probe in front of
the car was mounted flush with the floor plates. ﬁThe probe to the right of
the truck was mounted on a small rounded‘edge base which attached to the

tunnel floor.
5. Test Procedures and Conditions

The test conditions and procedures used at the two facilities differed
" somewhat, due to their physical properties and to the differences in the

test objectives.

a. GALCIT Conditions

The GALCIT tests were run at a tumnel dynamic pressuré (q) of €0 psf
(k1 kPé), which provided a Reynolds number of 1.# X 10-6 per foot \
(0.43 x 100 per metre).r Béséd on the truck model wheelbase, this resulted
in an effective Reynolds number of about 6.5 X 106 for the trucks. This
is about one-foﬁrth.of full scale (at 55 mph, 25 m/s) and well above the
critical transition value. This was édequate for the relatively large

models used in these tests.

Force and moment and flow visualization (tuft) measurements were taken

simultaneously. Calibration and pressure measures were taken separately.
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Data for all the fruck force and moment and flow visualization runé were
taken at O deg and ;20 deg relative érosswind (yaw) angles, except as noted
below. Negafive angles corréspondéd to having the left side of the truck
downwind (the models are symmetrical left and right). ‘For other runs data

were tazken at the yaw angles indicated in -the following.

Initially, the basic truck was mounted and rﬁn without tufts or preééure
probes,‘to check the test setup and obtain baseline data. Data were taken
at relative crosswind angles of 0, —20, —10, O, and +10 deg. The test
sequence was then repeated for this truck with thé'tufts in place. Next,
the various devices were added and run with tufts, one at a time. Then, the
3 axle CBE pius 40 ft van was run with tufts. The drag shield was placed
" on this configuration and run at O deg only (for the three different shiéld
porosities). Followiﬁg that, the pressure measurement runs with the basic
truck (withoutvtufts) were made at O and —20 deg. The pressure probes wvere
calibrated, with truck removed, at —30, -20, —10, and O deg yaw. Finally,

the other truck types were run with tufts.

b. Northrop Conditions

‘ The adjacén£ car runs at Northrop were made at a tunnel dyramic pressure
(q) of 140 psf (965 kPa), which gave a Reynolds number of approximately

2.2 X 106 per foot (0.67 X 106 per metre). Based on the 1972 station wagon
model wheelbase of 12.5 in. (0.32 m), this provided an effective Reynolds
nunber of approximately 2.3 X ﬁ06., This is about 40 percent of full scale
(at 55 mph), and this Reynolds number is about a factor of 4 above the cri-
tical value where the flow transitions from laminar to turbulent in the full
scale case. Tt represents an optimum compromise of model scale and wind
tunnel flow velocity. Two runs each were made at 60 psf (414 kPa) and

100 psf (689 kPa), to confirm the very small effect of varying Reynolds

number.

All flow visualization (tuft) runs were made at 60 psf (L1l kPa) to
corregpond to the GALCIT conditions.

Data were recorded primarily at yaw table angles (relative crosswind
. angles) of O, +25, +20, +15, +10, +5, 0, -5, =10, —15, —20, —25, apd_o deg.
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Again, negative yaw angles corresponded to the left side of the truck down-
wind (car downwind of truck). For flow angularity probe calibrations addi-

tional yaw angles were run. For tuft runs, only O and —20 deg were run.

Runs at the start of the test series were for flow angularity probe
calibrations. Then the car was run alone in the forward mount position, to
gather baseline data to compare with previous results (e.g., Refs. 3 and 29).
Nekt, the basic truck was installedvbéside the car and run at se&eral rela-
tive car-truck positions aloﬁg the forward part of the truck. This setup is
illustrated in Figs. 57 and 63. Similar runs were made with this truck with
the add-on devices installed, one at a time. The CBE plus 40 ft van was
installed alongside the car next, and run at several relative car-truck posi-
tions along the forward part of the truck, both with and without the drag
shield. The other truck types were run in a similar manner. The car was
then moved to the aft mount position and run alone, to gather baseline data
at that location. The basic truck was then added to obtain relative car-
truck positions in the aft area. The vafious truck types and devices which
were expected to alter the flow in the aft region of the basic truck were
run after that. Finally, tuft runs were made on the CBE plus dry cargo
tanker and in the gap region between the 27 ft wvan aﬁd 4O ft van with two
axle COE tractor (simulated dduble bottom configuration). Typical relative
car-truck'pdsitions for the various basic truck configurations are summarized

in Pig. 66.

lin. = 25.4 mm

+ Mid wheelbase point
for adjacent car

Truck -
Centerline . L )
* ) EL
14.4in. ‘
: ——1 rt—‘QBin
———i— + + + 4+ 4+ + + + o+ + + + + + -

Car in Forward Mount Location <—|—> Car in Aft Mount Location

Figure 66. Typical Relative Car-Truck Locations
Tested at Northrop
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¢.. Other Test Considerations

Ground vehicle aerodynamic problems always involve boundary layer con-
siderations. The full scale, real world‘boﬁndary layer varies with terrain
~and wind conditions, and it may differ in turn from model scale boundary
layer properties. Because of this variation, it is important to'knoﬁ whether
changing the boundary layer shape or thickness has a significant effect on
the resulting aerodynamic forces and moments. Prior research has indicated,
in general, that the boundary layer can have some effect on longitudinal
measures (pitch moment, lift, and drag).and a lesser effect on lateral-
directional measures (side force, yaw moment, and‘roll moment). The former
is pertinent to the truck drag.measures, while the latter relates to the

forces and moments on the adjacent car.

A prior series of experiments was conducted at GALCIT by STI (Refs. 3
and 29) to assess the effect of varying the boundary layer thickness on the
force and moment measures on a 1/10 scale 1970 Chevrolet station wagon model.
The displacement thickness (85*) was varied from 0.09 in. (é.} mm) to 0.35 in.
(8.9 mm). These correspond to the nominal boundary layer on the Northrop
tunnel floor, and the GALCiT groﬁnd board value, respéctively.' The lateral-
directional measures were virtually unchanged (Ref. 29). Thede findings are
consistent with those in the literature. In comparing wind tunnel and full
scalé results, for example, Carr (Ref. 63) reported that side force and
yawing moment coefficients of rcad vehicles measured in wind tunnels are

slightly higher, but within 5 percent of the full scale coefficients.

In these boundary layer experiments, the drag on the car model (éimilar
to that in Fig. 65, but a 1970 year model) decreased about 10 percent with
the thicker value of &%. For the truck tests at GALCIT with a q‘of 60 psf
(414 kPa), however, the displacement thickness varied from about‘0;09 to
0.17 in. (2.3 to 4.3 mm) across the yaw table. The ratio of this free-’
test-section thickness to the minimum underbody clearance was about 4 per-
cent for the truck models. This is less than the maximum value of 6 percent
recommended in Ref. 52 for obtaining valid drag data. To confirm these cri-
teria, the truck drag measures obtained during this program were checked,

subsequently, against values reported in the literature for similar
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configurations and variations thereto. This correlation effort, and some

resulting data adjustments, are discussed in Article C, below.

Radlator flow can 1nfluence pitch and llft but its. effect on the
lateral-directional measures is small (e g., Ref. 51) The effect on drag
for passenger cars 1s usually less than 5 percent (e.g., Ref. 53), and its
inflﬁence on large commercial vehieles should be evenﬂless.. Similarly,
wheel rotation effects.he?e been found to-be small fof passenger vehicles
(e.g., Refs. 7 and 53). Tt can be important for open-wheeled vehicles such
as formula race cars, where the wheel frontal area is a lafge fraction of
_the'total. Its effect oﬁ tractor plus semitrailer trﬁcks has not been deter-
mined to our knowledge; but it is presumably negligible because the wheels
are a small fraction‘of the'vehiclerarea, and they are immersed in‘separated
and turbulent flow regions for the most part. Neither radiator flow nor

wheel rotation was included in these tests.

In general and in splte of s1gn1flcant dlfferences in scale, it has
been found that carefully conducted wind tunnel tests can give virtually
the same aerodynamic coefficients as occur in full scale. For tractor-
semitrailer rigs there are occasionel small discrepancies.in drag coeffi-
cient, due to such things as poor representatlon of the ‘ground plane, as
" discussed by Lissaman (Ref. 19) However, with sufficiently large models
the wind tuhnel drag data are in general agreement with full scale'testing

as reported, e.g., in Ref. 6k.
B. AERODYNAMIC FLOW AROUND TRUCKS

H‘The fiow fields inrthe vicinity ef largeftruqks constitute a compli-
cated_fluid mechanical process. Various features of this flow are described
in the followiné article. First, the nature of the flow structure is
'described Some of the pertinent findings of prlor wind tunnel testing
are then described, as well as the nature of the turbulence in the sepa-
rated wake and the_effects of yewed flow and of aercdynamic drag reduc-
tion devices. This is followed by a description of the major aerodynamic
flqw results obtained from the current program, including both the ﬁind

tunnel testing and the full scale experiments.
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The results presented in this article are largely‘theﬁfihdings of
AeroVironment, Inc. (AVI). Additional details are presented: in their
source document, Ref. k. The wind tunnel tests and data reduction were
accomplishéd by STI with“the‘assistance of AVI. The full scale tests were
conducted by STI and WHI, with AVI performing the air flow experiments and

measures.
1. Nature of the Flow and Background

A large highway truck behaves aerodynamically like a bluff body. Cur-
renf vehicle models do not pay much attention to aerodynamic streanﬁining,
and design considerations of strength, structural simpliéity, mechaniéal
convenience and maximum payloéd volume dominate the basic shape. In addi-
tion, various highway regulations relating to maximum width, height, and

. length of vehicles lead to the rectangular box shape which maximizes volume.

The truck is exposed to a complicated external aerodynamic field con-
sisting not only of the relative flow created by the motion of the rig, but
also the flow associated with ambient winds. These néturai winds'consist
cf a non-uniform flow. field increasing in magnitude with helght " and gener-
ally non-uniform in turbulence, with large longitudinal and’ lateral non-
uniformities associated with gusts and shifts in wind direction. Because.
of the bluff nature of the truck body, . and the numerous hard edges and
mechanical proﬁrusions,‘aS‘Well as the presencé of cross-floWstdue to“ﬁind
"the flow associated w1th these vehicles always contains maJor volumes of

separated flow in the wake of the separated regions.

Cur interest relates to the diffusion and dispersion of spray éenerated
by the vehicle, and to the aerodynamic'fofées and moments on an adjaéent,
car due to the flow field and its variations. With fegard to spra&; a prin-
cipal concern is with the flow fields downwind of the various wheel'seté,
which‘Sérve as generatofs of splash and spray. In pfinciple we wish to ‘
define the mean flow speed and directions and the general turbulence‘leQels
for stream tubes emanating from these generation regions and progressing
downstream. On the other hand, rather than ‘try to deduce the force and
moments on the adJjacent car from the flow field, we have measured them

‘directly (as described in Articles A and D).
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It must be borne in mind -that, although tractor and semitrailer rigs
differ substantially in their detailed features, their basic geometries-
are substantially-similar, so that similar‘Wake fields may be expected.
Further, note that the intense furbulence in'the-éeparated regions imposes
a type of coherence at a certain scale. In a sense, while the wakes of
different vehicles all diffe;, within certain levels of accuracy they are
all the same‘for a given class of vehicle. The study and analysis of the
aerodynamic flow fields of trucks is a compiex subject, an@>extensive
research exists. This discussion is necessarily limited to those features
of the aerodynamics Whighmaffect the dispersién of splash and spray gener-
ated by the wheels. |

A prior sfudy of particular pertinence here was accomplished by STI
for FHWA (Ref. 31). 1In it, flow field properties were measured at various
locations in the vicinity of a tractor/semitrailer truck. The results were
shown as three-dimensional flow vectors, and as dynamic pressure estimates.
The flow velocity vector at a giveﬁ poinﬁ was expressed via three normalized,
orthégonal components (u/Uy, V/U,, and w/ﬁw) in an X, ¥y, 2 coordinate system.
The,components_were projected on a horizbntal (x, y) plane to obtain a vec-
tor field. Example results are‘shOWn in Fig. 67 for the no crosswind and
—20 deg relative crosswind aﬁgle cases. The vectors shown are the normal-
ized components, u/U, and v/U,, measured at a height 36 in. (0.91 m) above
ground, full-scale. The tail‘of eéch vector is to the left, and the left
énd correspénds to the probe location. The truqk‘model was the same as the
basic éonfigurétion use@ in the_présent program -and the meésures were made
at Northrop. o - ‘

~The no crosswind data in Fig.'67a show an increase in flow angularity
and magnitude around the tractor. This correlates with the disturbing
fOrpes‘and moments experienced by an adjacent vehicle. The data also show
somé outward flow angularity éléﬁgside the semitrailér, and this may be
anomaious, Some flow convergence is seénhat the rear of the semitrailer.
The'weli defined wake directly behind thevtruck comprises turbulent air
whose mean component was too smai;>to“be“recorded accufately. The —20 deg
relative,crosswind_data in Fig. é7b shoﬁ>much greater flow disturbance due

to the truck. The éngularity is increased at the front of the tractor.
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Downwind of the tractor‘(and‘the gap aft of‘the tractor) the flow was too
turbulent to obtain reliable steady flow measures with the probes used.
Farther back on the downwind side the'flow was also disturbed; and the
data show a large reduction in relative magnisnde (except for the.region
.where there is substantial flow under the trailer); Increased flow angﬁ—
larity due to flow under the trailer-is also seen on the upwind side. The
large changes in magnitude and angularity on the downwind side correlate
well with tne relatively large force and moment dlsturbances experlenced

by a passing vehicle.

. Measures of the pressure at given points in the flow‘field were also
made in the Ref. 31 study. These were obtained from a combination of the
static pressure -and fhevdynamic pressure, which is proportional to the square
of the local flow yeloclty Such total pressure estimates are reported in
Ref. 31 for two truck widths, three probe helghts, 0 and —20 deg crosswind,
and various x and y locations. Contours of constant total pressure (iso-
bars) are shown in Fig. 68a for the zero crosswind case. The values shown
are estimates (in psi) for a 36 in. (full scale) probe height. At 60 mph
(27 m/s) the freé stream stagnation pressure was 14.764 psi (101.79 kPa).
Isobars for the —20 deg relative crosswind case are shown in Fig. 68b. The
values shown are for a 36 in. (.91 m) probe height, and the same free stream
stagnation pressure.” The contours in the crosswind case tend to indicate
the regions of laminar and turbulent flow, the former occurring‘around the
front of the tractor and ahead of the rear duals on the downwind side. The
_ pressuré contours in Fig. 68 did not correlate in any clear way with the
dominant peaks and variations in the corresponding force and moment data
(i'e Refs. 2 and 29). They may be pertlnent to the interpretation of

" spray propagatlon patterns, however.

' The Ref: 31 flow measures adjacent to the truck identified a boundary
layer on the trailer extending about 1 to 1.5 ft (.3- h5 m) from its surface
The boundary layer also propagates aft of the wheels in the zero crossw1nd
case, to give an effective boundary layer below the side. of the trailer.

It was difficult to obtain meanlngful angularlty measures within the truck
surface boundary layer, as the dlfferentlal pressures s1mply reflected the

flow gradlent
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In general, the wake region aft of the truck in the zero crosswind
case comprises turbulent air with small average velocity magnitude. The
wake downwiﬁd in the crééswind case is composed of alternating regions
of fairly uniform large amplitude croséflow (e.g., under the trailer), and
| regions of lower amplitude turbulent flow. Traversal of these alternating
regions, as well as changes in the flow aﬁgularity, cause the large changes

in the forces and moments which can disturb an adjacent vehicle.
2. Flow Fleld Modeling

Improved understanding df fluid mechanics and modern computers have made
it possible to calculate the flow fields abcut some bodies with good accu-
racy. This is not the case, however, for the flow fields about the bulky
shapes that characterize road vehicleé'(e.g., Ref. 54). For this reason, it
is current practice to determine the detailvflow fields of trucks by wind

tunnel modeling.

Recent discussions on the numerical modeling of blunt-body flows are
contained in Ref. 54, which concludes that no rational analytical methods
to determine flow fields of these vehicles exist, and that even the most
advanced numerical techniques will require considerably more development
before they can be of even approximate validity. The pertinent issues and
limitations are detailed in Ref. 4. On the other hand, in wind tunnels a
good representation of the separated flow can be obtained, although there
may sometimes be questions raised about- scale effect; as it‘iélates to
Reynolds number and separation phenomena, as well as to ground plane'
effects. A discussion of the determination of flow fields by wind tunnel
modeling and a classification of the general effects of different truck

geometrical features are given in Ref. 55.

Most semitrailers are approximately rectangular and of relatively the
same proportions'and scales. ‘For zero crosswind there is always a typical
subsonic base separation region at the rear face. Whether the flow is sepa-
rated on the longitudinal sides depends upon the length of the trailer, and
on the details of the corners of the front-face, as well as whether devices

have been installed on the tractor or semitrailer.

TR-1093-1 156



. The base pressure is approx1mately constant with a pressure coeff1c1ent
of between —0.2 and —O 5 It is a matter of interest that dlfferences in
gap between the tractor and semltraller, and even removing the tractor com-

pletely (1nra‘w1nd tunnel test), have a rather mlnor‘effeet on the seml- '
‘Atradler base pressure' The rear:wake flow behind the base appears normaliy
to cons1st of a ‘recirculating cell of approx1mately hemlspherlcal shape, like
a half bubble attached to the base. No turbulence measurements in this cell

are avallable

The flow at the front end of the‘truck varies somewhat depending upon
the design of the tractor. A s1gn1flcant flow aspect from the point of view
of splash and spray is the pronounced downward flow through the gap between
-the tractor and’ traller This flow appears to 1ncrease with 1ncrease in gap
distance - (Ref 55), based on smoke v1suallzat10n measurements and from obser-
vations that the drag of the total rlg increases as the gap is 1ncreased
Drag reduc1ng shlelds mounted on the semltraller roof 31gn1flcantly alter
this flow ‘ These can apparently ellmlnate the downward vertlcal flow if the
shleld is approprlately sized for the proportlons of both the gap and the
step helght The latter is deflned as the dlfference in helght between the

tractor and semitrailer roofs

At zero crosswind there is always a separated region behind the .semi-
~trailer and in the gap, but normally the flow, more than about half a body
‘.width away at the sides, is smooth, parallel to the distant flow and at
about the same speed, as illustrated in Fig. 67.

If we now consider the flow streamlines for the case of a crosswird; a
distinctly different situation occurs. At angles exceeding about a 10 deg
relative crosswind (yaw) angle there is massive separation not only at the
base and behind the tractor but also on the lee sides of both the tractor
and the semitrailer. .This can be observed vividly in flow visualization
photographs presented. by Cooper in a discussion appended to Ref. 55. The
~complicated nature of this flow can be further observed. in the surface flow
patterns presented in Ref. 56, and in the STI (Ref. 31) flow field surveys

discussed above.

Although the flow is very complicated,. and specific details will vary

for different geometries, the important result is that in ali cases near
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the wheels, on the lee 'side there is a magor volume of separated flow
.MaJor varlables which may be expected to change this 51gn1flcantly include
'the size of the gap and any gap sealing dev1ces, the roundlng of the side
edges of the semltraller, the ‘effects of a drag reducing shleld on the
tractor, and the effect of the underbody baffle Remov1ng the gap, elther
by mov1ng the tractor close to the semitrailer face, or by adding a verti-
cal plate as a gap sealer, does not- greatly affect the large turbulent
separated area in the lee of the semitrailer. Presumably thls is because
of the strong three-dimensional effects on the separated flow mov1ng over

the top and bottom of the r1g

Both‘the mean and turbulent compOnents of‘the flow field are pertdnent
_from a modeling standpoint‘ For the zerc crosswind case, it appears that,
in the vicinity of the traller 31des, the flow is smooth almost parallel
‘to the dlstant ‘flow, with a small perturbatlon in Speed assoc1ated with ther
‘dlsplacement of the semltraller For the case w1th a relatlve crosswind

angle, the lee 51de of the semltraller is separated and the general flow
is approximately in. the free stream d1rect10n, but w1th 51gn1flcant turbu-
lence. -This type of flow is charaeterlstlc of a separated wake, where the
mean velocity is reduced and the turbulence component‘is high. ‘Measured

values for these quantities are given subsequently. In general, the mean
velocity varies from about 50 to 80 percent of-the free stream flow, with
‘the mean turbulence velocity at ‘about 10 percent of the free stream speed.
For the determination of spray dispersion it is only necessary to know the
mean streamlines and stream velocitiés for stream tubes emanating from the
spray generation centers at the wheels and the turbulence in the vicinity

of these stream tubes (see Section III.B).
3. Wind Tunnel Tesat Results

As described in Article A, a variety of truck models was tested at

. GALCIT. The flow field was mapped‘using tufts on posts, and fastened to
the models. Results for all the configﬁrations are given in Ref. 4. They
are illustrated below for the basic configuration, 3 axle COE plus 40 ft
(12.2 m) van.
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An actual tuft photograph‘iS‘shown in Fig. 69 for the basic truck .at -
a relative crosswind angle of —20 deg. DPlots of streamlines and turbulence
are shown in Fig. 70 for the no crosswind and —20 deg relative crosswind -
cases. The streamlines ghown are anaiogous to the flow vector Eomponents
plotted in Fig. 67 from Ref. 31ﬁ‘ Shown in Fig. 70 are the streamlines and
,‘tufbulence maps'of‘the flow around the truck constructed from the tuft pat-
‘terns, as well as the velocities méasured at several points in the flow.
These velocities are normalized by the free stream undisturbed velocity.
Thé,turbulence“in the flow was inferred from the tuft pictuiés.' In the no

crosswind case theré'is negligible turbulence.

- The velocities and turbulence in the wake are used in _modelirig‘fhe spray
'plﬁmes (see Article ITI.B). Figure TOb shows the turbulgntlfIOW'field for
the —20 deg crosswind case with the basic tfuck. The clear background.areas
iﬁdicate turbulent #élocities on the'order of five percent or less of the
free streamvvélocity (lighﬁ turbulence). Turbulence levels of 10 percent -of
the free stream velocity are indicated by thelcross—hatched areas (méderaté
turbulence). High turbulence regions (about 20 percent of the free stream)
are shown by the shaded areas. Of the nominal cbnfigurationé tested_(defailed
in Ref. h),‘thé empty flatbed had the lowest average‘turbulence 1evélé and
-largest areas of clean flow. The configuration with the next lowest turbu-
lence was the'iiquid tanker configuration. There were some areas of clean
flow fbr this configuration, a large area of moderate turbulence, and an
" area Qf:high turbulence from the cab. The 3 axle CCE plus LO ft van con-
figuratioﬁ fitted with drag shield and Reddaway flaps had the most extenéive
éreas of turbulence. Most of the turbulence greater than the turbulence of
“the unmodified 3 axle COE plus LO ft van configuration comes from the cab.
There is also an area of clean flow near the front of the wvan. The (unmodi-
fied) basiec truck has. about average turbulence in the wake area, as shown

.in Fig." 70b.

Surface'preSSure‘measures were made on the basic truck in the GALCIT
tests, and the results are given in Ref. L. Thése are expressed in terms
_.of pressure coefficients, Cp' In‘gEneral, for the relative crosswind case
the pressure on the windward side of the truck was higher than for no. cross-

wind, as would be'expeéted due to cross flow. It should be noted that
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Velocity Measures:
Upper Probe: 5.8ft(1.8m)FS
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Figure 70. Streamlines -and Turbulence, Basic Truck Configuration
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pressure readings made in the separated wake regions cannot be used to
determine the surface velocities. Pressure measures in the wake were illus-

trated in Fig. 68, from Ref. 31.

L. Full Scale Test Results

At the first series of full scale tests at Ft. Stockton, six anemometers
were set up near the track to record the wake velocities of the truek. These
‘anemometers were arranged in two rows of three each. Each row was parailel
to the test lane, and they were at different distances from the lane. Usu-
ally, two anemometers from each row gave useful data. Data for representa-

tive truck configurations are given in the AVI report, Ref. L.

Example results obtained downwind of the basic truck, with a relative
crosswind angle (ww) of about —9 deg, are shown in Fig. 71. Here, U is ‘the
truck ground speed, Vo 1s the nominal truck airspeed component in the direc-
tion of travel, and v/vq is the wake velocity as a fraction of the nominal
truek airspeed. This figure shows the wake velocities as recorded by four
of the anemometere, twe from each row. ‘The anemometer locetions are shown
in the figure, w1th the zero veloc1ty line of the anemometer traces placed
at the approprlate distance from the truck. The- horlzontal axis gives the
dlstance from the front of the truck. The horizontal and vertical scales
are not the same, resulting in a.distorted representation of the truck shape,
but the anemometer‘traces are in scale to the length of the truck. 'A.broken

line is given to mark the leadlng edge of the wake reglon

The data in Ref: 4 show that, by comparlson w1th the" ba51c conflguratlon,
the addition of a drag shleld and Reddaway flaps:caused‘an 1ncrease-1n the
wake velocity deficit near the truck, but a décrease. in the deficit away
from the truck. The liquid tanker had wake velocities comparable to the
basic configuration near the truck, but lower velecities away from the truck.
However, the regions of large velocity def1c1t extended further downstream
thanvln_the baseline configuration. The 3 axle COE plus empty flatbed semi-
trailer had the lowest wake velocities of the four nominal configurations

analyzed.

The anemometer data were analyzed to find the maximum wake velocity

deficit given by each trace. These data were thenvplotted against distance

TR-1093-1 | Y
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from the truck side. The Waké'vélocity deficits for several different
configurations are shown in fig.jYE. The wake deficit (vo — v) is shown
normalized by the truck airspeed (Vo). These velocities are as measured

by anemometers, so a value of 1 —,(v/vo) equal to one indicates the air is.
moving at the same speed as the truck. This shows very_clearly the differ-
ences in the wake flows-between the various configurations. It can-be seen
that the drag shield.dbes decrease,the wake velocities over the configura-
tion without a drag shield. The flatbed and liquid tanker-sémitrailers are
seen to have lower Wakq velocities than the hO‘ft van. The CBE trgétor also

has lower wake velocities than the COE tractor.

1.0
.8
_Normalized
- Wake ’
Velocity .6
Deficit,
|- (V/ Vo)
a
COE + Liquid
Cargo ,Tcher
) COE .+ 40t Van + Drag
-2 . \\Shield b Reddaway
) 3
% i 2 3 B

Distance from Side of Truck (m)
Figure T72. Summary of Full Scale Ground Aneometer Data (Ref. 4)
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5. Wake Veloclity and Turbulence Parameters

The splash and spray model requires the mean wake velocity (Uj) and
turbulence levels (VT) for plumes starting at the various points on the
truck. The former weré determined from the GALCIT data and the anemometer
data, and the turbulence levels were estimated from the anemometer data
and turbulence diagrams. These flow parameters have been determined for
three regions of interest: flow from the front wheel area, from the drive
tandem wheels, and from the semitrailer rear wheels. _TheSe parameters are
shown in Table 5 for four nominal configurations at —20 deg relative cross-
wind angle. The mean wake and turbulence velocity values are averages taken
along streamlines over a distance of one truck length. The streamlines in
the wake originate at the wheel sets noted, and are assumed to be in the
free stream direction. Veloeities shown in Table 5 have been normalized

by the free stream velocity relative to the truck, vg-

These mean and turbulence values are generally supported by prior
vehicle aerodynamic studies made by STI. Nevertheless, Refs. 2, 3, and
31 show slightly higher turbulence levels along a track parallel to the
vehicle direction of travel than are shown in Table 5 as average values
"along streamlines. Yet, the two sets of results are felt to be compatible, -
because the averaging process used in the current study gives turbulence
levels lower than observed in close proximity to the vehicle buﬁ higher

than observed one vehicle length downstrean.
C. TRUCK FORCE AND MOMENT DAEA

Force and moment measures were made on the various truck configura-
tions in the GALCIT tests. From these, drag data have been extracted for
use in the cost-effectiveness analyses of Section VII. Pertineht data from
the literature were used to confirm the results, and adjustments were méde
in some cases, in order to obtain representative generic values. Drég
estimates were also ma@e for some truck configurations (e.g., triples) and

promising device éombihafionS-that were not tested.

Drag results for the various truck configurations are pfesentéd first,
' followed by the values for devices. The article concludes with a swmary

of the other force and moment data.
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TABIE 5

MEAN WAKE AND TURBULENCE VELOCITIES (REF. 4)

U; = Mean wake velocity along streamline averaged over
’ one truck length from GALCIT test data and Ft.
Stockton anemometer data

VT = Turbulence veloéity averaged along streamlines over
one truck length from Ft. Stockton anemometer data
and GALCIT tuft studies -

Vo = Wind speed relative to truck
. FRONT DRIVE REAR
CONFIGURATION WHEELS - TANDEMS SEMITRATIER

Uy /¥ | Vo/Vo  U1/vo /o | U /v | Ve/vo

COE + Lo ft'van  [.0.50 | 0.10 | 0.60 | 0.10 | 0.70 | 0.10
|.coe + iiéuid.tanker 6.50 0.15 | 0.70 | 0.10 | 0.80 | 0.07
COE + flatbed 0.55 | 0.10 | 0.65 | 0.10 | 0.75 | 0.05
éOE + 40 £t van | 0.55 | 0.15 Q77o 0.07 | 0.80 Q.1O

+ drag shield
f.Reddaway flaps
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At GALCIT, the lateral-directional coefficients were obtained by the

equations for a right hand system with z down and x forward,

_ X S
Cy - qA ' (8)
. N .
Ch = 3 | (9)
L - : o\
Ct = G7 ‘ . (10)

for side force, and yaw and roll moment. The longitudinal coefficients

were defined by

o = & o (1)
-7, ) 2 ’

CL = a . ] (12)
M N

Cm = Az = (13)

-for<d_rag, lift, and pitch moment. The dynamic pre‘ssure is q, A is the
frontal area of the compléte truck configuration (including the portions

of the semitrailer extending beyond the trdctor), and £ is ‘the'_ wheelbase,

as defined in Article A, aBove. When devices were added to the basic truck,
" the reference fronfal area was not changed. The moment reference point is

at the ground, at midwl'ieelbase, on the centerline.
1. Drag Data for Verious Trucks -

- Truck drag data are available for no crosswind (the usual case) and
for a 20 deg relative wind angle. To more readily express and anélyze the
results for a variety of trucks, the drag is expressed in terms of an effec-

tive full scale flat plate area, i.e.,
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Agrr = CpA .. (14)

where Cp is the drag coefficient computed from Eq. 11 and A is the refer-

ence frontal area for that truck.

The presence of‘thé surface mounted tufts caused a small increment in
the drag measures, and this has been removed in thé results repbrted below.
In addition, the raw drag coefficlent valués for the two relative wind
, anglés were compared with data in the literature (e.g., Refs. 21, 23, and
57), and some minor corrections were made, as discussed later. In general,

however, the agreement was guite clear.

' The effective drag values for various trucks are présented‘in Table 6,
in terms of effective frontal area (1 ££2 = 0.093 m2). Those for the first
six trucks listed were direct measures, verified as noted abové. The
remainder were obtained from the literature and data composites, as dis-

cussed below. It is interesting to note that the CBE results do not differ

TABLE 6. DRAG VALUES FOR VARIOUS TRUCK CONFIGURATIONS
‘ (1 £t2 = 0.093 m?)

CONFIGURATION #exF(0) | Aprp(20)

' (££2) | (£t9)

5 axle COE + 4O ft van h 85 | 145

B 3 axle COE + 4o ft;flapbeq-ﬂ_, '7o‘ . 8T

3 axle COE + liquid cargo tanker |’ T 108

3 axle COE + dry cargo tanker 81 | kb

3 axle CBE +“uq £t van 1 85 119

2 axle COE -+ 276t van 81 118

> axle COE + double 27 £t vans 93 156

| 2 axle COE + triple 27 £t vans 108 | 199

> axle COE + 40 £t van ) 80 126

2 axle COE + double 40 ft vans 9L 178
TR-1093-1 ' 168



from those for the COE (with no crosswind), and this is confirmed in the
literature (e.g., Ref. 55). Adding trailers to create doubles and triples
only has a small effect, relative .to the inprease in‘cafgo.capacity, for |
no érosswind. The effect in a strong crosswind is more pronounced, as .
would be expected, but the drag does not increase directly with size or

length (see the last two entries, for example).

To estimate the drag values for the combination rigs shown in Table 6,

the drag was broken down into components of:
7. Form dra.g,‘CDP
] Gap‘interference drag, CDG
® TFriction drag, Cop. o
® Base drag, CDB,
® Induced drag, Cpg

The drag related to the'gaps between successive trailers, Cpg, was esti-
- mated from-wind tunnel measurements by Flynn. and Kyropoulos (Ref. 7) for
ww = 0 and 201dég. ‘Friction drag was estimated from standard friction
curves (Cf vs. Re) and proporticned according to trailer length. Base

drag was estimated using the expression in Hoerner (Ref. 58),‘i.e.,
Cpg = 029/ .'/ch

where the forebody friction drag, Cfp, is proportional to-thé ratio of

the wetted area and the reference area. Thus, Cpg is taken to be inﬁérsely
proportional to the square root of the trailer leﬁgth, because the wetted
area grows with the length of the trailer. Note that the surfaces assumed
to contribute significantly to the wetted area wWere the two sides and the

top of the semitrailer. The underneath and the two ends were omitted, as

was the wetted area of the tractor. The values of base drag were confirmed
by the University of Maryland wind tunnel tests (Ref. 59) and extended to

‘ Yy = 20 deg by the same tests. The induced drag of the basic truék (single
semitrailer) configuration was inferred from this drag breakdown after assum-

ing that the form drag was constant. - The induced drag for W = 20 was
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,'assuméq.to be:prbpdrtionél to-the total side force and thus the trailer
length.

To summarize these points, the‘compohehts in this drag -estimating pro-
cedure are tabulated in Table 7. The'tbtal:drag”is\giVeh in" the first
column, Cp.  The five ‘components-are given hext. As noted, the following

proportional relations hold: ' -:

CDG"N Number of tra;leis

Cop ~ 2/,20

. Cpp ~ i ][R
Cpr ~ £/lo

where f, is the length of the basic single semitrailer, 40 ft (12.2 m). The
last column in Table 7 is the*incremental'drag,.ACD,-due to adding‘another
‘trailer, i.é,; the differende between the respective Cp valueéiihlfhe first
column. As a‘croéscheck,fanalogoﬁs train data présented:by-Johansen (Ref. 60) -
suggest that thé’drég increment roughly doubles in going from zero crosswind

to a 20 deg relative wind angle. Such a large increase is.seen by comparing
the Acb values for the 20 deg wind case (0.31) and the no crosswind case

(0.12) for the double 27 ft vans in Table 7.

The general scatter in‘absolute drag levels in tests by various experi-
menters should be noted. For example, for a 3 axle COE sleeper with a gap
of-about 0.5 of the trgiler,height, Mason and Beebe (Ref. 55) measured a
zero yaw drag coefficient of about 1.0 in wind tunnel tests at a Reynolds
number based on effective diameter»of 2 X 106. They quoté in their paper
the result given in Ref. €2 of a drag coefficient of about 0.59 for a simi-
lar rig in a wind tunnelitest of‘unknown Reynolds number. In the same
volume of proceedings‘(Ref. 54), Buckley in a discussion of Bearman quotes,
for a similar CCE rig at similar gap, the drag‘coefficient of 0.75 obtained
both in full scale road tests at a Reynolds number of about 6 X 106 and in
‘ wind tunﬁel tests at a Réynolds number of about 1.2 X 106. In terms of

drag coefficient, the Table 7 values indicate a drag coefficient of about
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0.80 for a simiiéf’rié,"wiﬁhTonly a few percent reduction when the tractor

is changed to a CBE (conventional) design.
2. Drag Date for Configuration Changes and Devices

Drag values for some variatiohs in the basic truck configuration (3 axle

COE plus 40 ft van) are given in ‘Table 8. As with Table 7, the drag is
expressed heré in terms of the effective frontal area, Appp = CpA, in square
feet (1 £t2.= .093 m2).. As noted above, thebreference frontal area. (A) was
not changed when a device was added.  The three differenf gap variations
(full scale dimensions shown) were all run with 12 in.v(O.31 m) radius verti-
cal léadingvedges on the semitrailer. The 90 in. (2.50 m) gap was standard
on‘the‘baéiéutruck. The 30 .in. (0.76 m) gap was obtained via the gap filler
blockz‘effectivély simulafiﬁé a b5 £t (13.7 m) semitrailer. - In Table 6 the

two axle COE plus‘40_f£_van gap was set at 44 in. (1;J2;m),,full scale. The
‘:gap between the‘regpecﬁive 27 ft vans and the hO-ft;vans“wés set at 46 in.
(1.17-m)i full scale. &= ' ' I

TABLE 8
DRAG VALUES FOR VARIATIONS IN

BASIC TRUCK CONFIGURATION
(1 ft2 = 0.093 nm?)

VARTATION Agpp(0) AEFF(éo)

90 in. (2.30 m) gap 85 145
,60;in. (1.50 m)‘gap 85 136
30 in. (0.76 m) gap 82 127
Square corners 91 155
2k in. (0.61m) | 86 | 131
corner radii

Lateral lips on 84 - 139
semitrailer

Deflector foil 87 147
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Other investigators (e.g., Mason and Beebe in Ref. 55) have also shown
that the drag reduces in the yawed case with'rouﬁding of the trailer lead-
ing edges. It is interesting to note that Table 8 shows little advantage

Of minor rounding Of the leading edges when there is‘nQ cross flow (ww = 0).

Drag values for the basic truck with various‘devices and device combi-
nations are given in Table 9, in terms of the effective area per Eq. 14.
Again, note that the reference frontal area (A) was not changed when the
devices were added. The wind tunnel configurations in the middle column
are keyed to the list in Artiecle A.ﬁ, above. The basic truck is the 3 axle
CCE plus 40 ft van, as usual, and two entries aié also given for the CBE
fractor. The device configurationé in the last éolumniprovide‘a Cross
reference to the devices listed in Table 3 (Section IV). As discussed,
some of.the device combinations shown in Table 9 are hybrids, baSed 6n a
composite of data. The last entry, 3 axle CBE plus 40 ft van plus drag
shield, was based in'pért on the Ref. 23 data. Some of’thé iétter entries
in Table 9 do not have a device code associated with,them,*becéusé,they were

not run as prototypes in the full scale splash and spray tests.

The drag values er,éome of the truck plus de&icé combinations were
estimated by considering incremental values frdﬁ the basic measures. The
more pertinent of these increments are listed in Table 10, again in terms
of effective frontal area. Wiﬁh only one deviée insfélled, such as the
drag shield, the change is a simplé decrement in drag. Most of the incre-
ments shown arevbased on the GALCIT data, and confirmed by the literature.
The last crosswind value, longitudinal baffle plus gap splitter'pénel, was
estimated by taking the square root of the sum of the squares of the two
contributions. The two together are somewhat bétter than either alone, but
the drag of the truck in the 20 deg relative crosswind is unlikely to be
less than the drag of the basic truck with no crosswind. It should be noted
that the Reddaway flaps are not treated here -as '"fenders'" in the sense of
the DOT or Roberts design, and they have been assumed to not provide the
small drag advantage associated with the fender'résﬁlts. Fuli scale test

experience bears this out.

Some of thé'dragFreducing devices in Table 9 are similar to those in

current use on:the highway. Typically, these concentrate on flow control
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TABLE 9

. DRAG VALUES FOR BASIC TRUCK WITH DEVICES
(1 £t2 = 0,093 nf)

WIND TUNNEL DEVICE

A 0
CONFIGURATION . CONFIGURATIONS £rr(©) .| Aprp(20)
‘[ Basic truck . F1, M1, M2, M3, 85 145
‘ S My, M5, T
+ drag shield S D1, F2, MO, M7 | 68 145
Ba81c truck + fenders - |E1, E2, RI o 8y 142
+ fenders + drag shield R2 ' 67 142
Basic truck +_longitudinal L3 - » 8. 97
baffle . o , ‘ :
+ longltudlnal baffle +-gap |12 . | 85 - 85
| splitter’ panel ' R
+ longitudinal baffle + gap L1 S 68 85
splitter panel + drag shield. - Lo T
Basic truck + longitudinal o F3, L4, M6 | 68 .97
baffle + drag shield : D S ‘
Ba81c ‘truck + horlzontal gap G1, G2 , , 85 139
plate - = ' S '
o+ 1/2 horlzontal gap plate P1, P2, P3 . 85 e
Ba51c truck + 51de vanes Vi o 105 165
+ side vanes + drag shield ve. |. 88 | 165
+ 1/2 side vanes + drag S| V3, Vh 78 155
shleld C
Ba51c truck + gap splitter . ' ‘ 86 109
panel ’ R .
Basic truck + bumper dam | , 98 152
Basic truck + lateral lips : 8L 139
Basic truck + deflector'foil ' | 87 1&7 '
Basic truck — mud flaps o 8L 143
3 axle CBE + 4O ft van . e 85 119
+ drag shield ' T 119
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TABLE 10. NOMINAL DRAG INCREMENTS FOR VARIOUS DEVICES

CHANGE OR DEVICE Ahprp(0) | Adgpp(20).
Drag shield =17 0
Mud ﬂapé off ' ’ - 0.5 -2
Fenders | ‘ -1 -3
Longitudinal baffle S -1 ] -u8
Horizontal gap'piéfe o - e -6
' Angled side vanes +20 +20
'Gap_splittér panel - e -36
Longitudinal baffle + gap’splittef 0 | =60
panel ‘ ' ‘ :

nearlthe front face of the trailer and in the tractor-trailer gap;*and
they essentially affect the forebody drag of the rig. For devices mounted
on  the. tractor roof, the basic function is”to:smoothly ‘deflect the incom-
ing flow so that it does.not impinge on‘the semitrailer face, but strikes
approximately at theHupper‘edge of the semitrailer. The device should not
be 80.large that the flow is deflected substantially above the tfailer'rOof,
since phiS'wiil‘cause drag penaities. By avoiding a stagnation region on
the front face of the trailer, not only is the pressure drag on the trailer
reduced, buf also thevvertical downwards flow towards the rear wheels of
the tractor.‘ The -latter effect haé been observed by many otherrexperimeh-

. ters too (see, e.g., Ref. 55). It can be sigﬁificant in-the dispersion of
-the spray by this wheel set, by creating.a more intense turbﬁlence field
near the wheeis. Hence, reducing the gab verticaivflow by shields should
feduce'turbulence; as well. On the other hand, in cross flow cases, shield-
type devices can produce mbre intense'tuibulence'fields due to flow through
the gap, and (presumably) interactions with separations developed on the
lateral edges of the shield. Similarly, a gap Séalef or vertical plate
between the tractor and semitrailer could produce the same effect of more
turbulence at the wheel level in relative crosswind flows due to cross flow

over the top and Bottom of the plate.
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The effect of the gap dimension can be considgred in similar terms.
While it has some effect on drag in the no yaw'case, the effect is more'
pronounced in the case of cross flows (see Table 10). Thus, gap flow
can contribute to the wheel turbulence, and have;séme influence on splash

and spray.

Another forebody parameter previoﬁsly‘discussedlis the effect of radius-
. ing the vertical ieading edges of the semitrailer. Thié can suppress or
gelay flow separation from these edges, and the drag effect can be signi-
ricant. However, for relative crosswind angles of ébout 10 deg, the flow
at the downstream or lee side of the gap is apparéntly similér to that for
sharp edges. Thus, the drag reduction with cross flow is apparently due |

to effects at the windward leading edge.

3. Effect of Variations in Relative Crosswind Angle

f'In.the preceding results, two values of drag have been given, one for '
no crosswind angle (y;; =.0°) and one for a cfosswind angle () of 20 deg.
There are abundant data .in the literature to show how the drag varies for
intermediate values of relative flow angle (e.g., Refs: 16, 23, 24, 29,
and 61).  Based on the results,-the functional.reiation shown in Fig. 73
has been used to define the drag, given the values at O and 20 deg rela-
tive wind. It has been modeled as if fhe effective cross-sectional area,

AEFF, 1s varying. The expression for the truck drag is

Agrr(yy,) : ,//—Spedfwd
Acc(20) o —— ] F"arab'bla
EFF el
- R <
Specified\ }
|
Agee(0) |
: 0 o

0 20 90
Magnitude. of Relative Wind Angle, l‘l’wl (deq)

Figufe-73. Assumed Variation in Effective Cross Sectional
Area with Relative Wind Angle
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DRAG = Agpp(wy) - j%'o Vg‘ ., _ (15)

whére p is the air density, Vo is the total truck velocity relative to
wind, and ww is the apparent wind angle relative to the truck centerline.
The variation in effective cross sectional area with relative wind angle

is givgn‘by
sgpp(ty) = Agpp(0) + [Agpp(20) — Aggp(0)1£(iy) (16)

with the wind angle function being

( | 5.812 - f‘or. =
. N L -0 1) . - 5 Wy in deg and
‘ [wwl < 20 deg

f(mw) =
ax 2
Wl 4 rr(0) for

1 - (—g%——y——4 1+ EFF 5 Uy in deg and

90/20) =1) Appp(20) — Agpp(0) ‘

|¢w1 > 20 deg

(17)

" This is the equation for the curve shown in Fig. 73. Using this relation,
the available data were scaled over a range of ambient wihd angles and
magnitqdesfin‘the cost-effectiveness-analyses of Section VII. Clearly,
relative wind angles in the range +20 deg involve the least éxtrapolation

“of AEFF'
h.> Lateral-Directiohal bata fo;;Variqﬁs Truéks

At GALCIT, the lateral-directional foréés and moments were measured
for the various trucks, and for the basic truck with the devices and con-
figuration modifications. The basic aerodynamic coefficients were defined
and computed using Eqs. 8-10 for side force, yaw moment, and roll moment,
respectively. Note the negative signs in Egqs. 9 and 10. The measurement

axis system was at the ground level, midway between the front axle and
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the center (midpoint) of the trailer tandems. To compute the aerodynamic
ﬁderivative” coefficient, the change over 20 deg (O.3S>rad) was bomputed;
and the reported value is a nondimensional force‘ér momenf per radian of
aerodynamic sideslip (B = —ww). This assumes that the gradient was linear
up to 20 degrees of relative crosswind anglef The results are given in
Table 11.

In general, for ww positive, the side force was to the right. .The yaw
moment was tending to weathervane the truck into the wind, unlike a car »
which is usually tending to blow the nose away. The roll moment was towards

the right‘wheels for wwA-.

The tuft rake lqcatioh on the tunnel floor adjacent to the.model is
indicated in the laét,column. These locations are defined in Fig. 45 of
Article A, above. The location is important because even when it was down-
wind'df the truck it is Eeen‘to have a minor influence on fhe measures.
Note also that all the models had surface tufts mounted (see Fig. 69) for
these data, except for the one basic truck run so indicated in Tdble 1.
Deépite variations the tufts may have intfoduced, the results are reported

here for reference.

N

Thé ldngitudinél baffle is seen to have a very significant effecﬁ on the
side force (CYWW) and roll moment (CEWW) coefficients, as Wopld be expected.
The reason for the change in sign of the roll moment is unclear, and it may
reflect an error in the daﬁ? (whiéh were recorded automatically). The gap
splitter panel changes signﬁof the yaw derivative, aithough thé side force
”coefficiént increases in magnitudé ‘only a'sméll‘amount."This-change-in the
Vyaw derivative could lead to a more sénsitive crosswind gust response, par-
ticularly with a lightly loaded truck (neglecting articulation dynamics).
The shorter gap (30 in., O.76,m)_resulting from the gap filler block leads
to a similar trend. The cpeffiéiénts vary quite a bit for thé other trﬁbk
cbnfigurations, and the differepées are what wouid bé expected from over- -

all.geometry and shape factors.
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D. ADJACENT CAR FORCE AND MOMENT DATA

The aerodynamic forces and moments on cars in proximity to commercial
vehicles have been studied ektensively by STI for the FHWA. Basic results
‘are given in Refs. 2, 3, 29, and 31, and a summary is provided in Ref. 6.
Some work on the aerodynamic interaction of road vehicles has been accom-

" plished by others, most notably that of Brown and Seeman (Ref. 50),
Beauvais (Ref. 65), Larrabee (Ref. 66), and Romberg, et al. (Ref. 67).
Definition of the distnrbance'eituation and_example aerodynamicjdata,

full scale results;_end performance measnies‘afe presented in Aftiole III.C,

based on the STI work referenced above.

This article presents additional adjacent car disturbance deta obtained
in the Nortnrop low speed‘tnnnel during the current test-series. That
facility, and the test procedures used, are described in Article A of this
section. The article begins with definitions of the forces and moments and
a discussiocn of the data. 'This is followed by the basic aerodynamic data
for the car alone. Then, the main data set for the adjacent car in the

presence of various truck configurations is presented.
1. Definitions and Discussion

"The lateral- directional forces and moments on the 1972 Chevrolet station

wagon model in the Northrop tests were nondimensionalized as follows;

Cy = q—A (18)
N

Cn = 'qﬂ (19)
L

s = % - (20)

for side force and yaw and roll moment, respectively. These are similar to
‘the forms used for the truck measures, given in Eqs. 8-10. As before, g is
the dynamic-pressure, A is the reference frontal area of-thetcar, £ is the

wheelbase, and t is the mean track. A right-hand axis system is used
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with y positive to the right, x forward, and z down. The axis system

origin was at the ‘ground level at midwheelbase.

The present exﬁeriments, and those reported by STI in Refé. 2 and 3,
were all accomplished with models stationary relative to one another.
Force and momentrmeasurés wefe taken for one relative car-truck orienta-
tion (see Fiés.’20 and h6), then the wind tunnel was shut down momentarily
while the disturbing truck was moved to a new location relative to the ”
metric car model.  Our past correlations between these results and dynamic
full scale results (see, e.g., Fig.‘21) have been good, primarily becéuse
the relative speed between the car and truck is relatively slow (o= n/s)'
compared to the time constants associated with any aerodynamic nonstation-
arities. Comparison of'bur~m6del scale results with transient measures of

others confirm this finding, as illustrated below.

The findings of Brown and Seeman (Ref. 30) from moving model experi-
ments with a car and a bus can be compared to our "static" test data (e.g.,
from Refs. 2 and 29). Noting that Ref. 30 used a Ford Torine while we used
a Chevrolet station wagon model,” and accounting for differences in axis
systems and sign conventions, the comparison of nondimensional side force ~
coefficients shown in Fig. 50 obtains. The curves are for no crosswind and
en 8 £t (2.44 m) bus-vehicle centerline separation. The Ref. 30 data were
obtained from one run under transient (moving model) conditions with the
bus model at TOlmph (31 m/s) passing the Torino Model going 50 mph (22 m/s).
The STI data were obtained for various relative ofientafioné of the car and
bus,'one point at a time, as noted. Both sets of data show the;bowvwane:
peak near the front of fhe bus. The first Ref. 30 -peak occurs somewhat ;ft
of the STI peak, and this may reflect a true transient phenomenon result-
ing from the relative motion of the Ref. BO‘modelé,  The initial peak is a
little higher for Ref. 30 than STI, and this may correspond partly to the
28 peréent differencelin'vehicle-alone side force derivatives‘notéd abovg.
Noie that sucn a shiftlin the first peak will not affect‘snch‘énerall per-
formance measures as peak lateral deviation (§I); iﬁ‘just neans that it

will occur at a slightly different location;relative to thg front of the

1

*Cy,, was 0.037 d.eg_1 for the Chevrolet wagen and 0.047 deg ' for the

Ford Torino.

TR-1093-1 181



Zero Crosswind -
8ft @ Seporation -

MC-7 Bus
~— Ref. 30 Data ({Fig.10)
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) Torino 50
{Toward Bus) , _ o ' —O==STI Data (Ref.29) for
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50
r r———-=f Ref.30 .
25| . 1 Bus fOutline - .
) (Aheod of Bus) (Behind Bus)\. Longitudinal Position, x {ft)
oo -24 -6 -8 o . 8 40 48 56 72 80 88 96
' L) STI (Ref. 29)
-25 o :
=50 § _ : , [ ft = .3048m

(Away From Bus)

Flgure Th. Comparison of Side Force Coefficients,
Zero Crosswind (Refs. 29 and.30)

’

'bué. The blg dlfference between the Ref. 29 and Ref. 30 results occurs
alongS1de and to the rear of the bus The latter shows two large peaks
-toward the bus, while the STI data show llttle dlsturbance aft of the bow
‘wake peak. Informal discussions with the authors of Ref. 20 indicates
Athat these aft peaks are prohably due to the closeness of the models with
'8 ft (2. LYy m) centerline separatlons, plac1ng the car in the influence of a
vortex street shed off the ‘bus and causes the fluctuatlons This effect
was not readily repeatable (the locatlon of the peaks varles from run to
run), and it was strongly Reynolds number sensitive. The STI data, taken
at much higher Rerholds number, do not ‘show it. In all likelihood these
secondary peaks (along51de the bus and to the rear) in the Ref. 30 data
are an experlmental artlfact and the real world case is more llke the
STI result with one domlnant dlsturbance at the front of ‘the commerc1al

vehicle, in the no crosswind case.
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'-.-compariSOns between Refs. 29 and 30 for the crosswind case give siﬁi—
lar agreement, with the Ref. 29 data showing the wake extending somewhat
further aft of the bus. Overall, the differences which can'be.attributed
to nonstationary effects are relatively small; and from a driver/ﬁehicle

. system performance standpoint, they tend to be "filtered out" by the dyna-
mics of the adjacent car. Further discussion of the transient effects of
aeroqynémicsxpn vehicles is given by Beauvais (Ref. 68) and unpublished
work bj theiMbtor In&ustry‘Research Association in the U.K. In these -
studies the relative velocity between the car and the aerodynamic bertur-

bation was high (i.e., on the order of the car's speed).

As a final point, the first order effects of relative speed scaling
between truck and car can be accounted for, simply, as shown in Refs. 2
and 3. This is done by using a composite dynamic pressure containing the
product of the car and truck airspeeds to compute full scale forces and
moments from the model scale data. This scaling relationship is given by

the following expressions for the lateral-directional forces and moments:

vx) - 22 (21)
N(x) = fﬂg—‘:‘-’l Calx) - (22)
L) - PAUUT ooy (23)

where Ue is the airspeed of the'car, Ur is the airspeed of the bus, A is

the réference frontal areé, £ is the whéeibase, t is the mean track, and

p‘is‘the air density. With reference to Egs. 8-13 and 18-20, tﬁ; dyﬁamic
pressure there was q = {1/2)pv3 . . “ ‘

2. Lateral-Directional Data for the
Adjecent Car Alone -

To establish a basis for interpretafion, and to tie-in with prior
studies, an initial series of test runs was made at Northrbp with the

1972 Chevrolet station wagon alone. The side force and yaw moment results
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are shown in Fig. 75. Also shown are data from the 1972 tests with the
same model in the same facility, taken from Refs. 3 and 29. These data
are .for the éar.mounted in the forward tunnel position with the flow
probe in frdﬁt, see Fig. 46..  The results show‘good agreement, as-would
be éxpected. Note that the car datd shown are typical of sedans with a
forward aerodynamic center, and linear and force and moment vafiations
for small.angles of aerodynamic yaw (sideslip). rThelvalue_of Cyww'shown

is about 2.1 per radian, and anwé 0.63 rad_1.‘ -

1972 Station Wagon

O Current Te;ts
A 1972 Tests, Ref. 3

1.5
© 0] 2
. Sl
sk L pet B
J ()
| | 1 | 'y | |
20 40 ~40 20 1 Q) 20 40
B, ¥,(deg) Ay -1 Bivy(deg)
-2}

_0) Side Force ‘ b) Yaw Moment
Figure T75. Adjacent Car-Alone Lateral-Directional Data

3. Forces and Moments on the Adjacent Car
with Various Truck Configurations

Using the truck-plus-adjacent car test procedure discussed above and
in Article A, force and moment data on the car were obtained in “the pres-

ence of the following truck configurations:
® | Basic truck (3 axle COE plus 40 ft Van)
® 3 axle COE plus 40 ft flatbed
. ® 3 axle COE plus 1liquid éargo tanker
‘ ‘,3 axle CBE plus 40 ft vén .

@® 3 axle CBE plus dry cargo tanker
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® 2 axle COE plus 27 ft van
® 2 axle COE plus double 27 ft vans

The basic truck results, in Fig. 76, are presented for reférence and as

a base case; and because the 1972 station wagon model had not beén tested
with it before.‘ The example results in Fig. 20 in Article III.C are for
the 1970'station wagon plus basic trgck, and there is generally good agree-

nment.

The data for the seven truck configurafions listed above are given
in Figs. T76-82. 1In each case, the data are for a car to truck centerline
separation of 12 ft (3.7 m), full scale. 1In Figs. 77-82, two curves appear
on each plot. The dashed curves through the plotted points are for the
truck type being presehted. Thé s0lid line (With no data points) is a

trace of the basic truck curve from Fig.'76, for comparison purposes. The
background line in Fig. 82 is a trace of the 3 axle CBE plus 40 ft van

data from Fig. 79.

For some configurations data points were taken only in the region
where changes in the truck shape were expected tc change the flow, for
testing economy. Elsewhere, the data should fair into the basic truck

results.

The truck outline at the top of each figure shows its relation to the
data. The dashed line parts on these outlines shpw how the truck type
being presented differs from the basic truck or other reference case. More

detailed differences, in three views, are shown in Article A, above.
a. Basic Truck

Figure 76>shdws the data for the baéic truck. With zero crosswind,
the disturbance effect is dominated by the bow wave at the front of the
truck. A side force and yaw rotation away from the truck result asrthe
car overtakes the tractor. Peak values are not as large as those for the

—20 deg crosswind case with the car downwind.

In the latter case (Fig. T76b) the variations are larger and they change

more as. the car overtakes and passes the truck. As shown in Fig. 20 of
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[972 Station Wagon l
O=—0 Basic Truck L

Car Position
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—-16 0 .16 .32 48 . 64 (ft)

b) ;20 deg Relative Crosswind

—

Figure 76. Aerodynamic Disturbance with Basic Truck
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Article III.C, the car initially encounters the disturbance two to fﬁrée
vehicle (truck) iengths aft. The side force decreases to the rear of, and
alongside the van, and then it increases steadily as the car moves past.
The bpw wave component is still evident at the front. The steady state
side force coefficient for the carlin the absencé of the truck is about
—0.8 for this relative wind angle. The &aw moment is more variable due to
suchjthings as the flow under the semitrailer and through the gap, and,
altérnatively, thé‘blocking effect of the wheels.

b. COE Plus Flatbed

~The disturbance effect of the COE plus flatbed is plotted in Fig. 77.
" The zéfo crosswind data are quite similar to that for the basic truek,
‘except in the region aft of the tractor whefe5the leading edge of the van
is located in the basié truck. Apparently the flow converges behind the
tractor with the flatbed, modifying the side force and yaﬁ moment accord-

ingly.

The crosswind datahare different alongside the semitrailer as would
Be expected. Yet the effect is not too large. It appears in fhe Cy data
of Fig.;j?b that the presence of the unloaded flatbed semitrailer still
causes a shadowing effect, presumably because the‘top of‘the‘béd‘is nearly
as high as the top of the car. The more apparent differénce in the C, data
of Fig. T7b is attributable to flow differehces'resulting from the lack of

the semitrailer face and body.

c. COE Plus Liquid Cargo Tanker

‘ Data for the disturbance caused by the‘tank truck are shown in Fig. 78.
The zero cfosswind‘data are quite similar to the basic truck. The cross-
wind data, with car doﬁnwind; in Fig. 78b show some differences in the
region around the gap and the traétor tandems. This is probably due to
the more open nature of the region‘arouﬁd the tandems with the tanker, as

opposed to the van whose box sits closely on the top of the wheels.
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Figure 77.
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Aerodynamic Disturbance with 3 Axle COE Plus Flatbed
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Figure 78.

Aerodynamic Disturbance with 3 Axle COE
Plus Liquid Cargo Tanker
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d. CBE Plus 40 ft Van

Data to show the effect of changlng tractor type on the dlsturbance
are given in Fig. 79. With no crosswind, the level of the bow wave effect
" is reduced, but the dlstance over which the effect extends is increased.
‘The peak side force change is less than that for the basic trﬁck, but occurs

over a greater distance.

" 'For a —20 deg crosswind (Fig. T9b) the side force change is close to
that‘for.the basic truck. The peak levels are‘aboutrthe same as is the
distance over which the change occurs. The yaw moment‘Variation'is smoother
alcngside the CBE tractor. ThiS‘diffefence must be attributable to -the
longer cab and shorter gap of the CBE relative to the COE.

e. COE Plus 27 ft Van

The disturbance‘effect of the 2 axle COE plus 27 ft van is shown in
Fig. 80. The zero crosswind results appear Simply~a5‘a foreshortened
version of the basic truck data. -The side force bow wave effect is about
the same, and there is little appafent effect of the reduced tractor and

gap lengths with no crossflow.

. The crosswind data in Fig. 80b also show this foreshortening effect.
The change in side force alongside the truck varies between the same levels
‘but over less distance. The yaw moment curve shows about half the peak to
:peak variation along the rear part of the semitrailer-and reveals a smoother
variation along the forward part of the truck. The latter is probably due
to the shorter gap and changes in the wheel spacing.

f. COE Plus Double 27 ft Vans

Data‘fpr the doubles are shown in Fig. 81, and”compared with both the
basic truck and the single 27 ft van (Fig. 80) data. Emphasis in this series
of runs was on the semitrailer-trailer gap flow. The dashed lines forward

of the gap are from Fig. 80, as are the ones aft — suitably shifted.

The results in Fig. 81a show little effect of the presence of the gap
in the zero crosswind case. If anythlng, the car is pushed away slightly

from the truck along51de the gap.
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I972 Staticn Wagon, ‘ _’I 5
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Figure 79. Aerodynamic Disturbance with % Axle COE
Plus 40 ft Van
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Figure 80. Aerodynamic Disturbance with 2 Axle COE
‘ Plus 27 ft Van
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Figure 81. Aerodynamic Disturbance with 2 Axle COE
Plus Double 27 ft Vans
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With the car downwind in a cr6SSWind (Flg 81b) the main effect of
'the doubles rig is the increased overall length The disturbance'et the
gap between the trailers (see Cp) is Similar to that which occurs at the
rear of a van. Then, there is an additional variation due to the second
trailer, followed by.the wake effect. . Considering the phase shift due to
xtheldifferent semitreiler lengths, the peak to peak excursions are about

the-same as for the basic truck.

g. CBE Plus Dry Cargo Tanker

The combined effect on the adjacent‘car disturbance of changing the
tractor and semitrailer shape is shown in Fig. 82 for the dry cargo tanker
rig. The data from the front of the semitrailer forward are essentially
the same as seen in Fig.- 79 for the CBE plus hO ft van. Alongside the
semitrailer and further aft, the no crossw1nd data (Fig. 82a) are essen-
tially the same as the basic truck results, despite the shape differences

described in Article A, above.

With the car downwind in the crosswind case (Fig. 82b), the close
similarity still exists, except for a small shift related to the reduced

-length of the dry cargo tanker.

Overall, the'gross‘ehanges ih truck configuration considered above.
result, for the most part, in enly'detailed changes in the force and
moment disturbance of.the‘adjacent car. It is clear that the main dis-
turbance effect is caused simply by the overall size and bulk of the truck.
Accordingly, those changes which are most‘sigﬂificantlresult from changing
semitrailer length, or adding a second trailer. Based on our prior analy-
tical studles (Refs 2 and 5), it appears that the detail changes which
typlfy much of this data would not have much effect on overall driver/
vehicle system performance. By comparison, falrly major changes in adja-
cent . car performence result from variations in such things as car and truck
speed and the relative wind geemetry,‘as discussed in Article III.C, and

elsewhere.
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L. TForces and Moments on the Adjacent Car with
Various Truck Plus Device Combinations

A representative set of devices was mounted; one ét a time; on the
.baSic truck in the Northrop tests, in order to assess their possible effect
on the adjacent car disturbance.- Because these devices were:mainly aimed -
at suppreésing splash and spray or reduciﬁg drag, their study from a dis-
turbance standpoint was aimed mainly at Quantifying any potentially harmful
(or helpful) side effects.

The data shown here are for those devices which resulted in the larger
effects on the disturbance, or which were important for the reasons noted
above."Data are shown for

® Drag shield

o Full fenders on tractor

® Longitudinal baffle

® Horizontal gap plate

® Gap splitter panél

®. Angled side vanes
all mounted on the basic truck. Again the centerline separation was 12 ft
(5.7 m) equivalent full scale, and measures were taken for zero crosswind
and for the car downwind in a —20 deg relative flow. The,plots_follow the
same format as for the truck configuration studies, above. The device is

sketched on the truck outline. For test economy, data were only taken in’

the expected region of greatest influence on the adjacent car disturbance.
a. Drag Shield’

The effect of adding the drag shield is shown in Fig. 83. For the
zero crosswind case, essentially no chahge in disturbance effect is seen.
Although the drag shield is known to alter the flow in the tractor/
semitrailer gap, it does not affect the flow around the truck enough to

alter the disturbance of the adjacent car (with no crosswind).
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Eigure 83. Aerodynamic Disturbance with Drag Shield
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The drag shield does have an interesting effect on theldisturbaﬁoe'
with a crosswind. . The side force changes more'abrupttyrelongside‘the.
tractor, with a more gradual change near the van. Tﬁe peak‘level of Cy-
~attained is about the same, however. The yaw moment changes form, accord-
ingly. These effects are presumebly‘due to the enhanced masking effect of
the reduced gao flow, and this 1s supported, for ekampie, by the data in
Fig. 80 for the shorter gap 2 axle COE plus-27-ft‘van (which are similarr
" to the Fig. 83 results in the gap region). |

b. Full Fenders on Tractor

The effect on the disturbance of adding full fenders to the'tractor'
‘tandem duals is shown in Fig. 84. Little change is seen for either the -
zerd or —20 deg crossﬁiﬁd7cases: This iS“ﬁot-surprising, since the fenders
do not change the basic truck configuretioh other than to add a small amount
of flow blockage around the tractor tandem wheels With’the Lo ft van, of

course, the clearance between wheels and semltraller is already small

¢. Longitudinal Baffle

The -change. in ‘the adjacent car .disturbance due’to ‘the longitudinal
underbody baffle is shown in Flg 85. As would be expected due to symmetry,

there is no change in the zero crossw1nd results

With the car downwind in the crosswind there‘is‘a Very‘substantial
shadowing effect alongside the semitrailer, and the wake properties aft of
'the truck>ere also. changed substantially. The large positiVe side force
coefflclent (Cy) towards the truck in Fig. 85b may be due to the back flow'
of vortex flow over the top of the truck whlch curls down and strlkes the
adJacent car on the side away from the truck hence pushlng the car inward.
This tends to be confirmed by ‘the relatlvely small effect seen in the. yaw
moment coefficient (Cp). Typically, w1th the flow interruptions caused by
various reglons of the truck, the yaw moment ‘is approx1mately the derlva-
tive of the side force (see the basic truck.data, for example). This is
~ not the case in Fig;‘85b, suggesting‘that some otﬁer flow phenomenon is

dominant.
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Interesfing, too, in Fig. 85 is the result that the underbody baffle
has little effect on the cross flow adjacent. to the tractor (even though .
it is there — see ?ig. 62). This suggests théﬁ the level of underbody
blockage in that region is already high with the basic configuration.

Thege crosswind results with the baffle have substantial similarities
with the basic truck plus van underbody, and the rectangular block data
. in Refs. 2 and 29, as would be expected.

d. Horizontal Gap Plate

- Figure 86 shows the effect of adding the horizontal gap bottom plate.
In both the zero and —20 deg crosswind cases essehfially no significant
alteration of the disturbance is seen. This is not surprising, consider-
ing the location of the plate, lying flat across fhe‘bpttOm of the gap.

The gap area is not changed significantly, and any wake effects due to the‘

thin plate would be expected to be minimal.

e. Gap Splitter Panel

The vertical gap splitter panel effect is pldtted in Fig. 87. Again,

no change in the zero crosswind disturbance is seen, due to symmetry.

With the crosswihd; the ‘side force on the car is reduced as shown by
-Cy in Fig. 87b. Yet, the peak, related to the front of the tractor, remains
the same. The yaw moment (C,) trace changes form, reflecting changes in
the detail flow above and below the splitter panel in the gap area. Though
different in form than the basic truck, the general (spatial) frequency
content and the peak amplitude of Fig. 87Tb suggest that this configuration °
would have about the same effect on adjacent driver/vehicle system perfor-
mance. The form of Cy and the peak in Cp in the crosswind case are not
unlike that of the drag shield in Fig. 83%b, despite the substantial physi-

cal differences between these two devices.

f. Angled Side Vanes

The change‘ih the force and moment on the ‘adjacent car due to angled
side vanes mounted at 3> places on the forward part of the truck is shown

in Fig. 88. There is some variation in the no crosswind case due to the
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resulting flow modification in the vieinity of the gap and the tractor

tandemns.

In the negative crosswind case, the_changeLis to reduée the-side force
alongside (see Cy) and this causes'corresponding éhanges in the yaw moment
profile as the car moves pfogressively past. The result is not unlike
that.Of the vertical gap splitter panel (compare Cp in Figs. 87b and 88b).
fﬁié is curious,‘becaqse the latter blocks flow through the gap, while the
former tends to modify the flow under thé tractor and: lower down on the

truck around the wheels.

| Overall, and wiﬁh the exception of the longitudinal underbody baffle,
the changes in the adjacent car disturbance due to‘the instaliation of the
devices is minimal. This means, in turn, that there‘will bé little cﬁange
in the truck's influence on'the response and performance of the drivér/

vehicle system.

. The lbngitudinal~baffle under the sémitraileriﬁoes‘have a substantial
effect on the wake flow and the disturbancé, in a crosswind with the car
in the léé of the trﬁck. This does degrade driver/vehicle performance,
and it is closely analogous to the van underbody and iectangular block
cages of Refs. 2, 6, and 29. These ldtter performance effects are analyzed
ahd quantified in detail in those references, and compared to performance
in the presence of the basic truck. As a reéult, there is no need to redo
the performance calculations for those cases. At the‘same‘time, the poten-
tial, adjacent car performance disadvantage due to the longitudinal baffle
must be kept in mind when assessing its aftributes as ‘an alleviating candi-

date.
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SECTION VI
SPLASH AND SPRAY TESTS AND RESULTS

Full scale fleld tests>were‘accomplished as a combined effort of STI,
WHI, end AVi. These tests involved complete vehicle configurations ﬁith"
various aerodynamic devicee under both dry and wet (i.e., splash and spray) .
conditions. This sectioﬁ-describes the experimental procedures and results
for the wet splash and spray tests. The dry, aerodynamics alone, tests are
described in Article V.B, above.

Two sets of spiash,and spray tests were cerried out. The first was
accomplished in June 1977, and emphasized various vehicle types. The second
set was performed in November 1977, and focused on splash and spray devices,
mounted on the basic truck configuration. Both sets of tests were run at the
Firestone Test Center, Ft. Stockton, Texas, under the auspices of the Western
Highway Institute. Including preparation, setup, and experiments,'each'test

required about one and a half Week”S occupancy at the Test Center

The purpose of the June tests was to quantlfy Splash and spray effects

and tie lab and s1mulator test results and analyses to representative truck
types. By studying a variety of truck configurations we were able to define
and quantify the splash and spray problem as it existed at the start and
verify the descriptive methodology. The truck configuretions tested in June
began with the basic truck,vconsisting of the 3 axle COE plus 4O ft van semi-
trailer. The tractor was a 1977 Freightliner FLT-8664T and the semitrailer
was a Fruehauf Model FBQ-F2-4O, 1974. Variations on the semitrailer included:

©® Liquid cargo tanker, which was a Fruehauf Model
TAG-F2-ESF-9200

©® Dry cargo tanker, which was a 36 ft (11 m) Feed-
liner Model RDM

® Flat bed, which was a 40 ft (12.2 m) Fruehauf.

A 3 axle CBE tractor was also tested with these semitrailers, and that was a
1977 Ffeightliner FLC-12064T. Other truck variations included a 2 axle COE
tractor (1977 Freightliner FLT-T7542T) and single, double, and triple 27 ft
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(8.2 m) van semitrailers (and dollies). - The tires on all the trucke were
near new or only partly worn, so the tread depth was ample. Additional’ '

details of the selected vehicles are given in Articles TI.E and V.A.

Atﬁention in the June tests was directed to the visibility for an adja;
cent driver, and to the effects of general truck aerodynamic geometry and
the potential for improvements with aerodynamic devices. The tests included
crosswind effects using natural winds; and the range of that portion of the
tesﬁing was that which resulted from weather conditions existing during‘the
test period. Another function of the initiai'Wet'tests was to further verify
and develop instrumentation and test procedures useful for splash and spray
measurements, and to relate such measurements to observed visibility. Results

from June lead to refinements in procedures which were used in November.

The purpose of the November tests was to quantify spiash énd-sprhy"effects
for selected alleviation and aerodynamic devices, mounted on the basic truck

configuration. The devices tested included:

® Drag shield |
@® Longitudinal baffle
[ gap filler panel
® Partial gap panel
® Angied side vanes

'® European fender
® Roberts fender
@ ‘Reddaway fender
[ ] Fuzzy truck

Detailed descriptions of these devices are given in Section IV. Preliminary

tests were also made with the drag shield and Reddaway fender in June.

The next article in this section describes the two sets of tests, includ-
ing the facilities, procedures, and measures. The following article presents
the basic truck results, in order to show the nature of the data, and to
illustrate the effect of situational parameters other than truék shape and

the presence of devices. Connections and correlations between the various

TR-1093-1 , . . 207



types of measures and ratings‘aré shown:next.‘ Results showing the effect
of variations. in fruck type on visibility are presented. following that,
and the section concludes with data and interpretations showing the effect

of various devices on the visibility in the vicinity of the truck.
A.  SPLASH AND SFRAY TEST PROCEDURES

This article describes the facilities and instrumentation.used in the
splash and spray tests. It also defines and discusses the objective and
subjective measures, and describes the driver'subjects for the truck plus

adjacent car runs.
1. Test Facility

Z.Théﬁ}ayoutfof_ﬁhe track at the Firestone Test Center is. shown in Fig. 89.
Thegtbtalrcircuit is about 5 miles (8 km) with loops at each end to permit

the test vehicles to maintain their speed while changing direction. .

Wet Test Area

Test Support
Building

RN U

Figure 89. Firestone Test Center Track
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.The.portion of the.test track used for the wet tests consisted of a
1000 £t (305 m) long;'io ft (9.14 m) wide, lane of Type C asphait, bordered
by strips of_asphalt,.containing light poles and water drains. Additional
dry lanes were évailable oﬁ the'west<side for chase véhicles (see Fig. 90),
and they were surfaced with Type D‘asphalt or concrete. The Type C asphalt
was divided into two 15 £t (4.6 m) lanes, using small white dots painted
every 25 ft (7.62 m) on the sufface. At the ends of the 305 m section were
the single lane high-speed turn-around loops shown in Fig. 89. Trucks were
run along the Type Dvasphalt and concrete surfaces for flow visualization runs
in June; however, only the Type C asphalt was watered and it served as the

main test surface.

Watering was provided by a 1000 ft (305 m) length of’perforétéd irriga-
tion pipe run along the track center edge of the Type C asphalt. The entire
‘ 505’m surface was kept continually wet using a high capacity pump. A 1 per-
cent cross slope and a mean texture depth (macrotexture) of 0;036 in.

(0.91 mm) provided a consistent uniform flow across the surface. Water
.depth measures were taken at 10 consecutive 5 £t (1.5 m) increments down the
centers of the 4.6 m lanes, near the midpoint of the track. They showed a
day to day average variation in depth of 0.055 to 0.059 in. (1.4 to 1.5 mn) .
The average of all water depth measures taken during the week was 0.057 in.

(1.4 mm) during both the June and November tests.

The track layout is in a north-south direction, In June, the ambient
wind was usually out of the south or southeast at O to 10 mph (4.5 m/sec)
in the mornings and 5 to 15 mph (2.2 to 6.7 m/sed)lin the afternoons. In
November the winds were more variable dﬁring the test day. The wind was
measured for each test run. The "relative wind" was measured relative to
the heading of the truck, zero being for no crosswind component. The "ambi-
ent wind" direction was measured in terms of + angles, corresponding to wind
from an easterly directiop;.and - angles,‘correspbnding to wind from a west-
erly direction, with no wind from the north corresponding to  degrees. . The

direction of test runs was defined as northbound (N) and southbound (8).

Generally, 'a truck (or pair of trucks) made four consecutive runs, two
northbound and %wo southbound, before test conditions or configuration were

changed. Therefore, typically, each configuraﬁion for each test condition
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was run with an ambient headwind or crosswind from the left or with an
ambient tailwind or crosswind from the right. The left-right symmetry of
the truck configurations allowed these results to be readily generalized.

2. Track Ingtrumentation

For the truck-alone tests, track instrumentation was set up to measure
splash and spray properties in terms of adjacent driver visibility and light
attenuation. Visibility-related measures were taken with the following
ground-based instruments: ‘

‘® A Pritchard photometer focused on a halogen light source,
Loo £t (122 m) away.

® Two laser transmissometers aimed at receiver power meters,
50 £t (15.2 m) away.

® A 35 mm SLR still camera with black and white film and a
250 mm lens, focused on an 8 x 12 ft (2.44 X 3.66 m) black
‘and white checkerboard 200 ft (61 m) away, oriented paral-
lel to the track centerline.

® A 16 mm color motion picture camera located next to the
parallel still camera viewing the checkerboard and the
test truck. o

® A 35 mm SIR still camera with black and white film and a

50 mm lens, oriented perpendicular to the track centerline,

200 ft (61 m) away, viewing a 100 £t (30.5 m) section of

test area which included a black backdrop.
The location of these devices on the track is shown in Fig. 90. The loca-
tion of the devices, looking to the north from the southern part of the
wet test area, is shown in Fig. 97. The measurement devices are discussed
below, including some minor differences in arrangement between the June and

the November tests. Additional details are given in the appendix.

The Pritchard photometer arrangement is shown in Figs. 90 and 91. With
a telephoto lens it was possible to reduce the field of view so as to'include
only the halogen light souice, 400 ft.(122 m) away. When properly aligned
at this condition the light source provided,about T5 percent of the recorded
‘light levels on a bright day. Attenuation of the light source by the truck
splash end spray provided quantitative data over the 400 £t (12.2 m) test
length.
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The lasers operated over'a shorter'test length [50 ft (15.2 h)] but
provided a more detailed measure of transm1551b111ty through the spray.
Since the laser provides collimated light, the Teceiver readlngs at 15.2 m
were due almost entirely (i.e., 95 percent) to the laser source. In June,
the lasers were mounted north of the checkerboard.. In:November they were
moved to the south side,‘so that they would be measurihg in the same test
‘segment as the photometer and the cameras, ' This is shown in Figs. 90
and 91. | o |

The location and arrangement of the lasers were-based on several factors.
The heights and lateral location were similar to those used in prior studies
.(e.g., Ref. 26), as were the distances apart, to provide ‘the potential for
data tie-ins. The height of the lasers [3 £t (0.91 m)] is in the region of
a slightly depressed driver: line of sight. The photometer and laser at
6 ft (1.83 m) were on the centerline of the 12 ft (3.66 m) lane, while the
laser at 2 £t (0.61 m) is in the region ahead of and to the right of the
car, where the driver looks for information regardlng position relatlve to
the truck. Also, the lasers and photometer were positioned in regions of
the drlver field of view which were expected to be 1nfluenced by splash and

spray under various condltlons, as suggested by past data

' The spray-attenuation signals from the lasers and the photometer‘were
recorded on a 'strip chart adjacent to the checkerboard. Camera operation
was also recorded on the strip chart for data correlatlon purposes A track-
side anemcmeter was used to record the ambient w1nd in the test area on the
strlp chart In June, thls anemometer was about 30 m_east of the test area,'
in the v1c1n1ty of the 35 mm side camera. In November, the anemometer (vector
_ vane) was mounted 13 £t (4 m) above the pavement on a pole ‘atop the checker-

board.

The black and white camera that was focused on the checkerboard obtained
a picture of the spray along51de the truck against the black and whlte back-
lground. This photography was planned so that densitometer measures of the
relative 1um1nance could be made from the film. The shades of gray scale at
the top of the checkerboard fac111tated this. In November an addltlonal
neutral gray square was added to the center of each black and Whlte square,

to enhance resolution of spray cloud density in the photographs. The latter
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squares were 1 ft (0.305 m) on each side while the gray squares Were 0.5 ftv‘
(0.175 m) on a side. The checkerboard can be seen in the film data of the
appendix and the Fig 94 example, shown subsequently.

The color motion picture camera aimed at the checkerboard had a larger
field -of view than the still, and it was run for 10-15 seconds for ‘each run

in order to provide an overview .record.

The side-looking black and white camera photographed the spray around
and beneath the truck against the 65 ft (19.8 m) long by 4 £t (1.2 m) high
longitudinal black backdrop, in June. In November, two additional b x 8 ft
(1.2 x 2.4 m) black sections were constructed, extending the total black
backdrop length to 80 ft (24.4 m) which was centered so as to fill the side
camera.view. Accordingly,. ' the side 35 mm still camera was moved inward to
a point 150 ft (hé m) from the track center line, so as to view only the
80 ft (24.4 m) section of the test area.

The two black and white cameraslweremtriggered to fire simultaneously
when the-truck ran over a pneumatic switch on the track“ There were two
such switches, for north and south bound, respectively, to prov1de for proper
framing. In June, these switches were 65 ft (19 8 m)’ apart with the nearest
being 15 ft (4.6 m) from the checkerboard. 1In November, the south pneumatic
camera switch was moved towards the north' switch, decreasing their separation

to 45 £t (13.7 m). This corresponded to the new location of the side camera.

Other minor changes were made in November Wthh did not 1nfluence the
data or the measures.' The strip chart recorder and camera, control box were
‘moved inside the test trailer, located near mid track - Delineation cones
were placed on the east side of the track in the area of the checkerboard
as guides, so as to obtain a more consistent truck path and lateral separa—
tion from the checkerboard. As discussed later, variations in the lateral

position of the truck were accounted for in the data interpretation.

In addition to the track instrumentation, observers at either end of the
305 m wet test section rated the splash and ' spray v1s1bility conditions.’
These subJective ratings were a Judgment of the v1s1b111ty through the cloud
formed to the side of the trucks. They were based on a scale of 1 (good) to

5 (very bad), using the form shown in Fig. 92. ‘Since these sub jective results
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3. Test No.

4. Vielbility Rating No.:

Name or initials of observer .

‘Location of'observer during test. {For example,

chase car 1, 2 or 3, st end or side of test track, etc. )
Control number asaigned to teat.
Use code number shown below which most closely

describes the condition encountered by s pasaing
automabile.

1. €ooD .
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4. POOR
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'3, Skelch height, widih and shape of general splash and spray pattera.
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Figure 92. WHI Test Observer's Report Form
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“have been shown to correlate well with the objective measures from the
 lasers and photometer in- the June data (as discussed subsequently), observer“

ratings were not-made in November.

“5. Vehicle Instrumentation

Adjacent rehicle tests were used to determineAthe effect of vehicle-

" induced disturbanceS»and splash and spray on driver/ﬁehicle.performance.

This was accdmpliShed in the June tests by overtaking.and passing the various
trucks, using an instrumented 1973 Chevrolet station wagon. These tests were
typically run in the afternoon, following the truck-alone tests. The checker-
board and the track inetrdmehtetioh,were removed,‘so that the adjacent car

and the truck could proceed down the parallel lahéS'through the -wet test area.

Drlver/vehlcle response parameters measured by 1nstrumentat10n on the

station wagon included:
e Driﬁer steerdng'wheel‘engle (dgw)
® Yaw velocity (r) -
° bfcr&erddepeed (Uo)

® Relative lateral position from the truck as photographed
by a down-looking 16 mm motion.picture camera mounted
6 £t (1. 8 m) over the roof :

® Wind magnltude (]WV| measured relative to thé car by a
Gill vector vane mounted in front of the bumper, on the
car centerline .

'@ Wind direction (XWV) measured relative to the car by the
Gill vector vane - ‘- o ‘ :

All these parameters, except lateral position, were recorded directly by a

strip chart in the car. Lateral p031t10n was derived manually from the over-

head motion picture camera film. Since the\truck proceeded in a straight

line in its own lane, lateral deviation of the car from the edge of.the

truck is the same as lateral deviation of the car-in its lane, adjusted for

-the offset. The vector vane was situated at approximately the height of the

lasers, and at the equlvalent full scale helght [5& in. (O 86 m)] of the flow

probe in the wind tunnel
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. In addition;<a 16 mm motion picture camera mounted inside the car was
used to record the driverfs;view‘through the windshield. Also, a 35 mm’
vstill.camera, mounted next to the motion picture'canera,‘was‘used to snap
a shot through the windshield{;when the front of the- car reached‘the rear

of the truck, during each run.

The driver of the car made a subjective rating of the task difficulty
and the accident risk encountered during each @ass. Eech rating was based
on a scale of 1 .(none) to 5 (extreme),-using the -adjectival procedure shown
in Fig. 95; This form is the same as that used in the driving 51mulator
experiments (see Article III.E). The driver subjects were also common to
both the simulator and full scale tests, to minimize the.effects of inter--
subject variability in the data. As can e seen in Fig. 93, two types of
ratings’were provided by'the driver accideht risktand task aifficulty.
The latter was 1ntended to be a subJectlve measure. of control workload N
‘while the former was almed at an assessment of the llkellhOOd of c0111s1on
with elther the truck or an obstacle on the roadway (perhaps obscured by

the spray)
‘ - To round out the measures‘centered‘in the adjacent car, a backseat
observer made a v1s1b111ty rating through the Wlndshleld on the 1 (good)
to 5 (very bad) scale us1ng the format 1n Flg. 92.

| Rating‘InStructions
Task Difficulty - s

(Attentional Demand) Accident Risk " Comments
Condition:

None 1 None

Mild - 2 Mild

Moderate 3 . Moderate

Significant b Significant

Extreme "5 Extreme

(Detailed instructions not shown here)
Figure 93. -Driver‘Reting Form
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The magnitude and directicn of the wind relative to the truck were
measured by a propeller anemometer and direction vane mounted on a boom .
shead of theftractor.‘ This Was.used in both_the June and- November tests,

and provided one of the nrimary measures of the test conditions.

Truck speed was maintained constant, at the preecribed value, by the
driver using the tachometer.' This was verified on each run by test per-
sonnel=using a hand-held, caiibrated, radar speed sensor. The test speed
was recorded in the run leg,‘and it was usually within about .1. mph (1.6 km/h)
of the target value. R - o

L. Driver SubJjects

AdJacent car tests were run under splash and spray condltlons in the
June experlments. Four driver subJects were used in the adJacent car. They:‘
were all members of the STI englneerlng ‘team involved in running the experi-
ments. Their ages ranged from 26 to h1 ‘and they - were males in good health.
They were all experlenced drivers, and three of the four had exten51ve and
varied backgrounds as test drivers in other research programs. They were

familiar with the goals and measures-iof:-this program.

To offset the well known potentlal drawbacks of using experlmenters as
subjects, there were several compelllng reasons for doing it in this study.
First,.we were interested in skilled behavior, and the assessment of differ-
ential effects in response and performance due to changes in truck configu-
ration or operating condition. Each subject was his own control. Second,
it simplified the logistics of remote site operation.‘ An important third
point is that it aliowed the same drivers to be used as subjects in the
driving simulator experiments and the full scale:tests, to facilitate data
correlation and the examination of other experimental effects. Finally,
these drivers were all experienced in giving subjective ratings, and they

were familiar with the driving task of interest.
5. Experimental Procedures

To a cons1derable extent the test procedures are 1mpllc1t in the pre-
v1ous d1scuss1on of the facilities and 1nstrumentat10n. Some elaboration

is provided here. There were a few differences in procedure between the
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June and November tests, mainly reflecting their differing objectives, and
these are noted. -The details of the tests, run by run, are given in the

run logs and detailed data sheets of Appendix B.

Prior to a data run, a number of steps were required — all part of good
experlmental practice. This included checking and callbratlng the instrumen-
tation,'briefing the relatively large number of test personnel on the test
scheduie, defining safety procedures, and establishing the desired truck
configurations and test conditions.- For the wet tests, the'weter system
was turned on and allowed to stabilize the wetting -and water depth. - This
normally took about 30 to 45 minutes. The trucks were warmed up and

inspected.

In the truck-alone tests, the truck circulated around the_"doébene”
track shown in Fig. 89. Speeds were specified a priori, and verified by
radie link and with the radar gun. The truck passed‘through>the wet test
~area, past the checkerboard, twice on each lap, once northbound and once
southbound. A typlcal test sequence w1th a given configuration and condition
was two such laps in June. In November, typically, 4 laps were used (4 north-
bound‘and 4 southbound passes). The average ambient wind was ‘recorded for the

time the truck passed through the wet test area.

In the June truck-alone tests, only one truck ran at a time. Following
the sequence, it stopped, and‘anofher configuration would start running; or
a speed change might be prescribed. The June tests emphasized differences
in trucks. A few'deviees were tested on a preliminary basis. .In additioﬁ;
loads and truck speeds were varied to assess their effect on splash and spray
intensity. The test configurations and conditions run in June are summarized

in Table 12, based on the detailed run log listing in Appendir B.

In the devices tests in November, two trucks ran simultaneously, in tan-
dem about 1 minute apart. One truck was the basic configuration, 'bogey,"
while the other had a device mounted. This allowed more precise determina-
tion of differential visibility effects, under almost identical ambient and
test conditions. The 1 minute separation gave ample time for the wetting to
become uniform again, and for the experimenters to reset the cameras and
instrumentation. . The November tests were all run at 60 mph (97 km/h), with

empty semitrailers.
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There were some truck-centeréd'differences in the basic trugk (3 axle
~COE + 40 £t van) runs between June and Novenmber. The 3 axle COE tractors
were slightly different — a Freightliner was used in June and Peterbilts

in November. The cab depths were the same [86 in. (2.2 m)], but the wheel-
base was about a foot (0.3 m) longer in June, so the gapiwas a little larger
too. In November, conventional mud flaps were mounted behind the tractor
tandems on the basic truck, while in June these flaps weré not mounted. In
all cases, the semitrailer on the basic trﬁck_had conventional mud flaps.
The potential effects of these differences are all relatively minor compared
to the configuration and devices variations of main interest here., Further-
more, in thé November tesﬁs, none of these differences were présent in the

basic vs. device truck comparisons.

The splash.and spray tests were conducted in the daytime in dry_wgather.
Hence, the spray built up from zero as the truck entered the wet test section.
..Ihis buildup required asbout 200 ft (60 m) typically, so that the spray cloud
was stabilized by the time the truck reached the area around the cameras and
the lasers.. As a result of this relatively rapid establishment Qf steady

spray conditions, "pre-wetting" of the truck was not needed.

The truck drivers were all skilled professionals in the trucking industry.
Members of the WHI test team, they were eithef test engineers or-managers
whose jobs invo;#e truck operations and safety. Most had prior splash and
spray test experience. As a‘result, they were able‘to establish and main- .
tain the desired truck speeds and ground tracks‘with precisiog, which

enhanced .the quality and repeatability of the data.

The adjacent car tesfs were run with the station wagon plus the truck on
the track. As noted above, the track instrumentation was moved out of the
way. This left the 30 ft (9.1 m) wide wet test area clear, and two. adjacent
12 ft (3.7 m) lanes were defined inside the 30 ft (9.1 m). Ordinarily the
car overtook and passed the truck. Sometimes the truck passed the car. In
., order to accomplish this in the wetted section, it Waé necessary to synchro-
nize the acceleration profilé of the passing vehicle (car) with that-of_the
constant speed,'overtaken,vehicle (truck). Also, it was necessary to stop
the car each time in order to photograph the run numbey and‘reset things for

the next run. During that time, the driver also made his ratings. After
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passing through the wet section, the car would stop and turn around, and.
wait for the truck to round the loop. At an appropriate time the car would
accelerate and pass the truck in fhe wetted section. The car always passed
on the left side of the truck. In a crosswind, then, both upwind and down-’
wind situations were encountered, as the car and truck alterhated.directions,
north and south bound. The adjacent car test éonditions studied are included
in Table 12, based on the run log details in Appendix B. Adjacent car tests
‘weré not run in‘November; since the necessary connections between vehicle

perfornancé and the track data had been established using the June results.
B. BASIC TRUCK RESULTS

The photographic and strip chart reéords for each run have been formatted
on individual data sheets, and these are included in Appendix B. Two formats
are used. An example from the truck-alone tests in June is' shown in Fig. 9&,
and the format used to present the adjacent car test data is illustrated in
Fig. 95. ”

The truck-alone data sheet in Fig. 94 presents both the test conditions
and the visibility results. -The upper left-hand corner shows that the air
was calm, and the truck was proceeding northbound at 48 mph (21.5 m/s).

The edge of the truck (van) was 2.3 ft (0.7 m) from the edge of the checker-
board (the lane centerlihe), as determined by manual reduction from the
photographs. The track-side observer ratingé were "2," from each end, using
the rating scale in Fig. 92. The parallel and perpendicular photos are as
defined in Fig. 94%. Densitometer analyses of the film'weré not made, although
this could be accomplished at a future time. Darkened (opaque) square counts
’ffom the checkerboard photo were used in some of the comparisons.. Generally,
the laser and photometer data were sufficiently selective and reliable that
‘they could be used as the primary objective measures, and the photographic

‘coverage tended to be supplemental in the data interpretation.

The photometer and laser time responses for the interval of the test run 
are shown to the right in Fig. 94. 1In each case, the transmitted light
reduces as the truck plus the spray cloud pass through thé test area. The
measure used is the maximum reduction, R, which is measured as a percentage

from the ambient level just prior'to the truck entering the wet test area
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of the track. Subsequently, we used‘a "visibility" measure, which is instead
the maximum reduction relative to zero, i.e., the opaque, no light trans-

mitted case. The definition is:

Visibility = (1 — R) in percent

In the Fig. 94 example, the visibility reading from the photometer was 48 per-
cent; and the visibility values from the lasers at 6 ft and 2 ft (1.83 m and
0.61 m), respectively, weére Th percent and 22 percent. The laser values dif-
fer because the lattef‘one is much closer to the truck and hence more fully
immersed in the spray cloud. The photometer value differs from the laser at
6 ft because it is higher above the roadway, and due to differences in the
spectral characteristics of thevlight source aﬁd the sensitivity properties

of the photometer/receiver.

The track data format used in November differs slightly from that shown
in Fig. 9k, The ambient wind magnitude and diréction'were recorded on the
strip chart in thé devices tests, the track side observer ratings were not’

made, and there were some minor changes in format.

The adjacent car4tesﬁ daté sheét example in Fig. 95 shows a similar
description 5f the test conditions in the upper left-hand corner., The speed
of both vehicles is shown. The first two raéings (task difficulty and acci-
dent risk) were given by the car driver, using the form in Fig. 9%. The
observer visibility rating was made by an observer in the back seat uéihg
the procedﬁre in Fig. 92. The‘photo from inside the car was taken with a

camera on the centerline near the right side of the driver's‘head}'

Thé onboard data is shown to the right of Fig. 95. In this case there
was a light tailwind, and no crosswind component, so the aerodynaﬁ;c dis-
turbance was relatively small. Variations'in the relative wind angle in
the vicinity of the truck are due to wake effects. The lateral position
of the car relative to the truck was obtained from the camera mounted on
the roof of the car. The sawtooth-like signal pulses on that trace indicate

each time an overhead picture was taken (approximately 1.5 frames/second).
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1. BEffect of Truck Loaed and Speed on Visibillity

As shown in Table 12, some runs were made in June to investigate the
effect on splash and spray of variations in semitrailer load. Comparison
of the visibility values for the 20,000 and 38,000 1b (9100 end 17,300 kg)
load cases is shown in Fig. 96. The zero load case is not included here,
because it was not run in June. In addition to illustrating this experi-

mental effect, the results show the nature of the raw data.

The photometer and laser results are given in Fig. 96_for the basic truck
with the load variation. Each data peint is the result'for a single truck-
alone run. The superimposed bars are the mean values. The flag indicates
a northbound run. All the data shown are for the "downwind" case, which
means that the wind was blowing-from the east and the sensors were in the
wake ef the truck. As will be detailed shortly, the spray is substantially
greeterldownwind than it is upwind, so it-is appropriate to compare the con-

figuration effect under similar conditions.

The data show that the run to run variability for a given measure is
quite small, with occasional exceptions. Furthermore, these results indi-
cate that there is not a large effect of changing the load, by comparison
with ether effects to-be shown below. Consequently,'hbst'of the runs in the
June tests, and all of those in November, were made w1th no load. This
greatly 51mp11f1ed the experimental procedure, since it avoided hav1ng to
load the trucks, and 1t‘saved the running delays connected with longer truck

acceleration times on the test course.

'Ihe effect of changes in truck speed on the visibility ﬁeasures,is shown
in Fig. 97, taken from the experiments in June. Again, these are downwind
measures, and the data are for the basic truck with 38,000 1b (17,300 kg)
load. Cempared to 50 mph (22 m/s), the overall visibility is reduced at
60 mph (27 m/s), with the mean levels decreasing to about half their value

at the lower speed. The data are seen to be quite repeatable.

The speed effect can be seen more graphically by comparing the darkened
(or opaque) regions of the checkerboard due to the spray cloud, as seen in
the longitudinal black and white camera data. This is sketched in Fig. 98.

The outlined borders of the opaque region shown represent the average of
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100 COE Tractor + 40 ft Van Semitrailer
Semitrailer Load: 38 OOOIb(I7300kg)
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Figure 97. Effect of Truck-Speed on Visibility Measures
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several runs. The semi-opaque portions of the spray cloud are more exten-
sive at the higher speeds, also. The locations of the laser and photometer

receivers in the field of view are shown for comparison.
2. Effect of Wind and Truck Position on Visibility

Variations in visibility conditions due to ambient wind are greatly
influenced depending on whether the measures are being made upwind or down-
wind of the truck, and they are also affected by the wind magnitude. The
laser and photometer spray measures were also sensitive to the lateral posi-
tion of the truck relative to the lane centerline, as it passed through the
test area.  Scaling procedures have beén developed to account for these

effects in a systeématic way, and they are presented below.

The laser and photomeier visibiiity peasures obtained in the June and
November.tests were ﬁﬁde under a variety of ambient wind conditions. 1In
.addition, -the lateral position'of the truck varied relative to the test sec-
tion lane edge and the checkerboard, from run to run. As a result, empiri-
cal procedures have beeﬁ derived to place the results from all the runs on
a commoﬁ basis for comparison. These scaling prbcedures can also be used
in reverse,.to adjust the reference visibility values to a range of ambient
Lwind conditions as selected in the cost /benefit analyses. These scaling
procedures are based on the laser at 2 ft valﬁes, because they were the main
- measures ﬁsed'in the comparison of trucks and devices (as discussed in Arti-

‘cle C, below).

The first step in scaling the V= (1 = R) visibility measures to a common
reference was tQ_adjusf themfto a lateral lane position, yp, of the trﬁck
from the checkerboard of 3.5 ft (1.1 m). The gradient for this was derived
from basic-truék data from the November tesfs for winds with no_ crosswind
éomponent (less than *1 deg relative to the truck), and winds giving a rela-
tive wind angle less than —6 deg. These data points are shown in Eig. 99.
Scatter aside, the trends show little différence, so they were fit with the
single scaling curve marked "Ref, " plotted oanig. 99, which takes into
account the data shown as ﬁell as other results and engineering cohsidera-
tions. This reference curve indicates a correétion of 17 percent visibility
per foot, for yq values greater than 3.5 ft (1.1 m) and no correction for

-smaller values of Yoo
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2
Next, it was recognized that the ambient wind angle, %W, variations

have a profound effect on the truck spray cloud, as it proceeds north or

south bound. To investigate this, selected basic truck visibility data

were plotted as a function of ambient angle (relative to north), for three

different wind magnitude categories, and for raw values of yp between 2 and

4 ft. The resulting data points are shown in Fig. 100 (for southbound) and
Fig. 101 (for northbound). The wind magnitude, lwf, data legend is as follows:

Oo < W] < 2.5 mph (1 m/s):-
O < W < 7mh (3n/s)
A 9 < v < 12 mph (5 m/s)

The open data points are from the Nbvémber tests_while the filled points are -
from June. Generally, the June data gave lower raw visibilities, especially
for the basic truck runs. This is reflected in the sharp gradients in the

angle scaling curves for visibility values below the "Ref' line.

‘ Examination of the results for |W| < 2.5 mph (1 m/s) indicated that they
.did not vary systematically_with ambient wind angle;‘and that no angle scal-

ing factor was needed. o ‘ S i

| For the 4 < |W| < 7 points, the variation with angle was faired uéing

the dark line labeled "Ref." Although the curve does not fit all the points
in détail,-it is a best engineering fit, based on all the data, physical
consideratioﬁs, and the desife‘to.have a simple and conservative séaling
procedure. Note that the variétions in Figs. 100a and 100b, laid side by side,
from —180 deg to +180 deg are the same as the mirror.images of-Figs. 107a and
101b, from —0 to +0 deg, as they should be.

The highér velocity winds, 9 < |W| < 12, show poorer visibility for _

. strong cfoéSwinds fromfthe east-(seﬁsors downwiﬁd of the truck), éhd this _
was taken into account by the fairings shown. In the absence of data, intui-
tion tells us, also, that the visibility should be a little better when the
wind is Stronger from the west, and allowance is made for that in the scaling

procedure, as shown subsequently.
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The basis for the "Ref" cirve”in Figs. 100 and’ 1071 has been noted, above.
‘The additional families of curves shown are needed when the measured visi-
bility, V, is other than the refererice value at a given>ambient wind angle.
As can be seen, these curves were structured in a proportional way, given
the‘Ref'curve and the O and 100 percent boundaries. . Together, the Figs. 100
and 101 sets of curves allow the~Viéibili£y>to be scaled to a common angle
value, and 45 deg has beén selected for two reasons. First, it typifieé‘the
data so that many v151b111ty values require no scaling or: manlpulatlon, and
second it-is .a representative crossw1nd value from the standp01nt of the

spray dlsturbance of the adgacent driver.

Once the wind angle correction has been made to the 45 deg reference
value, it remains to scale the visibility.to a common: ambient wind magnltude,
and 5 mph (2 m/s) was selected for this for the reasons noted sbove. The
magnitude correction was contrived on a;propoftional‘basis, as follows. The
southbouhd data in the region of 45 deg sﬁggest the visibilities with the

basic truck are about:

Vo = 35%  for |W| = 0 mph

Vs = 28% for |W]' 5 mph (2 m/s)
So, the concept is that the multlpllcatlve correctlon factor is 0.8 when
55% and it reduces to 1.0 (no correction) when Vo = 100% i.e., when
there is no v131b111ty reduction due to the truck, 1milarLy, for values of
O < 55%, the correction factor should vary proportlonally from O. 8 at 55%
Qto 1.0 at o% Mathematically, :

if Vo 2 35%
Vs = %%f(vé ~35) + 28 - (24)-
if Vo < 35%
Ve = 28 (vg-35) + 28 ey
S v5 35 0 v
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This magnitude scaling is to be applied to the visibility reading obtained
for either a basic truck or a "devicesﬂ;truek. A'possib;e eiception to the.
latter might be a device such as the longitudinal baffle; which has the
potential of modifying the gross. flow arouhd_the trﬁck,_and hence the wake

. shape. . Devices which simply chenge spray source strengths, or add or delete
soufees,‘should not change the basic‘spray,ﬁropagation and extinction proper-

ties.
Similarly, -when ambient wind magnitude is greater than 7.5 mph (3.& m/s)
(and less than 15 mph, 6.7 m/s), and it is desired to increase the visibility

to the 5 mph value, the following empirical relations are deemed to apply.

AfV 3‘ih% 
Vs = gz (V-k) 428 (28)
if V< g
v = By-aw) s o8 : | (27)
5 = T |

Again, these.corrections apply to both the basic and devices truck data.

" The scaling procedure outlined above is sumﬁariied in flo& chart form
in Fig. 102. Given the raw visibility readings, this allows them to be
placed on a common basis. Then the respective devices fruck and basic truck
_comparisons”can be made for back to back runs, and the results will be more
readily comparable across devices and the wide range‘of test conditions which
were encountered. As noted, the reference conditions selected were the ones
most prevalent in the November data, resulting in the least changes from the

raw results, which was felt to be a conservative approach.
3. Scaling Procedure for Cost/Benefit Analysis

As noted earlier, "reversing" the scaling procedure flow charted in

Fig. 102 provides a basis for correcting the visibility measures to a range

of ambient winds in the cost/benefit cemputations.. The steps to be used are
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£ 2.5 mph

. Read:
T 'visibility, (1 = R)
Truck Position, ¥

Correct V to )
Yp = 3.5 ft value, Flg. 1

]

Read Ambient Wind

Magnitude, |W|

No Angle Corrections

Wl
> 2.5 mph

[ Read Wind Angle, ZW ]

Northbound /D’J\ Southbound

|

Multiply -V x 0.8°

Y

Make Ambient Wind
Angle Corrections
Using Figure 1C1

irection?®

1

Multiply |Vv| x 0.8

'

Make Ambient Wind
Angle Corrections
Usirg Figure 100

=

Correct V to 5 mph, V5
If V > 35%

(72/65)(V=35) + 28
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summarized below, for reference. There are three cases,4ﬁased'on the magni-
tude of the ambient wind, i.é.;hlwl less than 2.5 mph (1.1 m/s), between 2.5
end 7.5 mph (1.1 and 3.4 m/s), and between 7.5 and 15 mph (3.4 and 6.7 m/s).-

- If the ambient wind magnitudé is < 2.5 mph, then from Egs. 24 and 25

i'f Vs 2 o8%

vV = " (V5 28) +3 . (28)
Af Vg < 28% |

vV = gg (V5 - 2‘8) +35 B | | (29)

where Vs is the tabulated, scaled, visibility value. Note that no angle
correction is needed when the wind velocity ié near zero, i.e., when

W] < 2.5 mph (1 m/s).

If the ambient'magnitude is between 2.5 and 7.5 mph (1.1 and 3.4 m/s),
i.e.,gﬁear‘the.reference value, then no magnitudé corréction is needed.
In that case, define the ambient wind angle as being relﬁtive to the truck
vheading, in which cage the truck is always "northbound.” Then, ‘the angle
scaling can be done using Figs. 101a and 101b. For analysis, thé car/driver

is assumed to be in the lane to the west.

If the ambient wind is between 7.5 and 15 mph (3.4 and 6.7 m/s), correct
the megnitude using Eqs. 26 and 27, i.e., ' ‘

if Vs 3\2‘8%'
86 '
V= = (V5 -28) + 14 , _ ('50)
‘if 'v5 < 28%
Ty (v —28) + 14 -G
‘ = 5 5
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Then scale the amblent w1nd angle using Figs. 101a and 101b as described
in -the precedlng paragraphs. As noted previously, if —45 > KW > —180 an
additional magnitude correction is needed multlply V by 1. 25

Note that the lateral p051tlon correction factor is not needed 1n the
C-E scaling procedure. The truck is assumed to be proceeding in a stralght
line in its own lane. Although there can be some car motion alongside the
truck due to the aercdynamic force and ‘moment disturbance, the peak varia-
tion in lateral position is small, e.g., 1 £t (0.3 m). Random motions of the
truck and car about their respective nominal trajectories tend to be small,
'also, and furthermore their effect on v151b111ty tends to average out. Hence,
the overall variations in lane position during the car-truck passing encounter

are not large enough to warrant scaling for C-E comparisons.

In doing the C-E analyses the ambient winds selected need not be randomly
distributed from all quadrants. Rather, they could emphasize.calm air (no
ambient wind), headwinds, and winds from ahead and to the side. In other
words, the arbient wind angles should be_fron the two quadrants which are
+90 deg from the direction of travel of truck and car.  Winds from the rear
quadrants give the same relative effects with diminished ampllflcatlon fac-
tors, and hence are somewhat redundant and less Interesting. ' Note, again,
 that the reference case for the visibility measures is a 5 mph (2.2 m/s) wind
from a relative bearing of L5 deg relative to the truck — such that the car
is in the truck's wake. Also, the wind tunnel-aerodynanic measures of truck
drag and. truck-induced .car disturbances were made, for wind angles relative
to-the truck of Zero,‘and +20 deg. The 20 deg values used in the wind tunnel
reflect-the fact‘that'the aerodynamic flow transition to a crosswind wake
situation occurs at about a 10 deg relative flow angle (Refs: 2 and 6), so
a 20 deg relative angle was a fully developed strong crosswind case. Hence,

. pertinent relative wind angles would seem to be

+10 to 20 deg for aerodynamics

+5 deg for visibility factors

.These will result in representative and discriminating crosswind cases, and

the least extrapolation of the basic data; and they are alsb interesting from
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the standpoint of the resuiting performance ofnthe.adjaeent car/driver
system. Finally, ambient Wind‘magnitudes greater than 15 mph (6.7 m/s)

need not be.considered in the C-E comparisons. Larger values would not
change the relative ranklng of the effects, they are relatlvely uncommon,

and they would require an unwarranted extrapolatlon of the bulk of the splash

and spray data base.
C. CORRELATIONS BETWEEN THE MEASURES

The available measures related to the visibility and performance of the
driver of the adjacent car have been defined and discussed in previous arti-

cles. Briefly, these include:

® Laser at 2 ft, transmissivity

® Laser at 6 ft, transmissivity

® Photometér, transmissivity

® Trackside observer ratings - Y

® Driver risk -and task difficulty ratings-

" @ Backseat obsérver ratings

® Lane position of the adjacent car
Car/driver response measures (steer angle and yaw velocity) were also obtained,
and they are shown in the data sheets. of Volume II, but they were not reduced
in detail. The connections and correlations among the measures listed:above
are the subject of this article. To simplify data interpretation and cbmpari-
son it has been useful to relate the several measures to one variable which
can then provide the basis for analysis of experimental effects. 'This has
been done, and the result is that the visibility transmissivity of the laser

at 2 ft provides an index that is selective, representative, and parametri-

cally well behaved, as discussed below.

The first set of correlations shown are among the laser and photometer
readings; Then, these measures are related to the trackside observer ratings.
Finally, connections are shown between adjacent car driver performance and -
visibility, and between*driver ratings and visibility. In each case, these
plots are based .on the summary data tables and associated individual-run'data_

sheets in Volume II.
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1. Relation of Laser and Photometer Measures

The correlation between the visibility values; 1 — Ry for the laser at
6 ft and the laser at 2 ft is shown in Fig. 103. These are raw data, for
the Dbasic truck, from June and November, under conditions where the lasers
are downwind of the truck. A least squares regression fit to the data gave
p = 0.66 with a standard error (SE) of 18 percent, which confirms that the
expected physical relation is present in the data. The regression_line does
not necessarily have to pass through zero, since it would be possible for
the 2 ft laser to be fairly obscured, yet to have the 6 ft laser largely out-
side the spray cloud. For this downwind case, the data points near zero
suggest that the two laser measures do become small simultaneously. This
is a result of the diffuse nature of the spray cloud and its being carried

dovnwind, in the truck wake, across the path of the sensors.

The correlation between the phofometer and 2 ft laser visibility values
is shown in Fig. 104. Again, these are raw data for the basic truck downwind.
Generally, the attenuatioﬁ of the halogen light as seen by the photometer is
a mugh greater percentage of the clear véiue:than is the attenuation of the
2 ft laser. Put another wéy,-in this downwind condition with varying amounts
of splash and spray in the adjacent lane, the photometer shows small‘readings
in all caées, while the 2 ft' laser has a much larger dynamic range (readings
varying from'nearvp‘to,near 100 percent). |

The correlation between thé laser at 6 ft and the laser at 2 ft visi-
bility values for the upwind case is shown in Fig. '105. Now, both the 6§ ft
and 2 ft laser values tend to be a little higher‘than in Fig. 103, yet the
correlatiénrbetweéﬂvthe péirs of'readings under various test conditions is
still strong. The standard error in the‘lineaf fit>is:11.percen§, in terms
of the vertical scale. It should be nbted fhat detailed examination of these
correlations (for both the upwind and downwind cases) showed no systematic

shift in tHe -data due to variations in the lateral lane position of the truck.

The final correlation in this set is between the photometer and the laser
ét 2 ft; under upwind conditions, shown in Fig. '106. As in ' Fig. 105, both sets
of readings tend to be higher but the relationship is quite evident. A few
data points were not shown in this plot,rbecausé the lateral‘positibn of the

truck relative to the sensors was unusually large.
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~ The main:result of these figures is that there is a strong correlatien
in'each case. So, given one set of ﬁeasures and an elementary knowledge
of the conditions, we can'estimate ﬁhat the other values would be. Hence,
the laser and photometer results are interchangeable,-and we can choose one.
to be a correlating "dependent" variable, based on other considerations. |
'Poss1bilities for the latter include performance and ratings as examined

below.

2. Releation of Trackside Observer Ratings
end Visibility Mea.sures

During the June splash and spray tests, observers were stationed at each
end of the wet test area ‘ahead of and behind the trucks. They rated the
reduction in visibility through the splash and spray clouds, using the rating

form shown in Fig. 92.

These 'subjective visibility ratings have been plotted versus‘the quanti-
tative visibility measures of the lasers and the photometer.‘ Each rating
iwes plotted individually against eech‘measure for a given truck run. Of
‘course,- the raw (unscaled) visibility measures are used heré; since we are
1nterested in the 'actual conditions present on a given run. For each'sensor,
there are 'ratings from ahead (viewing the truck coming towards the observer)

andubehind (trdckvgoing'awaj). The plots are given in Figs. 107-112.

All available data from the June tests were plotted, reflecting the
ratings. of several different observers and measures for all truck configu-
rations and conditions tested. The visibility ratings were grouped into
brackets ef 10 percentage points ef thelvisibility measurei(e.g., 10 to-

20 percent). The mean and standard deviation of the ratings in each group-
ing were‘calculated and plotted at the mid percentage point of the group.
On the figures,‘the-means.have‘been connected by the solid lines, and the

plus and minus one standard deviations are shown by the cross lines.

These plots relate ‘the quantitative measures to.the observers' feeling
about their wvisual field of view impairment. In general, the mean visibility
ratings are seen to become poorer as the measures of visibility reduce. The
2 fit laser results (Figs. 107 and 108) show, most clearly, a good monotonic

variation in the ratings with visibility in the intermediate visibility range
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(i.e., 5 to 70 percent). The 6 ft laser and photometer correlations
(Figs. 109-112) show less sensitivity of ratings to visibility over the
intermediate range of most interest. These resﬁlts suggest that the 2 ft
laser is viewing that portion of the lane and the splash and spray cloud
to which the observer is most sensitive, and that the 2 ft laser measures

should correlate well with ﬁriver-perceived‘visibility properties, also.

In addition, Figs. 107-112 represent "calibrations'" of the particular
transmissivity measures against subjective visibility. So, given a visi-
bility measure, they could be used to estimate the subjective reduction to
bpvexpected. Conversely, subjective measures could be converted to eqﬁiva-
lent transmissometer values. For instance, this might allow results from
prior studies, where only subjectivé data were obtained, to be connected to

the objective data base derived in the current program.

3. Relations Between Driver Performance
Retings, and Visibility .

Task difficulty and accident risk ratings were obtained from the driver
of the adjacent car, using the scales in Fig. 93. Léteral lane position per-
formance measures of the adjacent car, in the vicinity of the truck, were
also obfained. These are compared and correlated with the visibility measures,

below.

The relation between driver task difficulty rating and visibility is shown
in Fig. 113. Data for four driver subjects and a variety of truck configura-
tions from the June tests.are shown. The scaled visibility is used for cor-
relation. Direct visibility measures were not made during the adjacent car
tests, as noted before, so the visibility was determined given the ambient
conditions, using the scaling procedure outlined in Article B.3, above. A
clear relation is evident in Fig. 113, with the ratings degraded for values
of visibility less than about 40-50 percent. The correlation coefficient wasL
0.64, based on a least squares fit, with a standard error of 0.9 rating points.
Referring back to Figs. 107 and 108, a good>similarity_is seen to those trends

in the trackside observer ratings with visibility (laser at 2 ft).

The relation between driver accident risk rating and visibility is shown

in Fig. 114. Again, the data are for four subjects andfé variety of June
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configurations. The scaled visibility is based on theﬂambient conditions.
The-results are similar to those in Fig. 113, with reduced visibilities asso-
ciated with higher risk ratings. The correlation coefficient, for a least
squares fit, was less at 0.L46, however, and the standard error was 1.1 rating

points, reflecting the larger amount of scatter.

=

Together, Figs. 113 and 114 show that the driver ratings are relatable
to the 2 ft laser visibility values in EY quantifiable way. Alternatively,
given a visibility condifion inferences can be made regarding the corre-

sponding subjective assessment that would be expected.

The trajectory of the adjacent car in its lane during the splash and
spray encounters was obtained from the roof-mounted‘damera. .From theserfilm
data, the lateral position of the car in its lane cbuld be obtained at inter-
vals of about 0.7 sec, so that i0-15 samples Were available during a pass
through the wet test area. These data were only‘obtained on some runs, as
can be seen in the summary data tables of the appendix. The data were lost
when the camera system malfunctioned, or when the lens became too ﬁet-aad
dirty. » Furthermore the truck-passes-car data are not 1ncluded because that
scenario 1nvolves substantially different factors than the caripasses-truck

case.

- The>adjacent car lane position measures were .used to compute the mean

square lane position, i.e.,

Hitol

T
- -;—fo ;-7 at (32)

where T is the Quration of the data segment, and FI is the mean lateral lane
position of the car over the run. Larger values of this measure mean more
variation of the car path about a straight line, and poorer performance.
The wvariation of y2 with scaled visibility for 3 driver Ss is shown in

Fig. 115. The data show a deflnlte trend toward 1mproved performance for
increased visibility, as indicated by the faired line. This fairing also
indicates that the driver is able to maintainrperformance fairly constant
down to a certain level of visibility (about 30-40 percent) and beyond that

performance begins to degrade markedly. The data show a little scatter, and
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some of this scatter may be due‘to the added aerodynamic disturbance from

the truck, which éan vary with configuration and crosswind cdnditions (see
Section V). For instance, the data point at y2 = 0.07 and V = 18 is for

the liquid cargo tanker, which has a. smaller aerodynamic disturbance effect

than the other rigs (there are no flatbed data in Fig. 115. Nevertheless ‘
these data demonstrate that car/driver performance -and visibility are related,i
and that the latter can be used as surrogate for the former in assessing the
effect of changing truck configuration or inéorporating devices to alleviate
Splash and spray. Plots of peak lane position deviatioh vs. visibility; not

‘inclided here, showed similar results.

_ Botﬁ drivef'fatings and car/driver performancé have been shown to vary
systematicaily.with visibility. Of potential interest is the way that rating
and performance covary, and this 1s given in Figs. 116 and 117. These plots
combine the dgfa'from Fig. 115 with the respective points in Figs. iif and 11k.
Whére;Figs;-113”and 114 suggest a linear trend (scatter aside) between ratings
and visibility, the relation in Fig. 115 shows the noted knee in the curve.
Theiriédmbined_effect does not pioduce any particular trends.in either Fig. 116
or 117. Each show some scatter, with a not unexpected overall degradation in

rating with degradation in performance.

The fact that performance:and réting each vary with visibility, yet do-
not covary, -suggests that theif,respective variations with visibility relate
to different factors or elements in the overall situation.” Tﬁis tends to
support the conclusion that visibiiity values are the pertinent objective‘

figuré of merit, as described previously.
D. VISIBILITY VALUES FOR VARIOUS TRUCK CONFIGURATIONS

Results from the June tests can be used to show differences in adjacent
car visibility'due to'changes in truck qonfigurationg This includes the

two tractor types (COE and CBE) and four semitrailer types (van, flatbed,
liquid cargo tanker, and dry cargo tanker).

This comparison is made for a truck speed of 60 mph (27 m/s). It is a
wbrst case in the sense of being a higher speed, it accentuates the display

of differences, and it provides an important connection with the November

tests which were-all run at this speed.
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The visibility measure used is the laser at 2 ft, based on the previous
discussion. Raw data measures are shown for downwind conditions, as well

as scaled values using the procedures presented in Article B, above.

_Most of tﬁe test runs in June were made with the trucks empty. One
exception was the COE plus 40 ft van basic configuration, which was always
run with either 20 or 38 thousand 1b (9100 or 17,300 kg) loads. This basic
configuration was run empty in November. The other exception in June involved
occasional loaded runs with the liquid cargo tanker. Also, as deseribed in .
_Article B, above, there were minor differences in gap length and other details

between the June and November basic truck configurations.

Raw visibility measures for the severalmsemitrailer types with the COE
tractors'are shown in Fig. 118, taken from the detailed data in the appendix.
‘Note that the 27 ft vané were pulled by the 2 axle COE tractor.  As noted,
these data points are all for (sensor) downwind conditions, to make them com-
. parable, and to enhance the subsequent comparison with the scaled values which
‘correspond to that conditioﬁ; also. The level of scatter inherent in the
‘repeat measures for a given truck is evident. The bars shoﬁn_are'simply the
means of the points plotted. The basic configuration is seen to cause the
‘worst visibility conditions, though the others are not mﬁch better in mdst
cases. The low values shown for the 40 ft van may be due partly to the fact
that it had the ‘17,300 kg load for the points shown (see Fig. 96 for tfgnds
in visibility due to load). ' '

A similér raw visibility data comparison over semitrailer'tyﬁesjwith‘the
3 axle CBE tractor is shown in Fig. 119. Here, the 4O ft van was empty,'as
were the other semitrailers. Again the visibility with the LO £t van is
worse than the ofhers, although the difference is probably not significant
considering'the spréad of the data. Differences due‘to the COE vs. CBE
" tractor can be seen by comparing Figs. 118 and 119. These raw dovnwind
measures show that the respective visibility is reduced with the COE for

each semitrailer type.

The raw data in Figs. 118 and 119 are taken directly from the data
sheets and summary tables in the appendix.- The other raw numbers in that
appendix show the effects of variations in ambient wind, truck speed,‘and

truck lane position for a given truck configuration. The effects of ambient
|
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wind and lane position can be accounted for using the scaling procedures

' -of Article B, above, so that more data points can be included in the com-
parisons. The results are shown below. Recall that the scaleq referénce
condition is for a 5 mph_ambient wind from 45 deg, and a truck lane position

giving less than 3.5 £t (1.1 m) from the truck edge to the road centerline.

Compaiison"of the scéled,visibility values over the various semitrailers
with the COE-typé tractor is shown in Fig. 120. Again, the bars denote the
mean of the points shown., Nearly all the pertinent points from the June
tests have been ihcluded. An occasional point has been deleted, where the
scaling procedure resulted in a large change which seemed unreasonable and
‘ inconsistént with the other pqiﬁts for that configuration. As a consequence,
the scglihg»procédure'is conservative, and some of the data points were
. unchanged from their raw values. Again, the L0 ft van results may reflect

some influence of load, while the cther rigs were run empty.

The scaied values in Fig. 120 show that the several trucks create similar
visibility ievels in the adjacent lane, on thé average.> Considering that
downwind, .upwind, headwind, etc., points are all combined here, it is evi-
~dent that (as intended) the scaling has reduced the normalized variability
a substantial amount. The resulting spread is on the ordef of the nominally

homogeneous. raw downwind measures, as shown in Fig. 118,

Comparison over semitraller types with the CBE tractor is shown by the
scaled visibility values in Fig. 121. As with the COE, the results indicate
little difference over configuration, on the whole. . In addition, there is
less effect due'to tractor type, between Figs. 120 and 127, with the excep-

tion of the CBE plus 40 ft van which shows lower values than the other rigs.

Overall, the differences between trucks seen in Figs. 120 and 121 are
on the order of *5 visibility percentage points; This seems to represent
~the order of resolutibn and-écéuracy=thaf éan be obtained in these measures,
At that level, there are not substantial differences across the truck types
studied in their curreﬁt configurations.  As will be shown in Article E,
below, the improvement in visibility thét'cén be achieved Wifh splashwand
spray and aerodynamic devices substantially exceeds the level of resolution

and accuracy displayed in Figs. 118-121.

TR-1093-1 - 266



W grog 'O = 4F L ‘y/uy 9°L = ydw |
‘900 ‘senTeA A3TTTQISTA PaT®og Uo odAJ JOTTBIRTWSS JO 108JJF ‘02l oamBrd

SUDA 4} 22 Jayuol J9jup|

SUDA 4} 22
ayduy a|gnoqg UDA 4 22 obio) £ig  obip) pinbiT paqiD| 4 UDA 4 Ot
@l () J 0
m 0] ( 400d)
B o) -
co
‘ g o] D
- a —02
R @ g el
@] D &
= |
5
[V}
@] -10P
%
B . ‘ = (Y-1)
‘ ‘KunqisiA
1l -1 09
o ]
(P3ID3S) 132 40 435D D 108
spuim |1y n
ydw 09 B 3
1042011 30D (Po09) e

- 00l



o W grOC O = 3F | ‘y/uy 9+ = udm |
qg0 ‘senteA AJTTTATSTA PaTeOS Uo 2dA I9TTRIFTWSS JO S§309FFd “|Zl oanITd

Jayuo} Ad9uD}
obip) AiQg 064p) pinbiT paqip|4 UDA 44 Ot
10
- O (400d)
_M_ -
o
@f
o
e o] 702
] B O
.
{o
‘ NGl
10t o
o] : . %
1 k)
“AHnaisia
109
(PRID3S) 442 40 135D (I - -qos
Spulm ||y
ydw 09 i &
103004] 3D AAXY € (poo9) )
- 0ol s



- The means of the raw data and scale visibility values shown in Figs. 118
to 121 for the various truck configurationsJare,summarized‘in Table 13. As
described above, these visibility measures are for the. laser at 2 ft and
truck spéed of 60 mph (27 m/s), and they are for the June data. The raw
data are for downwind conditions (see Figs. 118 and 119), while the scaled
values are for the reference conditions defined in Article VI.B, above. A
raw data value is not shown for. the triple 27 £t van, because it was not
~tested under "downwind" conditions. As discussed above, the scaled visi-
bility values show little difference over truck configurations, on the
whole. Values for‘the L0 ft van rigs are lower, and this probably reflects
an adverse influence due to the size and shape of the semitrailer, compared

to the other types tested.

TABIE 13

SUMMARY OF VISIRILITY VALUES FOR VARIOUS
TRUCK CONFIGURATIONS, (1 —R), %

CONFIGURATION - RAW DATA® sggﬁgg
3 axle COE + 4O ft van | 7 -2t
3 axle COE + flatbed : 1k 2k
3 axlé COE + liquid cargo tanker | 9 16
3 axle COE + dry cargo tanker 21 ‘ 21
2 axle COE + 27 ft van 21 23
2 axle COE + double 27 ft vans 15. 28
2 axle COE + triple é7 £t vans — 27
3 axle CBE + LO ft van , 12 15
3 axle CBE + flatbed- ' 9 22
3 axle CBE + liquid cargo tanker 26 25
3 éxle CEE + dry cafgo tanker 23 2T

2Downwind measures only.
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As shown in the next article, the visibility values obtained for the
40 ft van (basic configuration) were somewhat higher (i.e., 28 percent on
the average-vs. 21 percent for the COE plus 4O ft van in June). This
probably reflects some combination of the differences in configuration
‘previously noted, i.e., 1 ft (0.3 m) longer gap, lack of tractor tandem
mud flaps, and semitrailer load in June. It may also be a result of dif-
fering ambient conditions in Novembér, where thé temperature was cooler,
the relative humidity was higher, and the‘ambient winds were generally less
strong (when they blew) than was the case in Juhe. Nevertheless, this June-
November difference is still small by comparison with the device effects

discussed next.
E. THE EFFECT OF ALLEVIATION DEVICES ON VISIBiLITY_

The November 1977 splash and spray tests studied aerodynamic and col-
lector devices designed to reduce the effects of splash and spray as they
influence the visibility of an adjacent driver. TFour nearly identical
trucks were used in the November tests, and they were all the basic con-
figuration (3 axle COE plus 40 ft van). This permitted some trucks to be
outfitted. with devices, while one truck remained unmodified for back to
back comparisons on a givén run (see test procedures in Article A,'above).
The speed.uSed was 60 mph (97vkm/h). The visibility comparisons have
been done with fhe 2 ft laser values, scaled according to the procedure

‘described in Article B, above. The trucks were empty.

The ‘test procedure used in Novembér was carefully planned fo quantify
‘the effect of a given device on spray-related visibility. Two trucks were
running on the track at the same time, approximately a minute apart. The
lead truck was fitted with a device or set of devices, and the following
truck was the unmodified base case. The wetting and ambient conditions
had ample time to return to steady state before passage of the second truck.
As a result of this procedure, the ambient conditions were nearly identical
for the two trucks, and the differences in their visibility values reflect
only the effect of the devices to a high degreél Typically, four successive
passes were made with the two trucks. As this set of four runs was accom-
plished in a period of a few minutes, the ambient condifions did not change

much over the set. As a result, and because an occasional data point is

-
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missing, the visibility differences were computed over the set of four runms,
not as paired_comparisons from a given pass. Note that there would be no
difference algebraically, if the data set were complete. Since conditions
did vary from device to device (i:e., between sets of runs) ana from day to .
day, the basic and device truck values were scaled (as with the truck con-
figurations in Article D) so that comparisons could be made écross deviées

under the same ambient conditions.

The devices -tested are described in Section IV, where they are listed

in Table 3 on pagé'ize, in summary form.

As with the truck configuration results in Article D, it is instructive
to lock at the raw data for downwind conditions, as well as the scaled

results. This is done below.
1. Raw Data for Downwind Conditions

Examples of the applicable raw data for downwind measures are shown for
some of the devices in Figs. 122 to 124, In each figure there are several
pairs-of bar‘éharts and associated data, one for the truck with the device
and the other fof the basic truck in the same set of runs. Results for five
of the Reddaway fender configurations are shown in-Fig. 122, The scatter in
the raw data, as well as the marked differences in the means for most of
these conditions, is evident. There are no basic truck values shown with
Configur;tion MO, because some of the .ambient wind measures were lost and
some of the 2 ft laser data for the basic truck were not good. Yet the
ambient conditions were steady that morning and the basic truck data for
other run sets (e.gﬁ, M1) give the needed reference. Note that the average
of fhe visibility wvalues for the vasic truck points shown in Fig. 122 (under
downwind conditions in November) is about 28 percent. This is somewhat
higher than the basic truck-raw data values from June, as discussed in

Article D.

Raw-downwind measures for the angled side vanes are compared with each
other, and cbrresponding,basic‘truck values, in Fig. 123. The raw data
suggest that Configurafion V1 with all the vanes is actually worse than
the basic truck, while the ones with the drag‘shield and without fhe vanes

behind the tractor tandems show some improvement. Again, the scatter shown
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is due in part to variations in ambient wind conditions and truck position,

which are normalized in the scaled values to be presented shortly.

Comparisdn of the raw data measures for the gap filler panel‘configu—
rations/G1 and G2 (top and bottom positions) is shown in Fig. 124. Here,
the ambient conditions were such that the basic truck visibility values
were relatively high, yet the presence of the gap filler panel still shows

some improvement,

These raw data visibility measures are summarized in Table‘ih{rfor those
cases where pertinent downwind measures were available. :The values shown
by the bars in Figs. 122-124 are included, and the additional numbers come
from the detailed results in Appendix B. Also shown in Tabie 1& are the
corresponding raw "visibility margins;" ﬁhich are the diffefences between
the vis;bility measures for the device trﬁck and the.basic truck ih-a given
set of runs. The Roberts fender data are mixed, with R2 (with ‘the drag
shield) béing worse than the basic truck. - Detailed examination of the film
data and the.other visibility measures (laser at 6 ft and photometer) lead
us to conclude that the raw R2 measurés shown here were anomalous, and analy-
sis indicates thgt the splash épd spray suppression properties of a Roberts
fender should be largely unaffected by the presence of the drag shield, and
that_thé visibility margin for R2 should be approximately that of R1. Simi-
larly, we would not expect the drag shield to give a large incremental spray
suppression benefit to the European fender, since it too can have a forward
component (such as a quarter fender) which tends to cover the front of the

tractor tandem duals and foil the alr moving down in the gap behind the cab.

Some of the raw measures for the partial gap panels (P1 and P2) were
worse than with no panel, also. The fuzzy truck (F1 and F2) showed some
improvement. Two other types of devices tested, European fender and longi-
tudinal baffle, are not shown in Table 14, because raw data for downwind con-
ditions were nof available. Values for these devices are included in the

scaled results presented below.

Some '"hybrid'" devices are also included in the scaled results. These
are composites of devices which were not tested, such as L4, the longitudinal
baffle plus drag shield, but which the data suggested would be effective.
Visibility values for such combinations were estimated using differential

effects present in the composite data.
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100 Gap Filler Panels
(Good) Downwind Measures
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- Figure 124. Comparison of Raw Visibility Measures for the
Gap Filler Panels and Basic Truck )
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TABLE 1k

SUMMARY OF RAW VISIBILITY MEASURES FOR VARIOUS DEVICES,
DOWNWIND CONDITIONS, LASER AT 2 FT |

DEVICE DESCRIPTION xgigﬁingé ziiiiéilgg
MO Reddaway system + drag shield 88 NA®
M1 Redda&é& Systém: | 67 - 3e
M2 Like M1, leés flaps between the 65 32

tandems ' ‘

M3 Like M1, grass férward only v"59 23
Mi | Like M2, less side flaps 38 15
M5 Like Mﬁ,iléss rear‘flaps dq tractor | 56 15
R1 Roberts fender o) ~13
R2 Robeftspféndef + drag shield - 39 -9
P1 “Partial gap'ﬁaﬁel o 3L —-16
2 Partial.gaplpénel + straight end 38 -4

plates
P3 lPartial ga§ pénel‘+ angled end‘ 78 1
plates '
V1 Angléd éide‘vanes (basic iayout) Lo -7
V2 Like V1 + drag shield " 6l 1k
V3 | Like V2, less vanes behind tractor 5 23
tandems o -
Vi Like V3, less tank vanes and with 53 21-
trailer vane angles reset ‘ '
m Fuzzy truck T1 T
F2 Fuzzy truck + drag shield 33 -h
G1 Gap fillef panel in upper position 65 19
G2 Gap filler panel in lower position 73 17

TR-1093-1
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2. Scaled Results

Examples .of the scaled results for several types of devices are shown -
in Figs. 125 to 128, Theﬁscaling procedure used is detailed in Article B,
above. The purﬁose bf the scaling was to adjust the results towards a common

value for comparison, and to bring more data points to bear in the process.

The Reddaway-type:fender scaled values and comparisons'with theunasic
truck are shown in Fig.»ﬂ25. This is the scaled equivalent oflthe Fig. 122
raw results. The good su@preSSion‘prOPerties of most ofjthese Reddaway
variations is immediately evident. The complete Reddaway system plus the
drag shield (MO) is the best tested. It includes the two sided flaps between
the tandems. Configuration M1 is like MO without the drag shield, and there
is a substantial drop in the v151b111ty values. Since théodrag shieid has
fuel economy benefits as well 1ts 1nc1uS1on with the Reddaway fenders would
seem to be highly de81rable, as demonstrated in Section VII. M2 is like M1,
except that the double sided flaps between.the tandems have been deleted, and

Cit seems to have made little difference in these‘results. M3 is like M1, with

the flaps between the tandems, but with grass on the front fac1ng side only.
This is not qulte as good as Mi or M2, but the difference is small consider-
ing the data spread in Fig. 125. Deletlng the side flaps gives conflguratlon,,
M4, and the collection properties are now markedly inferior. This design

feature of the Reddaway-type fender is clearly essential. M5 is a further
strip down, without either side’flaps{or rear flaps on the tractor tandems,

and it shows oniy a small improvement'oter the basic truck.

Scaled results for the partial gap panel and corresponding basic truck
values are shown in Fig. 126, Configuration P3 with the angled end plates 4
shows .a slight improvement, based on only cone run. The other configurations,
P71 and P2, are actually a little‘worse than no partial gap panel at all.

These are the no end plate, and straight end plate versions, respectively.

The scaled results for the angled side vanes are given in Fig. 127.
Configuration V1, ﬁith all the vanes and no_dreg shield, is seen to cause
more visibility reducing spray than the basic truck. Adding the drag shield,
V2, improves things considerably, albeit with some scatter. Deleting the
vanes behind the tractor tandems, VB,_stebilizes the spray results, and pro-

duces a good improvement over the corresponding basic truck runs. Resetting

TR-1093-1 27T
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Figure 126. Comparison of Scaled Visibility Values for

Partial Gap Panels and Basic Truck,
1 mph = 1.6 km/h, 1 ft = 0.3048 n
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the angles of vanes under the semitrailer retained their nominal suppression
properties, while reducing their extension beyond the edge of the truck and

keeping them within current width restrictions.

The gap filler panel values in Fig. 123 show that both variations are ‘
effective in reducing spray. With the panel up near the top of the gap, G1,

the improvement is more than in the lower position, G2.

The resulting scaled visibility margins for all the devices studied are
summarized in Table 15, in order of size — 1arger values meaning less splash
and spray. Again, the visibility margins shown-are thé differences in thé_
scaled visibility values, between the devices truck and théfbasic truck, in
a given set of funs. They derive from the 2 ft laser values at a truck speed
of 60 mph (97 km/h). The results plotted in Figs. 125 to 128 are included

in Table 15. Some of the other results shown are discussed below.

The degree to which the scaling procedure affects the results and the
ordering of the effectiveness of the devices are illustrated in Fig. 129.
Not all devices are shown, because adequate raw downﬁihd measures were hot
always available. The trends in Fig. 129 show that the ordering for most of
the better devices is largely unaffected by the scaling, and'that the‘scaling

procedure is generally conservative as was intended.

The most effective devices are seen in Table 15 to be the Reddaway-type
collector fenders with drag shield. Also,‘in the good region are gap filler‘
panel configuration G1 and angled side vane configurations V2 and V3, already
discussed. The longitudinal baffle with the gap splitter panel'and drag
shield (L1) is also seen to be effective. .Adding.the;longitudinal baffle
with the Reddaway fendéers (M6) is estimated to have excellent potential as
an alternative. The data show that the fuzzy truck with the drag shield (F2)
ig fairly effective, and it is estimated that adding the longitudinal baffle
would give further improvement. The European fender (E2) is competitive with
the simpler Reddéway‘configurations (i.e., without the very impdrtant Reddéway
side skirts), and with some of the better aerodynamic devices (gap filler

panel, angled side vanes, and partial gep panel).

The drag shield; alone, on the basic truck (D1) provides only a small

improvement. Yet, when coupled with some of the collector-type devices it
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Figure 129. Effect of Scaling Procedures on Visibility Margins
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TABLE 15

SUMMARY OF SCALED VISIBILITY MARGINS FOR VARIOUS DEVICES

DEVICE DESCRIPTION - ﬁ%&lg
MO Reddaway system + drag shield 60
M6 ~Like M2 + drag shield + longitudinal 59

baffle
MT Like M2 + drag shield 59
M2 Like M1, less flaps between the tandems 39
M1 Reddaway system ‘ 38
M3 Like M1, grass forward only 25
I Iongitudinal baffle + gap splitter panel 25
+ drag shield
G1 Gap filler panel in upper position 23‘

- V3 Like V2, less vanes behind tractor tandem - 20
) Longitudinal baffle + gap splitter panel 20

R1, R2 | Roberts fender with or without shield 19
F5 | Puzzy truck + drag shield + longitudinal 17

baffle : I
v2 | Angled side vanes + drag shield 16
Mh Like M less side flaps 15
Ly Longitudinal baffie + drag shield 15

VL Angled side vanes + drag shield, reset, 15
E2 European fender o ! 15
F2 Fuzzy truck + drag shield 14
M5 Like M4, less rear flaps on tractor 14
G2 Gap filler panei in lower position 11
L3 Iongitudinal baffle 10
P3 Partial gap panél + angled end plates 7

- D1 Basic truck + drag-shield, - 5

T Basic truck - ‘ | 0
‘P2 Partial gap panel + straight end plates - -1
P Paftial gap panel | | -11
F1 Fuzzy truck‘ ‘ -12
V1 | ‘Angled side vanes (basic layout) -18

TR-1093-1
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provides a marked increment in the overall reduction, for reasons’discusséd
in Section IV. The drag shield also complements the underbody baffle. It
does not help much with other devices that modify the gap flow, such as the
gap filler panel, partial gap panel, and quarter fenders at the front of the
tractor tandems.

Overall, Table 15 and the supporting development in this séctidn tell
us that several different kinds of devices and approaches have good promise
for alleviating the effects of splash and spray on the adjacent motorist.
At the same time, some ideas were not particularly productive. The positive
results shown here have been considered in the cost/benefit analysis presented
next in Section VII. - They also comprise an-importgnt input to our planning

for the over-the-road assessments in Phase 2 of this contractual effort.
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SECTION VII
COST-EFFECTIVENESS ANALYSIS

The cost-effectivéness (C-E) analyses of potential remediﬁl devices
are described, and the results are presented»invthig section. These C-E
analyses were accomplished by subcqntractor Alan M. Voorhees and Asso-
ciates, Inc. (AMV), and further details are given in their basic techni-
cal report (Ref. 5). The devices studied are described in Section IV,
aboﬁe. Aerodynamic drag data for the truck and device configurations.
‘under various,wind conditions were needed, and those results were taken
from the STI wind tunnel tests and aﬁalyses‘(Section V). The driver visi-
bility'measures for.various splash and spray conditions provided the non-
economic benefit, and those values are given in Section VI, based on the
full scale tests. Several of the ééndidate devices analyzed were evolved
-during the course of this program. Others represent prototypes or current
practice (e.g., the drag shield) with good alleviation potential. Some of
the devices were eliminated from the C-E analysis at the outset, if they

compared unfavorably, across the board, with a similar device configuration.

" The rolé and objectives of the C-E analysis in the overall program were
‘tO:

® Help identify non-vehicle countermeasures and their
advantages and dlsadvantages

® Formulate representative line-haul truck operating
scenarios for evaluation purposes

® Delineate data needs and sources for a C-E study of
the aerodynamic and economic performance of recon-
figured trucks operating in the representative
scenarios

® Help select candidate devices and technlques for
‘ detalled C-E analysis

—

' ® Conduct the cost-effectiveness evaluation of line-
haul tractor plus semitrailer trucks equipped with
the candidate devices

Resuits of the first objective, the identification of non-vehicle counter-

measures, are included in Section II. Although some preliminary planning
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and preparation were done. early in the froject; the second and third
objectives were not fully attained until the wind tunnel and full scale.
field testing by STI had confirmed the choice .of appropriate truck plus
device configurations and experimental opérating conditions. The last

AMV objective, the actual cost-effectiveness evaluation, could begin only
after all effectiveness data were available in a final form from the field

. testing.

t-This'section begins with a further overview of the AMV approach, Arti-
cle A. This is followed by descriptions of the AMV cost-effectiveness and
- fuel cdnsumption computer'programs, Articles B and C. The cost-effectiveness
-analyses and‘fesulté are then described. This starts with a summary of the
input data and scenarios, Article D, and concludes With the C-E findings in
Article E. " In each case, additional detail is presented in the AMV source

document from which this material and summary have been taken,rRef. 5.
A. OVERVIEW OF C-E APPROACH

: The-AMV approach to theﬂdefihitiqn of operating scenarios, identifica-

tion of data types and sources, and the C-E evaluation is introduced below.
1. BSelection of Operating Scenarios

An‘dperating scenario was defined as a combination of ambient wind
-condition, truck loading, and severity of terrain to be traversed. Wind
condition is specified by an absdlute wind difeétion'relative t6 the cen-
terlire of the roadway and an absolute wind speed relative to the ground.
-Ambient wind is an ihportant‘variable éince it affects two major parts of
the benefit/cost computation: both the visibility experienced by the adja-
cent driver (the benefit) and aercdynamic drag (in terms of fuel consump-

tion, a cost) vary according to wind direction and speed.

On the other hand, truck loading and terrain are considered to affect
only operating cqsts. Three ""benchmark" values are chosen for each variable
to represent fundementally different conditions: empty, "cubed out," and
"weighted outﬁ truck loadings; and flat, rolling, and mountainous terrains.
Terrain effééts on operéting‘costs are fairly evident. However, certain

~ aspects of the truck loading assumptions aré more subtle, and they have
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been overlooked in other evaluations; In addition tc ensuring a wide range
of gross vehicle weights (and absolute fuel consﬁmption rates), loadings
were chosen to evaluate the effects of tare weight changes due to the extra
weight of the add-on devices, themselves. TFor instance, if an unmodified
truck is carrying a cargo type that causes 1t to load to maximum legal gross
weight (i.e., weighted out), any extra tare weight means that less cargo can
be moved per trip. Over a period of time, more trips will be required to
transport a given tonnage. A ﬁremise of this study was that the operating
costs of any edditional trips (or a prorated share of one additional trip)
should be distributed across all trips made by the reconfigured truck. Note
that for a loaded truck operating at less than maximum legal gross weight
(cubed outj"typical device weights may change the rate of‘fuel consumption
sllghtly, but they do not decrease the cargo capacity of the truck. Econ-
omic varisbles were not dlrectly 1ncorporated in the definition of an oper-
ating scenario. However, unit costs for fuel and travel time are certainly
variables of interest. As will be explained later, these two variables were
considered along with estimates of the capital and maintenance eosts>of the

add-on devices to constitute an economic condition.

2. Data Types and Sources

The data required for the cost-effectiveness analyses were of four main
types

® TFeasible aerodynamic;and splash and spray -add-on
devices

® TFor proof-of-concept devices, not yet commercially ) .
©  available, estimates of device weight, initial cost -
service life, and maintenance requirements

® Aerodynamic drag‘properties of reconfigured trucks,
expressed in terms of effective cross-sectional area

® Visibility margins or differentials between the unmodi-
fied (or basic) truck and each reconfigured truck, for
a standardized (reference) ambient wind condition
Cost and service data for commercially available devices were obtained from
several sources, as dlscussed subsequently and in Ref. 5. -information on
truck performance and fuel consumption was obtalned from the Cummins Engine

Company ‘and other sources in the literature.
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37 Approach to the Cost-Effectiveneéé Evalustion

Having identified a iarge number of relevant variables, .it was decided:
at an early stage to develop a computer program to simulate line-haul truck
operations. This program has some basic features in common with other
deterministic transportation simulation models, especially those used in
 logistical.studies. A network of origins, destinations, and intervening
.i@adway links must first be defined. In this case, the program is limited
to three contiguous linksvor trip legs, where each leg is ﬁniquely defined
by a set of geometric and ambient wind characteristics (details are given

in Article D and Ref. 5). .

» Secdﬁdiy, the truck plus device configurations were described. A list
of up to 25 reconfigured truck types was identified in fefms of cdrgd caﬁa-
city, aerodynamic drag, splash and spray suppression properties, power train
specificétibns, and a variety of economic data related to the add-on devices.
In addition, a transportation requirement was quantified to cause the vehi-
cles to move along the legs of the network. In this program, a different
cargo tonnage and density can be specified on each leg (i.e., terminals are

assumed to exist at each node).

" Selected performance data are output to indicate such things as the
number of trips made by each vehicle type of each lég, the‘costé~incurred,
and other variables of intgrest. This program determines only marginal
costs and marginal benefits related to the presence of the add-on devices.
Marginal cost categorieS'include fuel, capital cost‘of.the add-on device,
associatea:special operéting and maintenance costs (due to the device itself
or the extra trips required in a Weighted out caée); and the cost of any
travel time differential. The marginal costs are then totaled and expressed
in terms of a éost per ton-mile (kg-m). At the same time, & subroutine
develops a‘margiﬁal visibility‘benefit scaled for the wind condition on each
leg, divideé benefit by cost, and ranks the various truck/device configura-
tions on a leg-specific basis according to their respective benefit/cost
- ratios. Article B describes tﬁe assumptions and compufational procedures
of the main cost-effectiveness program and the beﬁéfif/cost subroutine.
Article C discusses the subroutine used to estimate fuel consumption and

travel time differentials.
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B. COBT-EFFECTIVENESS PROGRAM

As discussed above, a computer program was used by AMV in order to
efficiently evaluate the marginal benefits and costs of numerous add-on
devices for reducing the adverse aerodynamic.effects of large triucks. The
overall structure of the truck simulation program, called TRKSIM in Ref. 5,
is shown in Fig. 130. Input data describe the‘characteristiésvdf either the -
scenério or the alternative equipment configurations operating ih that sée-
nario. Once tﬁe'model is primed'with such daté,lthé movement requirement
is procesSed by determining the physically and legally permiSSiblé truck
loadings and the consequent number of trips required t6 move a given‘ton:
nage. This loading process is repeated for each truck/device.¢dmbination,
ﬁhere only thg;deViée type is varied, since each deviceiwili‘dgfine a wiique
. volume and/or weight capacity for the combination. The priming of the model
and the processing of the mdvément requirement are discussed,more fully in
Chapter II of Ref. 5. ' | h .

1. Merginal Costs

Once the input‘data have been entered, sufficient information is avail-
‘able with which tp'éstimate the fuel requirements, travel time, and cost
charapterisfics_of the simulated movements. A subroutine named CONSUM .com-
putes fuel éﬁd travel time consumption féf‘individﬁal truck trips, and the
main pfogram (TRKSIM) produces aggregate statistics for all trips by leg.
Once each truck/device combination has been run through all of the above
ciaculations; fuel consumption differeﬁtials are determined between'each'

combination and the basic (unmodified) truck.

TRKSIM then computes, by leg, the following cost components on a per-

trip.basis:

® Marginal fuel cost or saving (using a separately input
unit fuel cost) : ST

® Capital cost of add-on device'br devices (prorated
“according to length of evaluation period and propor-
tion of distance traveled on each leg of.simulation)
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® Marginal operating and maintenance costs; operating
portion related to any extra trips needed because of
reduction in truck's cargo weight capacity, and main-
tenancé portion to cover any additional shop costsr
attributable to add-on device(s) : '

® Travel time cost or saving; due.to changes in road
speed with changes in aerodynamic drag, or to addi-
tional roadside stopped time needed to service add-on
device(s) '
The method of determining these costs is discussed in detail in Ref. 5.
" The results are presented in Article E. The CONSUM subroutine is the sub-

 ject of the next article.
2. DBenefits vs. Cost

Another subroutine, named BENCO, processes (visibility) benefit data,
computes benefit/cost ratios, and ranks- the aiternative truck/device com-
binations on the basis of these ratios. The first_éteb is to scale.the
visibility values, given for ‘the reference ambient wind of 5 mph (8 km/h)
from 45 deg to the right of head dn,~to'the wind speed and direction speci-
fied for a particular trip leg. This scaling is- accompllshed using the

procedure given in Article VI.B. 3.

The second major step within BENCO is to cémbine the scaled benefits
computed above-with‘the mérginal operating costs determined in the main
program. Prior to actually calculating benefit/cost ratios for ranking
purposes,rhowever, a constant (the integer 4) is added to the cost values
in order to avoid negative and indeterminate ratios. Lastly, relative
cost-effectiveness is hlghllghted through a 'ranking based on these nor-

malized benefit/cost ratios.
3. Output Reports

TRKSIM prints fhree different output reports. The first, "Transport
Characteristics and Marginal Operating Costs,'" lists selected scenario
characteristics; truck loading-and gross vehicle weight; over-the-road
speed, drag; and fuel use; marginal costs of the four types enumerated
above; and total marginal cost per trip, perlevaluation period, and per

ton'mile (kg'm). Secondly, subroutine BENCO (see Fig. 130) summarizes
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benefits and costs by listing for each truck/device combination.thé visi-
bility improvement scqled for the wind condition on each'leg, the adjusted
or normalized value of marginal cost per ton-mile (kgem), the benefit/cost
ratio, and the benefit/cost ranking by leg of-the scenarid, These first

two reports include all truck/device combinations for a particular cperat-
ing scenario. When all desired‘scenarios‘have been progeséed, a final sum-
mary report is written to give overall benefit/cost rankings and to identify
those scenarios and legs where eéch device was mostvaﬁd least cost-effective.

Examples df'thesé reports are given subsequently, in Article E.
C. FUEL CONSUMPTION PROGRAM

The fuel consumption program has been formulated to be sensitive to basic
truck and roadway characteristics and wind conditions. The major variables
that can be examined for theif effect on fuel consumption are truck horse-
power, speed, gross vehicle weight, effective cross-sectional area, type of
terrain; trip length, and wind speed and direction. For validation, the
grade ability and the fuel consumption pfedibted-by the program have beén
compared with previously published material (see Ref. 5). This yielded quite
safisfactory results. Yet, it is important to bear in-mind that the model's
primary purpose was not to produce a consumption rate per se, but ratherJ an
estimate of consumption changes-due to aerodynamic modifications to large
trucks operating under a variety of loading, terrain, and ambient wind con-

ditions.
1. Computaetionel Procedure

The calculation of fuel consumption and tfavel time are dependent on the
dynamic values of vehicle speed, air resistance, rolling resistance, and
static values describing the gross vehicle weight, engine power, route fol-
lowed by the truck, and other constants. The dynamic values used in the
equation are determined computationally through a repetitive procedure which

finds the equilibrium point in the truck-wind-route system.

At equilibrium, the truck is moving at the maximum speed‘alldwed by the
various physical constraints. At this speed, the horsepower of the engine

output equals the horsepower required to overcome the grade resistance, air

TR-1093-1 293



resistance, rolling‘resistance; and chassis friction losses which oppose
truck motion. This crawl speed‘is theimaximum ﬁniform’speed the truck

~can malntaln on'a partlcular constant grade Thé maximum grade that the
truck can negotiate at a constant speed is known as the grade ability of
the truck. ' At equlllbrlum, the grade ablllty of the truck equals the grade
of the route ‘and the speed of the truck equals the crawl speed.

An overall flow chart of the‘fuellconsumptlon program (named CONSUM) is

shown in Fig. 131.ﬂ The procedure is divided into four major steps:
e ‘Entry of basic characteristics |
® Computation of aerodynamic factors
N Determination and"testdng of grade ability
o Calculation‘of fuel consumption and trarel_ti@e _

Basic characteristics which describe the truck,‘thercargo, the route, and
the wind conditions -are transferred to CONSUM from-the main program. The
aerodynamic factors used;to,determine the- horsepower required to overcome
air resistance, and-which influence fuel-consumptioh, are.theh computed -
for an assumed.truckcspeed{‘ The grade abilility of the.truck is calculated
based on the procedure in Ref. 69. If the grade ability of. the truck is
less than the grade of:the-road,‘the programﬁreduces trﬁck speed and iter-
ates through the computation of aerodynamic factors and grade_ability:until
the grade ability test is satisfied. Fuel consumption and travel time are
then determined using the equations developed by Sawhill and Firey (Ref. T0).
These equations were modified to increase their'sehsitivity to changes in
the aerodynamic characteristdcs. A more detailed description of the com-
putational process is included in-Ref 5 Each step is further 1llustrated

by a flow chart show1ng 1ts maJor operatlons and decision.
2. ‘Illustretive Results

»Example results for two truck/device rigs, produced by the combined
cost effectlveness algorlthm can be reviewed to illustrate the effects of
the aerodynamlc modlflcatlons on fuel consumption and travel tlme This is

done Wlth a comparison of the basic truck to a truck (MO) equlpped with
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Reddaway flaps and a drag shield (designated MO). The following results
were obtained, summarized in Table 16:

® The . average improvement in fuel economy for the fully
loaded case is less than 5 percént

® The improvement'is‘greatest on level terrain and
declines as the design upgrade increases

® The differenee in fuel consumption decreases as wind
speed 1ncreases, except for the pure headwind condi-
tion .

® A marginal reductlon in travel time is obtained on
rolling terrain
These illustrative findings are discussed in greater detail in the follow-
ing paragraphs. It should be emphasized that the overall cost-effectiveness
results are given in Article E, subsequentlj.- This discussion is mainiy to

illustrate the methocdology.

The "average improvement in fuel economy for the fully loaded case 1is

less than 5 percent on level‘terrain, less than 2 percent on rolling ter-
rain, and is negligible on mountainous terrain. This is based on the example
cemparison of the basic truck to a‘truck equipped with Reddaway flaps and a
drag shield (MO). Although the modifiied truck has 20 percent less effective
cross-sectional area at a zero degree relative crosswind angle, it has an
effective area equal to that of the basic truck at a 20 deg relative cross-
wind angle (éee Table 9 in Section V). Thus, as the relative wind direc-
tion and angle increase, the difference between the effective cross-sectional

areas (and the power requlred to overcome air re51stance) decreases.

Table 16 shows that the percentage fuel savings for the empty truck
case are predlcted to be roughly twice those of fully loaded trucks. Also,

some degree of saving is possible for empty trucks on all types of terrain.

Fuel economy improvements for the modified truck decrease as the
severity of the terrain increases. This difference would be less than
shown in Table 16 for many flat terrain'conditions if the vehicles were
not constrained to operate at a maximum speed of 60 mph (97 km/h), as they
were invthis analysis. If speed were not limited by the analyst, the modi-

fied truck would reach equilibrium at a higher speed than the basic truck,
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TABLE 16. PERCENTAGE IMPROVEMENTS IN FUEL ECONOMY FOR MO SYSTEM!

R =
o <| .g|Nominal 25,000 80,000
O x ~ GW! (Empty) (*Weighted Out”)
53| 8| (b ‘
sfFled
25+139 Térraln ‘
$2a 33 o]l 10 | 20 | 30 || 10 | 20 | 30
[25=|<5 |
1
270° | 9.5 3.7 2.4
300° | 9.5 6.0 (1:9)
330°| 9.5 12.4 6.9
E - .
: 0 176 | 65 | 3.4 || 81 | Q3| G,
360° | s 18.5 8.9 o
or (1 0)
0° | 9.5 19.1 81 | 44 | 96 31 1.3
15 19.6 - ‘ 10.6
5 15.7 - 7.8 _
30° | 9.5 | 124 | 58 |G 69 | Q81 o5
(2.0)
15 8.8 9
5 - 12.0 6.1
60° | 9.5 6.0 (-9
15 2.1 fg:g)
90° | 9.5 a7 | 18 | Q) 24 | 05 | 00
5 16.7 ‘ ‘7.0
180° | 9.5 156 | 49 | 22 || 62 | U9 o3
15 14.2 5.3
Avg4 | 95 80 | 3.4 | 1.7 4.2 1.5 0.0

1X.X (in each cell) = Percent increase in distance traveled per unit of fuel; (Y.Y} = Absolute
increase in average speed due to reduced drag, in mph (1 mph = 1.61 km/h; | l1b = 454 kg)

2Excluding net additional weight of add-on devices, estimated to be 230 Ib. (105 kg).
31.0 = Flat, 2.0 = Rolling, and 3.0 = Mountainous ‘

4values were obtained for a 9.5 mph (15.3 km/h) absolute wind speed by calculating effective
. cross-sectional area and relative wind speed at every degree of absolute wind direction between 0°
"~ and 180°, and then averaging these latter two values across all 181 wind directions. Maximum
truck speed was limited to 60 mph (97.km/h) on flat and rolling terrain and 55 mph (89 km/h) on
mountainous terrain,
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and the potential fuel savings would be reduced. This phenomenon was
evident to some degree in several of the examples of loaded trucks operat-

ing on rolling terrain, where an -increase in vehicle speed was indicated.

The improvements in fuel economy on mountaineus terrain were minimal.
This is principally acceunted for by the relatively low speeds at which
trucks climb the upgrade. At these speeds, air resistance is relatively _
smell, and the difference in the power reQuired to overeome‘this air resis-

tance is insignificant.

For all ambient wind directions, other than a pure headwind, increas-
ing wind speed décreases the dlfference in the fuel economy between the
basic and modlfled truck. For a given ambient wind direction, other than
0 or 180 deg, higher wind speeds produce greater relative wind angles and
a decrease in the difference between the effective cfoss-sectional areas.
Depending on the‘paiticular aﬁgle'ahd-initial Wina speed, this may'ee accom-
panied by an increase in the relative wind speed. Hewever, assuming that
- the basic truck and modified truck arée operating at the same speed, these
-relative wind speeds will be equivaleﬂt and, therefore, it is the effective
‘cross-sectional area that controls the megnitude of the power required to

overcome air resistance.

For a ﬁind angle of O deg (i.e., a pure headwind), the relative wind
angle does not change as'the.speed of the wind increases. The increase in
the speed of the wind reletive4to the truek amplifies the difference between
the effective cross-sectional areas, the air resistanee, and the fuel con-
sumption of the basic and ﬁodified trucks. Alterﬁatively, in the case of
the pure ambient tailwind condition, the relative wind again remains at
O deg, but the speed of the wind relative to the truck decreases as the
wind speed increases. This‘results in a reduced diffefehce"in fuel economy

for stronger tailwinds.

‘Inlfhese compﬁtations the maximum speed of the truck was limited to
60 mph (97 km/h) en_flat and rolling terrains and 55 mph (89 km/h) on moun-
ﬁainous terrain. This ceiling on speeds readily reveals'differences in fuel
consumption, but 1t does not allow the truck to reach 1ts equlllbrlum point -

in most of the computatlons Changes in vehicle speed were noted most
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frequently in the rolling terrain cases. These range from C.4 to 1.1 mph
(0.6 to 1.8 km/h), approximately equivalent to a 1 to 2 percent reduction

in travel time.
D. INPUT DATA AND_ECENARIOS ‘

The truck equipmentland the conditions under which it is assumed to
operate comprise the input.uéed by AMV for evaluation. -These are detailed

in Chapter IV of Ref. 5 and summarized below. Topics of interest include:
® Definition of add-on devices
@ Visibility and drag effects of devices
® Economic characteristics of devices-
® Weight and powér characteristics of basic truck
® Line-haul operating scenarioo | |
® FEconomic conditions for evaluation

The devices are described in Section IV.
1. Device Performance Data

The AMV cost-effectiveness program requires two Basic types cof input
data on the performance of each truck/device combination. The first is ‘
the visibility margin for the reference ambient wind conditions (see Sec-
‘tion VI). This has been called "baseline marginal visibility" in the C-§
anélyses, as a benefit, by analogy with "marginal cost."  The second type
of input data is the aerodynamic drag, quantified in terms of the effective
area (see Section V). These visibility and drag values are summarized for
reference in Table 17 for the truck /device combinations studied, based on
“Tables 9 and 15. The definition of the system codes is given in Table 3
of Section IV. Some truck/device combinations are not listed, and these
were deleted by inspection, e.g., if they had the same performance charac-
teristios-as another less expensive combination. Nofe, too, that the ''yaw

angle" in Table 17 is the relative crosswind anglo.
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IABLE 17. . PERFORMANCE CHARACTERISTICS

Scaled Aerodynamic Drag )
System . Visibility (Etfective Frontal Area, ft2)
Margin (%) at 0° Yaw Angle2 at 20° Yaw Angle2
T 0 85 145
DI 5 68 145
MO 60 68 145
M1 .. 3 85 . 145
M2 39 85 145
M4 15 85 145
M5 14 ’ 85 - 145
- M6 59 68 ‘ a7
M7 ) 59 68 : 145
E2 ’ 15 84 , 142
A1 19 84 142
R2 19 67 142
P2 0 85 142
P3 7 85 142
G1 23 85 139
G2 : hh! 85 ‘ 139
L1 25 68 85
L2 20 85 85
L3 ‘ ' 10 84 97
L4 15 68 97
V2 ‘ 16 88 165
V3 20 78 : 155
V4 . : 15 78 . 155
F2 . 14 ‘ 68 _ 145
F3 17 68 97

ISource: Section ¥ - . ‘ -
Note ; 1ft2 = 0.093 m2

2Relcnive crossWind
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2. Device Economic Data |

In addition to the effect. of aerodynamic drag on fuel costs, three
other categories of input data influence the economics of line-haul truck

operation:
e Installed wéightrof.add-qn deéiéé(s)
® Capital cost elements
® Travel time and ﬁéintenance impacts

The ways in which these items affect operating costs were discu#sed above,
and Table 18 is a summary listing of these data. The foliowing paragraphs
briefly describe the related AMV tables and data sources in Ref. 5.

a. Installed Weight

The extra weight of an add-on device is of interest because it is a non-
revenue producing "dead" weight which -can penalize‘both the fuel economy
and cargo-car:ying capacity of a truck. 1In this study weight estimates
were made for ailrdevices evaluated — both the prototype designs and those

Aalready in limited over-the-road use.

b.. Capital Cost Elements

As shown in the headings of Table 18, capital cost elements include
initial cost, service life, and salvage value. The table presents these
data in the form of ranges in most cases. Such rahges are based on low and
high unit cost assﬁmptions for materials, and not on alternative designs '
for a given system. Although they are not listed here, midpoint (or aver-

age) values for the rangés were also computed for the analysis.

c¢. Travel Time and Maintenance Impacts

Assumptions regarding likely travel time and maintehance impacts are
summarized in Table 18 in the form of numerical ranges. The bases for thése
ranges are presented in some detail in Table B-6 of Ref. 5, which outlines
minimum and maximum shop-performed maintenance actions and their associated

costs, assuming a total (direct and indirect) labor cost of $17.0C/hour.
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TABIE 18.

SUMMARY OF ECONOMIC CHARACTERISTICS FOR

"INPUT TO C-E ANALYSIS

Installed Initial Service Salvage | Extra Shop- | Extra Road-
S Lite - Value () | Performed [Side Stopped
ystem | Weight Cost Y After Period| Maint Time (Hrs./
(Ib)? Range (5)2 (Yrs) | After Perio aintenance rs.
(A-B) (A-B)3 (s/Yn4 1000 mi.)4
T 30 50-60 5-10 0-0. 0 0
DI 120 . 470-480 . 5-10 180-0 0 0
MO 260 930-1,090 35 360-260 0-70 0
M1 170 510-670 3-5 110-80 0-70 0
M2 100 270-360 3-5 40-30 0-40 0]
M4 . 60 180-230 3-5 40-30 0-40 o]
M5 50 140-180 3-5 40-30 0-30 0
Mé 380 1,260-1,350 3 280 70-180 0.5-1.0
M7 190 . 690-770 3-5 280-200 0-40 0]
E2 170 230-290 _ 0 0 0
Ri1 120 340-440 1-3 0-0 140-270 0-0.5
R2 = 210 760-860 ‘ 1-3 310-240 140-270 0-0.5
P2 90 290-300 5 0 0 0
P3 ‘90 290-300 "5 -0 0 o
G1 . 60 1 240-280 1 20 70-140 0.5-1.0
G2 60 240-280 1 20 70-140 0.5-1.0
L1 340 1,230-1,270 1 540 140-270 1.0-2.0
L2 250 810-850 1 230 140-270 1.0-2.0
L3 220 620-630 3 10 70-140 0.5-1.0
L4 310 1,040-1,050 3 250 70-140 0.5-1.0
v2 290 1,080-1,210 3 240 - 0-70 0.5-1.0
V3 220 860-940 3 240 0-50 0.3-0.6
V4 190 750-810 © 35 240-180 0-30 0
F2 180 660 5 180 0-140 0
" F3 370 1,230 3 240 70-270 0.5-1.0

Notes: *Means all systems in'box include conventional mud flaps {00).

All costs rounded to nearest $10; 1 mi. =

! Weights derived in Table A-5'and A-6 of Ref.5.
All weights rounded to nearest IO Ib (45 kg) for this table.

" TR-1093-1

2g5ee Tables A Iand A-2 m Ref. 5

1.61km&11b =

0.45 kg

35ee Table A-3 in Ref 5 for derlvahon of non-zero salvage values.

4See Table A-4 in Ref.5
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Also‘outlined are minimum and maximum actions which mighf be requiréd By the
driver in order to activate, deacti?ate}*br service the add-on device(s).
These costs are expressed in terms of hours per 1000 mi (hrs per km) tra-
veled. Se?eral of the estiméteg used in Ref. 5 were recommended by STI and
the Oregon State Highway Division. Others are AMV estimates. In.aﬁyucasg,

it is important.tc.stress their very tentative nature.
3. Cheracteristics of Basic Truck

While the visibilityvénd‘aerodynamic properties of the basic truck have
already been presented, two other major categories of characteristic data
are also required by the simulation. These are cargo:capacity and power

train factors.

a. Cargo Capacity

The basic truck is a 3 axle tractor pulling a 40 ft (12.2 m) semitrailer
van. This is the most common large truck on the highways today. 'The van -
has a cubic capacity of 2150 £15 (€0.9 m3). Since the tare weight of this
rig averages about 25,000 1b (11,360 kg) and since a maximum legal GVW of
80,000 1b (36,360 kg) has been assumed,‘ﬁhe weight capacity of the unmodi-
‘fied van is assumed to be 55,000 1lb (25,000 kg). - ‘ o

b. Power Train Factors

| AS. required by the AMV fuel consumption program CONSﬂM, representative
'input values were selected for outpﬁt power of the>tractor enginé at a
specified number of revolutions per minute, and for total gear reduction
of the drive train. Various industry sources were consulted to determine
the range of common values for these factors. From this range, it appeared
reasonable to adopt a tractor with 350 hp (261 kW) at-2100 rpm, plus & total

gear reduction of 3.9.
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4. Operating Scenarios and Economic Conditions

In the'AMV C-E analyses an operating scenario was a set of line-haul
'truck‘operating conditions uniquely defined by‘the directicn andfmagnitude
of the ambient wind, truck loading, seVerity of terrain, and length of trip
leg. 1In this study, both ”prototypical"‘and "real world" scenarios were
developed. The former were used for sensitivity analysié and are charac-
terized by incremental wind conditions and trﬁck loadings; They also
featured standard lengths of trip leg representiné‘one and one-and-a-half
days of travel. Selected real—wor;d scenarios, on the other hand, are
rough approkimations‘of actual U.S. - -trucking circuits. Their purpose is
primarily to link findihgs obtainéd from the more abstract "ﬁrototypical"
framework to operatiéns more familiar to truck éwners and operators. For
each scenario considefed, a set of economig.cqnditions was .also defined.
These include unit costs for fuel and travél:time, plus an assumption of

either low-, medium-,” or high-cost equipment (see-cost ranges in Table 18).

a. Prototypical Scenarios

Table 19 is a matrix showing key physical characteristics of the trip
legs in the prototypical operating scenarios. As noted earlier, the TRKSIM
model accommodates from one to four trip legs in a single scenario. For
simplicity, then, the 81 bulleted cells (i.e., legs) of Table 19 were repre-
sented by.27 three-leg scenarios. The names of these scenarios used by AMV

are given in Appendix C of Ref. 5.

Reference 5 also indicates that while truck operations in all cells
were simulated over a 500 mi (805 km) trip leg, 18 cells representing com-
mon headwind and taiiwind conditions. were replicated using a 750 mi (1208 km)
.leg. These 18 additional‘legS'were grouped into six scenarios, bringing the
totals to 99 legs and 33 scenarios. A 500 mi (805 km) leg was chosen for
the general case because this is the maximum trip length FHWA considers
capable of completion in a 24 hr period without Qiolating speed limits or

hours of service restrictions (Ref. T1).

Ambient Winds. The wind directions chosen emphasize winds from ahead

and to the side of the truck, or those in Quadrants 1 and 4 (i.e., 0-90 deg
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Note: 1 mph = 1.61 km/h
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TABLE 19. KEY PHYSICAL CHARACTERISTICS OF PROTOTYPICAL
‘ : OPERATING SCENARIOS
‘g ' Truek - ‘
- '.3 § _ | Loading Empty “Cubed Qut” “Weighted Out”
S |08
9 =
239 |E £ Terraln |
- erra '
<2 |® | coger |l 10 | 20 | 30| 10 | 20| 30 || 10| 20 | 30
270° | 9.5 ° ° °
300° | 9.5 S ° °
330° | 9.5 ° ® °
0 ® ) ® ® ® ) ® ) ®
360° [- 5 Y ) K
or
0° | 95 ° ° ° ‘o ° o (|- o ° ®
: "8 oy o ®
I
S
. S o ® ®
30° | 95 . ° o-|| o ® ® ® ® ®
' 15 - Y ° .®
5 ° ) e
eoo 95 [ ] [ ) o
15 ° ° °
90° | 8.5 [ [ ] ° o | o o | ® o
5 ° .. °
180° | 9.5 ° e | ol o | o | @ o | o PY
15 ® Y .
11.0 = Flat, 2.0 = Rolling, 3.0 = Mountainous




and 270-360 deg). These directions — especially those in Quadrant 1 —
~provide the most critical, most sensitive effects in terms of differences
in aerodynamic drag (translatable to marginal cost) and visihility for the
© passing mgtorist (benefit). They are also the directions for which the
most reliable experimental drag and visibility data were available (see

Sections V and VI).

The matrix emphasizes the national average wind speed of 9.5 mph
(15.3 km/h). Less consideration is given to a zero wind and to the brack-
 keting wind speeds of 5 mph (8 km/h) and 15 mph (24.2 km/h).

Truck Loading. Three different truck loading conditions are represented

due to marginal cost effects. lf aVcargd is sufficiently dense to cause

the gross vehicle weight (GVW) to‘reach the legal maximum before a truck's
cubic capacity‘is‘reaehed (ire.,_the truck is weighted out), any additional
tare weight assoeiated-with an add-on device will mean that more trips are
required to move a given.tonnage of cargo over the evaluation period. How-
“ever, if a less dense cargo causes cubic capacity'td be filled first, device
weight will probably not change the number of required‘trips.--The only

- weight effect in this cubed eut.case.is to reduce the fuel economy slightly
‘as a function of the modified GVW. ' Lastly, to:investigate iarginal costs
for deadheading (empty) trucks, a zero tonnage is spec1fied on some legs of

the various operating scenario c1rcu1ts

Terrain The truck speed and fuel consumption effects of terrain are

. 1ntroduced through a terrain code

| Terrain Code 1: Flat road 0% upgrade

Terrain Code 253 Rolling terrain, 1. 5% deS1gn upgrade
Terrain Code 3: : Mbuntainous terrain, h% design upgrade

For conputational purposes,_the'upgrade portions were assumed td haue the
constant slopes (design upgrades) shown. Each trip segment has level,
upgrade and downgrade portions. Design upgrades for other terrain codes
between 1.0 and 3.0 were obtained by interpolation. Terrain is‘a factor
Jin terms of both the potential energy to be expended in c¢limbing grades and

- the engine's operating efficiency as a.function of elevation.
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In summary; the conditiohs selected in Table 19 mean that the influence
of varying wind direetion was studied primarily'on flat terrain, and the
effect of varying terrain was analyzed primarily at the national average
wind speed of 9.5 mph (15.3 kﬁ/h).' |

b. '"Real World" Scenarios

Five so-called "real world" operating circuits or écena;ies were defined
by AMV. These three- and four-legged circuits are geographiéally and cli-
matically dispersed, as shown in Fig. 132. Both freeway and non—freeway
facilities are repreéented. Table 20 more fully describes these scenarios
in terms compatible with the TRKSIM analysis program. The "real woild" sce-
narios were evaluated using the average annual wind speed and an asgpmption

that such an average wind prevails from the west.

¢. FEconomic Conditions

All combinations of aerodynamic conflguratlon and operatlng scenarlo
were processed for each of six economic conditions. An economlc condltlon
was deflned by AMV to be & partlcular comblnatlon of hardware/malntenance
cost (low, average, or high) and unit fuel cost, $0. 50 or $1. OO/gal ($0.13
or $0.26/L), as shown in Table 21. A unit time cost of $10.00/hour was

used for all six cells of the matrix.

A "low hardwafe/maintenance cost was associated with the lowest esti-
mated initial add-on hardware cost, fﬁe longest service life, the salvage
value at that service life, and the lowest additional maintenance and travel
time costs. By reviewing the estimated ranges for these cost components for
each aerodynamic conflguratlon, the "average' and "hlgh" cost comblnatlons

were similarly identified for input to the program.

E. COST-EFFECTIVENESS FINDINGS

Presented in this article are selected results from the AMV cosﬁ-
effectiveness computations. The word "selected" is emphasized, since it
is impossible to develop a unique, universally applicable solution to the

countermeasure selection problem. (This is common to most cost-effectiveness
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TABLE 21. MATRIX OF ECONOMIC CONDITIONS

Unit Cost of Hardware and Maintenance

Fuel _— ‘ ‘

¢°5'. Low Average 1" High
de . ‘ .
($0.50/gal.) o o : i B
High ~|. : . A 1
(31. 00/ga|) . ‘ ’ ' S

Note: 1 gal = 3.8L

studies.) Rather, patterns of éffectiveness and cost are described, and
alternative rankings are derived on the basis of overall relative cost-
effectlveness, capital cost w1th1n ranges of obJectlve effectlveness and

fuel sav1ngs within these- ranges
1. Oversll Cost Effeétivengss

Presented here are cost-effectiveness results averaged across all

99 prototypical trip legs described in the preceding article.

a. Rankings

Table 22 lists the overall average benefit/cost rankiﬁgs for the 25
truck/device systems evaluated By.AMV. Highlighfstof this table are as
follows: o L '

) ’Economic condition has relatively minor influence on
the rankings. Seventeen of the 25 systems maintained

the same rankings across all six economic cells, and
the rankings of the other eight systems varied by no
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TABIE 22. ' AVERAGE BENEFIT/COST RANKINGS FOR
DIFFERING ECONOMIC ASSUMPTIONS

i Unil Fuel Cost Low {$0.50/gal.) - High ($1.00/gal.)

System [~ Costof c | . c2 c3 ca Cs el Gyerat
Hardware & Low Average High Low Average High Ran
Maintenance

T o 25 25 25 25 - 25 25 24
DI A 23 23 23 23 23 23 23
MO 2 2 2 2 2 2 2
M1 5 5 5 5 5 5 5
M2 4 4 4 4 4 4 4
M4 3 13 13 13 13 13 13
M5 19 19 19 19 19 19 19
M6 3 3 < 3 3 -3
m? 1 2 2 2 R 1 1
E2 T 17 14 14 18 16 16 16
A1 : - 1 10 10 - 11 11 1 11
A2 : 9 9 9 - 9 9 : 9 9
P2 . S 25 25 .25 25 25 25 25
P3 22 22 22 22 22 22 22
Gi S 7 7 7 7 7 7 7
G2 T 20 20 20 20 20 20 20
L1 R 6 6 ) 6 6 6 ) 6
L2 o 10 - 11 T 10 10 10 10
La . 21 2, o L 2 21 21 21
L4 T 15 18 18 14 .. 14 15 15
ve . N | R PR 16 - 17 16 T8 18 17
va t . | e 8 8 8 8 8 8
va ST 18 Y £ 16 17 17 Y 18
F2 Lo 16 15 15 15 15 14 14
F3 ‘ 12 12 12 12 12 S| 12

*Celi 1 Note: 1gal. = 3.79L
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more than one to four places. The higher ranked

systems generally had a much lower degree of ranking
variation. : ‘

® The Reddaway (M Series) systems ranked very highly
except where no side flaps were used (i.e., M4 and
M5). The top five systems in terms of overall cost-
effectiveness are M7, MO, M6, M2, and M1, respectively.

® Systems with overall rankings between 6 and 10 are dis-
tributed among four other of the system categories sug-
gested by the horizontal lines in Table 22. These
include L1 (ranking 6, in the longitudinal baffle cate-
gory); G1 (ranking 7, one of our candidate gap panels);
V3 (ranking 8, angled vanes); R2 (ranking ‘9, one of three

- fender systems); and L2 (ranking 10, also a longitudinal

baffle system).- :

b. Average Values of B/(C + 4)

Table 23 lists the overall average values of the mixed unit bénefit/
cost ratio denoted B/(C + 4). ‘Although the ratio is structured to be espe-
cially sensitive to changes in benefit B (i.e., marginal visibility), some
‘yariation is.efident across the six economic céﬁditibnst Poiﬁts of .interest
include: ‘

® Systems utilizing a drag shield generally have higher.
N ratios with higher unit fuel costs because fuel savings
~“decrease the value of C. These systems include D1, MO,
M6, M7, R2, L1, L4, F2, and F3. Exceptions to this trend
are V2, V3, and V4, where the drag shield is apparently
unable to overcome the drag-penalty of the vanes. under an
average set of operating conditions. -Other marginal costs

- are considered, of course, but the one related to fuel
appears to be most significant.

® = Some of the differences cited above are due in part to

the presence of the longitudinal baffle under the semi-

trailer. This becomes evident upon examination of the

ratios for systems utilizing this baffle but no drag

shield, i.e., L2, and L3.

To avoid meking economic assumptions regarding unit fuel cost or the

cost of hardware and maintenance, the ratios in Table 23 can be assumed to
occur with equal probability. 1In that case, they can be averaged with the
same weight given to each, as was done in the last column of Table 23. These

average values can then be reviewed in graphic form (see Fig. 133).- Most
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TABLE 23: AVERAGE VALUES OF B/(C+4) FOR
* DIFFERING ECONOMIC ASSUMPTIONS

R Unit Fuel Cost LSW {$0.50/gal.) High ($1.00/gal.) :)verall

: - Average
System Cost of c1* c2 [oK] Ca Ccs B

Hardware & Low Average High Low Average High -
Maintenance . . C+4
T 0.0 .0 0.0 0.0 0.0 0.0 0.0
DI 1.3 1.3 1.3 1.4 1.4 1.4 1.3
MO 15.8 15.8 15.7 18.7 16.6 16.4 16.2

M1 9.5 9.4 9.4 9.4 8.4 9.4 9.4,
M2 9.8 9.8 9.8 9.8 9.8 9.8 9.8
M4 3.6 36 3.6 3.6 - 38 3.6 3.6
M5 3.2 R 3 3.2 a1 3.1 a1
M8 153 14.8 146 17.2 16.6 16.0 15.8
M7 15.8 . 15.8 15.7 16.7 16.6 16.5 16.2
E2 35 35 3.5 3.5 3.5 a5 3.5
R1 4.6 45 43 4.6 45 4.3 4.5
R2 4.8 4.6 44 5.0 48 . 46 4.7
- P2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
P3 1.7 1.7 1.7 1.7 1.7 1.7 1.7
G1 . 5.3 5.2 5.1 53 5.2 5.1 5.2
G2 2.4 2.4 23 2.4 2.4 2.3 2.4
L1 5.9 5.7 55 68 6.3 6.0 6.0
L2 4.5 4.4 42 4.9 47 4.5 45
L3 2.3 2.2 22 2.4 2.4 2.3 2.3
L4 3.6 3.5 3.5 4.1 3.9 3.8 37
) a8 3s 35 35 35 . 34 3.5
va a8 a7 a7- 4.8 4.8 a7 4B
V4 a5 35 35 3.5 35 as - 35
F2 35 35 35 3.7 3.7 ‘3.7 3.6
Fa 41 4.0 3.9 4.6 45 43 4.2

*Cell 1 Note: 1gal. = 3.79L °
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evident in the figure are the substantial superiority of the top five
Reddaway systems and the existence of a viable alternative in each of the

other system categories.
2. Marginal Visibility

As discussed earlier, the baseline marginal visibility'values {visi-
bility margins) were scaled for the various ambient wind condition repre-
sented in the operatipg scenarios. This section presents the results of
the scaling and avefaging and draws conclusions concerninglthe méximum and

minimum effectiveness of the, 25 systems evaluated.

a. Maxima and Minima

Table 2l shows the scaled mﬁfgihal‘visibility values under the 17 wind
condltlons present in the prototyplcal operatlng scenarios descrlbed in

‘Article D. Cells contalnlng the maximum value for each system are dotted

Not surprisingly, the maximum v1S1b111ty.benef1t generally occurs-under
60-90 deg crosswind cases. The few exceptions include MO, M6, and M7, but
here the difference between the erdsswind and headwind cases is. only 3 per-
centage points on an absolute basis or an insignificant U pefcent on a

relative basis. -

Cells with minimum values of marginal visibility are not highlighted
in Table 24, but they invariably include the 5 mph (8 km/h) tailwind case.
A review of the table shows -that the minimum vaiue for a given system is

always roughly one-half the associated maximum value.

As shown in Fig. 13k, for the fairly typical conditions stated below
the figure, it can be seen that airbresistance horsepower is meximum’ at
' an ambient wind éngle of‘approximately 60 deg, and a minimﬁm at 180 deg
(i.e., a-tailwihd). To the extent that marginal cest varies with absolute
fuel consumption, then, one might anticipatelthe‘most sensitive marginal
cost for a 15 mph (24 km/h) ambient crosswind at €0 deg, and the least
sensitive marginal cost for the .5 mph (8 km/h) tailwind. Hence, these two

wind conditions are-good candidates for investigating cost-effectiveness
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TABLE 24. MARGINAL VISIBILITY FOR PROTOTYPICAL
: WIND CONDITIONS (%)

e e § Truck / Device Sysfém
R S
2SS oE - ] , , '
EFSST | 7 { o [ Mo M| m2|mslms|me| M| E2| A1 R2
?0' 9.5 0 - 36 37 16 i4 | 57 57 | 16 | 20 | 20
300° | 9.5 || 0 |[EFE 36 | 37 | 16 | 14 | 57 | 57 | 16| 20 | 20
330° {95 || 0 | 6 | 57 | a"| a7 | 14 | 13 | 56 | 56 | 14 | 18 | 18
0 [-o | 5 | 54| 38 |3 [ 14 [ 12| 53 53| 14| 17 ] 17
360° | 5 0 6 43 | 44 |17 | 15 | 67 | 67 | 17 | 22 | 22
o |9os5 | o | 4 as | 45 | 13| 11 [mibiva 19 | 19
15 0 | 4 44 | 45 | 13 | 11 | ‘ 19 | 19
B 5 o] s 41 16 | 14| 64 | 64 | 16 | 21 | 21
30° |95 0 | 5 | 72| 44 15 | 13 ] 72 | 72|15 | 20 | 20
15 o | 5 | 72| 44 15 | 13 | 72 | 72 | 15| 20 | 20
5 | o | 5 |60 | 38 15 | 13 | 59 | 59 | 15 | 19 | 19
60* {95 o | s ' ' :
15 (o | 6
9° [95 | 0 | 6
5 [o | 4
180° |95 || 0 | 6 |46 | 20 | 30 | 13 [ 11 | 45 | 45 | 13 | 16 | 16
15 [0 | 6 [46 | 20|30 [13 |11 [ 45 |45 | 13]168]18

Maximum; 1 mph = 1.61 km/h
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“TABLE 24. (Concluded) -~

- § 3 Truck / Device System
Sos| & '
oL Lo
Bz E |
4 als P2l P3| Gt | G2 | L1 | 2| 3| Lae| vay|va|ve| F2/|Fs3
270° | 9.5 || O 12 | 25 | 21 | 11 | 16 | 17 | 21 | 16 1 15 | 18
300° | 9.5 || 0 g 12 | 25 | 20 | 11 {16 |17 | 21 | 16 15 | 18
330° | 9.5 0 7 21 11 23 19 | 10 | .14 16 | 19 14 | 14 | 16
0 0 6 20 23 | 18 | 9 14 | 15 | 18 | 13 | 13| 15
360°| 5 0 | 8 |26 [43% 20 | 23 | 11 | 17 | 18 | 23 | 17 | 16 | 19
or — -
0° |95l 0 | 5 23 | 8 26 | 20 | 7 13 | 15 [ 20 | 13 | 12 | 16
15 | o 5 23 | 8 26 | 20 | 7 13°( 15 | 20 | 13 | 12 | 16
5 0 8 24 [ 12 [ 27 [ 22 [ 11 [ 16 |18 | 22 | 16 | 15 | 18
30° |95 || 0 6 25 | 10 | 28 | 21 9 15 | 17 | 22 | 15 | 14 | 18
‘ 15 || o 6 25 | 10 | 28 | 21 9 15 | 17 | 22 | 15 | 14 | 18
5 || o 7 23 | 11 | 25 | 20 | 10 | 15 |.16 | 20 | 15 | 14 | 17
60° |95 | 0o | 8 &
15 | o 8
90° |95 | 0 8
5 0 5
180° | 95 | O 7
15 0 | 7

‘Maximum; 1 mph = 1.61 km/h
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Max. 212 hp @ §7°

200t

Average Value = 170 hp

2 - -
na
P 150+
x5
s
<
100 ‘ , Min. 97 hp @ 180°
0 30 60 90 120 150 180 -
Absolute Wind Angle (deg)
: . ’ | f12 = .093 m?
Agpp(0) = 88.1 tt<, Agpp(20) = 141.5 ft I mph = 1.6l km/h
Wind speed = 9.5 mph. Truck speed = 61 mph. . | | hp =.746 kW

Figuré 134. Air Resistance Horsepower Versus .
: Absolute Wind Angle

in greater detail. They should approximate the more interesting bounds
of the problem for systems shown to reduce aerodynamic drag:
® Crosswind Case — Maximum visibility effectiveness

with substantial fuel savings (and quite possibly
minimal marginal cost).

o Tailwind Case — Minimum visibility effectiveness
with little, if any, fuel savings (hence, maximum
marginal cost).

b. Overall Average Marginal Visibility

Figure 135 shows the marginal visibility of each system averaged across
all 17 prototypical wind conditions. Interestingly, the values are little
different than the baseline (reference) values for the 5 mph (8 km/h),

45 deg ambient wind most common in the full scale tests.
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3. Marginal Costs

Three aspects of marginal costs are considered below, i.e.,

.@® Costs associated with maximum'and minimum visibility
" effectiveness

® - Capital cost as a ranking criterion - -
'® Fuel savings as a ranking criterion
- Typical marginal cost components are presented and discussed in conjunction

. with. this last item.

a., Costs Associated with Maximum and
" Minimum Visibility Effectiveness

Table 25 lists ‘marginal visibility for a 60 deg, 15 mph (24 km/h) ambient
wind and for a 180 deg, 5 mph (8 km/h ambient wind. As shown in the pre-
- ceding dlscu331on, these generally correspond to maximum and minimum mar--

glnal v1s1b111ty, respectlvely

Also shown in Table 25 are selected marglnal costs associated with the
v131b111ty extremes To roughly approx1mate greatest cost-effectiveness,
the lowest marglnal cost’ ass001ated w1th the maximum marginal visibility is
listed for two unit fuel costs. Similarly, the least cost-effectlveness is
approxiﬁated by listing the meximum marginal cost asseciated with the lowest
marginal visibility. Average hardware and maintenance costs were used in

developing the table (i.e., data‘from’economic cells 2 end 5 in Table 21).

It should be noted that the costs shown are only for a cubed out truck
onerating on flat terrain. All cubed out trucks in the simulation were
loaded with B0,0CO‘ib.(13,6MO kg) of cargo such that the gross vehicle
weight, excluding the weight of add-on devices, was nominally 55,000 1b
(25,000 kg). Flat terrain was chosen here‘in order to provide the most
sensitive evaluatlon of marglnal costs as they are affected by aerodynamlc

drag and fuel consumption related thereto.

A final feature of Table 25 is the two columns listing marginal cost as
a percent of total operating cost. These percentages are based on a typlcal

total cost of truck operation of 5 mills/ton mile (3.4 mills/kg-m).

TR-1093-1 - ’ 220



' TABLE 25. APPROXIMATE RANGE OF SYSTEM BENEFITS
AND ASSOCIATED COSTS
Cross-Wind Case Tail-Wind Case?
Maximum| Marginal Cost3d P?_frcet”? Minimum| Marginal Cost3 Pf[rcet"t‘
! . ; “Mil of Tota : ; CoMila) of Tota
Sys em M.afgf",a‘ (Mills/Ton-Mile) Operating M.afgfn.a' (Mills/Ton-Mile) Operatlng
Visibility | Fuelat | Fuelat | Costd4 |[[Visibility| Fuelat. | Fuelat Cost4
(%) |[s0.50/gal.| $1/gal. | (Range) || (%) |$0.50/gal| $1/gal. | (Range)
T 0 0.0 0.0 0-0 o | 00 0.0 0-0
DI 6 -.126 -113 <3-2> 4 .404 . | -.862 | <8-17>
MO 71 .008 029 0-1 a7 -.272 -720 | <5-14>
M1 45 128 137 3-3 23 128 137 3-3
M2 46 066 071 1.1 24 067 071 1-1
M4 " 18 .038 .040 . 141 10 038" .040 1-1
M5 16 .027 - 028 7-1 9 027 .028 1-1
M6 70 -1.005 | -2.456 | <20-49> || a7 388 -.051 B-<1>
M7 70 -.055 -.037 <1-1> a7 -.332 -786 | <7-16)
E2 18 -.047 .002 <1>-0 10 080 | .062 2-1
R1 23 249 .300 5-6 12 376 .360 8-7
R2 23 .184 101 4-2 12 -013 | -.487 | <0-10p
P2 0 -.008 -.046 <2-1> 0 048 | 083 | " 1-1
P3 8 -.098 -.046 <2-1> 5 .048 053 1-1
G1 27 420 | .37 8-7 14 666 668 13-13
G2 13 .420 371 8-7 7 666 668 13-13
L1 30 717 - | 2577 | 4-52> 16 1.082 639 22-13
L2 24 -659 | -2.374 | <13-47> 13 1.452 1.468 29 - 29
L3 12 |-1.005 | -2.325 | <20-46> 7 683 | . .669 14-13
L4 18 -1.078 | -2.534 | <22-51> 10 315 -129 6-¢3)
V2 20 1.527 1,902 | 31-38 | 11 843 943 17-19 -
V3 24 817 955 | 16-19 13 .300 122 6-2
V4 18 465 601 9-12 10 -.052 -.232 {1-5)
F2 17 -.051 2033 | <1-1> 9 328 | -782 | (7-18)
F3-. 20 | -.996 | -2.448 |<20-49> 11 398« | ©-1043 8-<1

1Ap;:ﬁroximated by "cubed-out” tru'ck operating on flat terrain-with a2 15 mph (24 km/h) ambient wind 60°
_to the right of head-on. .

2Approximated by “cubed-out” truck operatmg on flat terrain W|th as mph (8 km/h) ambient tail wmd

3Assumes average costs for hardware and mamtenance (i.e., cells 2 and 5). See tables |n
Ref. 5 for other economic conditions.

4Assumes 5 mills/ton-mile, shown by Ref. 72 to be. 1yp|cal
Note: 1 mill/ton-mile = 0.685mill/kg+m and | gal. = 3.79L ; <> means negative.
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This base cost was derived from 1976 data published in Carrier Reports —

Financial Reports on the Nation's Leading Carriers (Ref. 72) and plotted in

Fig. 136. As can be seen on the figure, the chosen unit cost is representa-
tive of operations by fleet owners incurring total annual costs of -about’

$10,000, 000.

o N R
. 6
e ’r 2
e %
g . 14 @
= l : =
= | ' ..------
3 1 | 1 Jz

5 10 20 30

Annual Operating Expenses
(millions of dollars)

Figure 136. Total Operating Cost as a Function of
o Feet Size (Ref. 72)

b. Capital Cost as a Ranking Criterion

The benefit/cost rankings and ratios presented in Tables_22 and 23 are
gquite informative and useful in suggesting aerodynamic and sﬁlash and spray
systems worthy of further consideration. However, bperators will want to
gohsider other basic economic factors before selecting one or more systems
fdr installation. One important factor of this type'is the absolute level
of capital cost, and these values are summarized in Table 26. In Table 27
the 25 systems analyzed by AMV are grouped according to varicus levelé of
marginal visibility (taken from Fig. 135). Within each group, the systems
are then listed in ascending,ordef of capital cost. The results clearly

show the advantage of the assumed Reddaway system relative to this criterion.

~

¢. Fuel Savings as a Ranking Criterion

Still another economic cbnsidéfation‘¥— one giﬁen increased emphasis
since 1974 — is fuei consumption. Given a reasonably high benefit/cost
ranking, an acceptably low capital cost, and a minimum marginal visibility

advantage, the next most conspicuous selection factor is probably the degree
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TABIE 26. AVERAGE CAPITAL COSTS

Average Capital Cost
System Clﬂltt1|3|$ Per Year Per Day2 Per Vehicle-
ost’ (3) ($) ($) Miie3 (mills)
T 85 11 . 0.04 0.08
DI 475 79 0.26 0.52
MO 1,010 236 0.79 1.58
M1 590 187 0.52 1.04
M2 315 87 0.29 0.58
M4 205 54 0.18 0.36
M5 160 41 0.13 0.26
M6 1,305 ‘420 1.40 2.80
M7 730 167 - 0.56 1.12
E2 260 146 0.49 0.98
R1 390 219 0.73 1.46
R2 810 322 1.07 2.14
P2 295 74 0.25 0.50
P3 295 74 0.25 - 0.50
G1 260 260 0.87 1.74
G2 260 260 0.87 1.74
L1 1,250 810 2.69 5.38
L2 830 666 2.22 4.44
L3 625 239 0.80 1.60
L4 1.045 328 1.09 2.18
V2 1,145 370 1.23 2.46
V3 900 275 0.92 1.84
V4 780 189 0.63 1.26
F2 660 135 0.45 0.90
F3 1,230 403 1.34 2.68

1Midpoints of ranges given earlier in Table 24.

2Assumes truck is operated 6 days a week, 50 weeks a year.

3Assumes daily travel of 500 miles (805 km), or

annual travel of 150,000 miles (241,500 km).
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TABIE 27. _CAPITAL COST AS A RANKING CRITERION

Minimum Standard for Average Mdrginal Visibility

>5% >10% >15% >20% >30% >50%
M5 M5 M4 M2+ M2+ C M7t
M4 M4 M2+ M1 M1 Mo*
P3 M2° - 'E2 M7* M7* Me*
DI F2 M1 MO* MO*
M2° E2 M7* -G1* Me*
F2 M1 \Z| v3*:

@ E2 M7* Rl O MeT

O M1 V4 Mo* L2

K M7° R1 G1° L1

g \Z Mo* V3*

o “R1 L3 - R2°

T Mo* G1* L4

z L3 G2 V2

- G1* v3* F3*

o G2 R2* Ms*

= v3* L4 L2

S R2° V2 L1

g L4 F3*

= V2 M6*

,‘, F3* L2

: -Msg* L1
L2 .
RE

Cost Range || $41-810 $41-810 $54-810 $87-810 $87-420 $167-420

*'As shown on Figure 133, one of the 10 most cost-effective systems.
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of fuel savings offered under various operating conditions. One problem
in assessing this factor, however, is the degree of variation across these

different conditions. Several aspects are explored.below.

Répresentative Marginal Fuel Costs. 'In order to highiight'the-key

points, the fuel and other components of marginal cost® can be considered

under a rather limited but representatlve set of w1nd load ‘and terrain

conditions:

® A cubed out truck operating on .flat terrain with no
‘ wind, an average headwind, and an average 90 deg
anmbient crosswind (see summary in Table 28).

® An empty truck operating on flat, folling, and moun-
tainous terrain, with an average 90 deg ambient
crosswind in each case (see Table 29).

® A veighted out truck operating on flat, rolling, and
mountainhous terrain, with an average 90 deg amblent
crosswind in each case (see Table 30).
As can be seen in the three tables, only nine systems are listed. These.
systems correspond largely to those shown in Fig. 133 to have the highest
benefit/cost ratios. The one exception to this statement is system M1,
vhich has been deleted from consideration at this point because it has the

same performance characteristics as M2 at a slightly higher capital cost.

Assumptlons or conditions beyond those footnoted on the several tables

1nclude

® Average hardware and maintenance costs and a unit fuel
-cost of $0.50/gallon ($0.13/L), i.e., economic condition
Cell 2. (Fuel savings would, of course, increase propor-
tionally with increases in unit fuel cost.)

® Maximum truck speeds of 60 mph (97 km/h) on flat and roll-

: ing terrain and 55 mph (89 km/h) on mountainous terrain.
Equilibrium.truck‘Speeds in the sianation were often lower than these maxi-
mums on rolling and mountainous terrains. Average road speeds and other data
‘describing the movements are giyeh invApﬁendix E of Ref. 5. Those AMV com-

puter written tables also provide cost data on the balance of the 25 systems.

*Marginal cost is the cost difference between the basic truck and a
modified truck.
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TABLE 28.

WIND FOR 9 MOST COST-EFFECTIVE SYSTEMS!

DATLY MARGINAL COST -COMPONENTS AS A FUNCTION OF AMBIENT

Avera Average
system - Zero \_N'“d Head \‘J;vti?nd2 Cross \Iv;;ind2
Ope'r. & Tr.avel Total3 : Total3.4 Total34
Maint. . Time . .
MO $0.57 $0.00 -$2.66 - -$4.08 $0.04
M2 - 0.21 0.00 0.53 0.53 0.53
M6 1.11 3.74 2.29 0.87 -2.93
M7 0.39 0.00 -4,54 -0.42
R2 1.18 1.25 -0.76 -2.26 1.60
G1 0.41 3.74 5.03 5.03 4.04
L1 1.30 7.48 7.48 6.07 0.29
K 0.46 2.24 2.01 1,43 4.78
F3 1.24 3.74 2.35 0.94 -2.86

1 Cubed-out truck on flat road (i.e., 55,000 Ib. or 25,000 kg, excluding weight

of add-on devices). Assumes 500 mi. (805 km) of travel per day.
2 wind velocity equal to national annual average of 9.5 mph (15.3 km/h).
3 Daily capital cost also included in total; see values in. Table 26 '
4 Non-fuel marginal cost components same as for zero-wind case.

TABLE 29. DAILY MARGINAL COST COMPONENTS FOR EMPTY TRUCK AS A FUNCTION
- OF TERRAIN FOR 9 MOST COST-EFFECTIVE SYSTEMS!.
Flat Terrain - Rolling Terrain Mountainous
System Oper. & | Travel Total2 1 Total2.3 | Totai2:3
Maint. Time -
MO $0.46 | $0.00 -$0.08 $0.49 $0.45*
M2 0.17 0.00 0.50 0.50 0.50
M6 0.94 3.74 -3.11 0.62 2.11*
M7 0.31 0.00 -0.50 - 0.07 0.03*
"R2 1.06 1.25 1.48 - 2.28 2.36*
G1 039 | 3.74 4.03 4.42 4.15*
L1 1.14 7.48 0.13- 4.65 6.52*
V3 0.37 2.24 4.68 4.25 4.11
F3 1.07 3.74 -3.03 0.69 2.18*

starred (%) totals refect a lower marginal travel time cost due to
higher speed.
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90°, 9.5-mph (15.3-km/h) cross wind assumed; empty GVW nominally
25,000 Ib (11,360 kg)' excluding weight of add-on devices. Assumes
500 mi (805 km) of travel per day.

Daily capital cost also included in total; see values in Table 26
Non-fuel marginal cost components same as for flat-terrain case, except



TABIE 30 -

DATLY MARGINAL COST COMPONENTS FOR WEIGHTED OUT TRUCK AS A
FUNCTION OF TERRAIN FOR NINE MOST. COST-EFFECTIVE SYSTEMS'

C Flat Terrain - Rolling Terrain Mountainous
System e
S ?Mpaeirr;t.& L 1:;:_::' Totalzr 'Totalzv3 Total?:3

MO $1.76 $0.00 $1.38 -$2.38 $2.81
M2 0.57 0.00 0.93 0.93 0.94
M6 2.92 3.70 -0.85 2.14% 7.18
M7 121 | 0.00 0.52 1.52 1.95
R2 246 | 1.23 3.05 4.35 4.98
G1 0.56 3.68 4.15 4.64 4.97
L1 2.90 | 7.39 2.10 ' 5.45" 11.77
V3 1.44 2.21 5.83 5.41 5.05
F3 3.0 3.70 -0.84 2.15% 7.19

90°, 9.5-mph (15.3 km/h) cross wind assumed; “weighted-out” GVYW is
80,000 Ib (36,360 kg), including weight of add-on devices. Assumes
500 mi (805 km)/day. .

Daily capital cost also included in total; see values in Table' 26.
Non-fuel marginal cost components same as for flat-terrain case, except
starred (*) totals reflect a lower marginal travel time cost due to

higher speed.

Changes in Fuel Economy. Table 31 presents percéntage_changes in total

fuel consumption for the nine systems favored across all ‘categories in

Fig. 133. The conditions represented correspond directly with those used

"in Tables 28-30, above. Taken together, Tables 28-31 show that:

® Systems employing both a drag shield and & longitudinal
baffle (i.e., M6, L1, and F3) show excellent fuel sav-
ings under all conditions examined. These range from
about 3 percent for a heavy truck on mountainous terrain
to over 40 percent for an empty truck on flat terrain
(average ambient crosswind in both cases). In terms of
dollar savings, this corresponds to a range of about
$1-10/day.

o Systems employing a drag shield but no longitudinal
baffle (i.e., MO, M7, R2, and V3) perform best with no
wind or a headwind. With the exception of V3, typical
fuel economy improvements range as high as 12 percent,
equivalent to a saving of $5-6/day.
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TABLE 31

. PERCENTAGE IMPROVEMENTS IN FUEL ECONOMY FOR
- 9 MOST COST-EFFECTIVE SYSTEMS 1

By Ambie,n‘t'WInd 2 ‘ By Terrain, Empty 3 By Terrain, Weighted 3
System - - ‘
Head Cross L .
Zero Wind | - Wind Flat | Rolling Mtns.. Flat lRoIImg Mtns.

MO 10.3 >12O 2.1 3.0 1.8 -0.0 0.0 QO ) -0.0
M2 -0.0 - ."-0.0 . -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0
M6 10.3 - 12.0 21.3 - 32.8 14.5 7.8 .15.8 - 5.3 2.7
M7 10.3 12.0 2.1 3.0 1.8 . 0.0 0.0 0.0 -0.0
R2 12.1 12.0 4.3 4.5 3.6 2.0 . 26 0.0 -0.0
G1 | -0.0 -0.0 2.1 3.0 1.8 0.0 0.0 0.0 . 0.0
L1 10.3 . 12.0 25,5 - 41.8 . 18.2 9.8 18.4 7.9 2.7
V3 3.4 ~ 40 -2.1 -3.0 | -1.8 -0.0 -26-,| -00 -| -0.0
F3 10.3 12.0 ©21.3 32.8° 14.5 7.8 "15.8 5.3 2.7
1 4" is an improvement and "—" is a degradation in. fuel economy,‘s1gns app1y even to “0. 0 "

since this value is less than + 0.5.
2 "Cubed out" modified truck on flat highway.
3 90 deg, 9.5 mph: (15.3 km/h)_crosswind assumed.

® Systems employing neither a drag shield nor a longitu-
dinal baffle (i.e., M2 and G1) show very little, if any,
fuel savings. Only G1 demonstrated a small sav1ng, and
only under a crosswind condition on flat or rolling
terrain (2-3 percent, or $0.50-1.00/day) .

'Ranking by Dollar Fuel Savings. The nine cost-effective“systems (from

Fig. 133) are ranked in Table 32 in"a manner similar to that described in
the‘preceding section en capital costs. All nine systems provide a mar-
ginel visibility of atjleast 15 percent under‘the average headwind and
crosswind cases used. Within each of the four columns, representlng alter-
native levels of marginal v151b111ty, the systems are listed in order of

decreasing dollar fuel sav1ngs under the stated ambient w1nd condition.
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TABLE 32. FUEL SAVINGS AS A RANKING CRITERION

D Marginal Visibility Level
3 . ., . ) . i
215% >20% >30% >50%
o R2 M7 . M7 CM7 |
£ M7 MO MO MO
= MO L1 M6 M6 “3
§ L1 ‘ M6 M2 : £
x F3 V3 >
i-' G1 . ‘é
M2 . f§
g Lt . R 1.u .. M6 3.
£ F3 F3 MB, M7 e
3 M6 Me . | M7 MO 1
¢ ||  R2 R2 | Mo l
S M7 M7 M2 -
gl Moo | mo
E . G1 ' G1
0 M2 M2 .
@ V3 V3
! i.e., Absolute wind direction of 90° - . 2Based on “cubed-out” truck operating

Note: 1 mph= 1.61 km/h:" . on flat terrain; see Table 28.

4, Illustrative Results for Real-World Scena.i-ios

As discussed in Article C.k, above;‘five so;éalled real-world scenarios
were developed to allow the estimationlof Benéfits and costs over trucking
circuits between actual.U.S. cities.l These circuits were described geo-
graphically in Fig. 132 and Table 26. The truck loading assumed by trip
leg is further detailed by AMV in Appendix C of Ref. 5, which is also use-
ful in correlating prototypical and "real world" results on the basis of

. 8imilar trip leg characteristics.

Overall Results. Table 33 shows some illustrative results of the cost-

effectiveness simulation for the "real world" scenarios. The three aerody-

namic and splash and spray systems chosen for this presentation are:
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TABLE 33

ILLUSTRATIVE RESULTS FOR "REAL WORLD" S(.?'EI\TARIOS1’2

Geographical End Distance M2 ($315 InH.‘Cosl) M7 ($730 tnit. Cqsl) M6 ($1,305 Init. Cosl)

Scenarlo Points of Trip Leg Traveled Marginal | Total Mar- || Marginal Total Mar- || Marginal | Total Mar-

(See Fig.132) {Mites) Visibility |ginal Cost || Visibility | glnal Cost || Visibility | ginal Cost

(%) ($/Trip)3 (%) ($/Trlp) 3 (%) ($/Trtp) 3
National|| Raleigh, N.C.—Los Angeles 2,550 45 8.47 73 -9.02 73 17.54
(NA) Los Angeles — San Francisco 380 37 0.70 57 0.02 57 0.23
San Francisco— Philadelphia 2,850 37 5.17 57 2.47 - 57 38.27
Il Philadelphia— Raleigh, N.C. 390 46 0.72 . 70 1.01 70 1.55

Full Circuit (& Avg. Mar. Vis.) 6,170 41 15.06 64 ) -5.52 : 64 57.59 4
North | SL. Louis —Denver 860 47 0.88 7 T -6.16 73 2.79
Central || Denver—Chicago S ]+ 1,000 a7 1.20 .57 -2.90 57 7.00
(NC) | Chicago—St. Louis 290 46 0.54 70 0.04 70 . -0.79
Full Circuit (& Avg. Mar. Vis.) 2,150 42 2.62 65 9,105 65 9.00
South- |l Jacksonville —Montgomery 345 ° 41 '0.64 63 " .0.87 63 2.63
East Montgomery—~ Mobile 170 . 46 0.31 70 "-0.03 - 70 0.56
(SE) Mobile—Jacksonville 410 . o3 0.42 57 -1.17 57 3.13
Full Circuit (& Avg. Mar, Vis.) 925 40 1.37 .62 -2.07 62 6.32
South- || El Paso, TX—Phoenix 400 37 0.44 56 - 0.54 56 4,26
West |t Phoenix— Socorro, NM -385 24 0.72 37 1.31 ) 37 6.28
(SW) | Socorro, NM— El Paso TX 190 46 | 035 70 0.58 .70 1.90
Full Circuit (& Avg. Mar, Vis.) 975 | 38 | 151 51 ° 2.43 51 12.44
Intra- (| Salem, OR — Portland 45 37 ‘ 0.10 . 57 0.11 - 57 0.31
Stale Portland — Madras, OR 115 37 0.17 " 60 0.18 60 . 1.09
(1S) Madras, OR — Bend, OR 45 46 0.06 »70 0.02 70 0.25
Bend, OR— Salem, OR 130 34 0.18 52 0.00 52 0.94
Full Circuit (& Avg. Mar, Vis.) .335 37 0.51 58 0.31 58 2,59
1 Source data in Appendix G of Ref. 5. Note: 1 mile = 1.61 km.

2 positive figures indicate additional marginal trip costs and negative figures indicate
a marginal trip cost savings.

3 Assumed fuel cost is $.50/gal ($.13/1).

4 If fuel cost is $1.00/gal ($.26/1), the marginal trip cost would be reduced by $24.07
to $33.52. . .

5 If fuel cost is $1.00/gal ($.26/1), the marginal trip cost would be reduced by $11.15
to a trip savings of $20.24.

—
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® Among the four most. cost-effective systems on an
overall basis (refer to Table 22).

® Among the five systems providing.an average mar-
ginal visibility of 30 percent or greater (see
Tables 27 and 32).

® Potential extensions of the basic M2 Reddaway flap

system, i.e., M7 adds .a drag shield to M2 and M6

adds both a drag shield and a longitudinal baffle.

Hence, they represent a good range of both drag/fuel

consumption effects (refer to discussion in preced-

ing article) and initial (or threshold) costs (see

Tables 18 and 26 for more detailed data).
The full set of "real‘world" simulation results is presented by AMV in Appen-
dix G of Ref. 5. These printouts describe in detail the operating conditions,
truck loading, and marginal costs and benefits for all 25 evaluated systems.
Average hardware and maintenance costs were assumed for all runs, as was a

unit fuel‘cosf_qf $O.50/gallon ($0.13/L), i.e., Cell 2 economic conditions.
The results are discussed by scenario in the following paragraphs.

National. The three systems yielded a wide range of marginal costs, with
"M7 clearly the best due to fuel savings on the westbound (headwind) leg. If
initial system installation cost were a concern for a large fleet, however,
M2 would be a close second with a relatively modest marginal cost of $15 for
over 6000 miles (9700 km) of travel.

Since many cross-country trucks are already egquipped with drag shields,
the addition ‘of the Reddaway flaps of the M2 configuration (net initial cost
of $415) would yield System M7. Providing a very substantial marginal visi-

bility of 64 percent, this would be an attractive option for national service.

North Central. On this mid-range circuit of 2150 miles (3L60 km), all

three systems would provide good service at a reasonable cost. Although M7'
and M2 still rank better than MF, the latter would be a good option if normal
operations in the plains states also involve a significant amount of north-

south (crosswind) travel.

Southeast. On a marginal cost basis, these results are quite similar to
those for the longer North Central scenario. However, Table 20 shows signi-
ficantly heavier rainfall in the Gulf Coast states. Therefore, serious con-

sideration should be given to using M7 or M6 with their superior marginal
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visibility. For trucks operating up and down the Florida'peninsula or
Atlantic seaboard, where a crosswind prevails much of the time, M6 might

be preferred because -of the significant potential fuel savings.

Soufhwest. In dontrast, the Southwest scenario ié characterized by
mountainous terrain and much lower rainfall. All three systems were found
to have posiiive mérgiﬁgl bosts, due to the fact that the drag reduction
effects of the add-on QeVices are less consequential in awsifﬁation Where
grade resistance is such ‘a large fuel consumption factor. System M2 would

probably be préferred for trucks limitea toithié operating environment.

Intrastate. Since the intrastate route chosén_in-Qregon‘incurs very
frequent rain to the west of the Cascade Mountains, M7>or M1 would be
strongly preferred over M2. Also, for trucks Qperating primarily‘in the
crosswinds of‘the Willamette Valley (I-5), System M6 with its iongitudinal

baffle would offer substantial potential fuel savings.
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_SECTION VIII 7
CONCLUSTIONS AND RECOMMENDATIONS

ThHe overall objective of this program has been to develop methods to
minimize the adverse effects of truck aerodynamics and splash andrspray.
These. adverse effects include those related to truck operations, such as
-econony; and to the influence of the truck on an adjacent moterist, passing
Oor operating ih the vicinity. As detailed in prior sections, our approach
in Phase 1 has been to better understand the problem by a combination of
analyses and experiments, and then to interpret the results in terms of vehi-
cular operations on the highway. As a result, methods have been identified:
and studied which have the potential to reducé significantly the presence
and inflﬂehcé of the adverse effects of said aerodyﬁamic, splash, and spray -

factors.

The results and interpretations of those analyses and experiments are -
summarized in this section to form the conclusions and recommendations for

Phase 1. The diécussion is organized in accordance with the preceding sec-

tions, to present conclusions with respectlto the following:
® Aerodynamics | ,
® Splash and spray | , ‘ ' . ;
o Driver/vehicle performence |
® Cost-éffectiveness‘ i

The contractually required "list Of probable techniques" is also included,

'~ together with recommendations for over the road‘eyaluation in Phase 2.

A. AERODYNAMIC EFFECTS

Aerodynamic factors can be divided into two categories for convenience
of discussion, those related to truck operations, mainly drag, and those

involving the force and moment distqrbance of the adjacent car.
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1. Truck Alone

Most tractor plus semitrailer combinations are similar in overali size
and shape, since they are legally constrained. As a result, aerodynamic
differences which can occur tend to be small. An understanding of the
gross flow properties can help to interpret the aerodynamic results and

conclusions, as noted below.

Due to the boxy, bulky shape of the typical semitrailer, for zero cross-
wind there is always a typical subsonic base separation region at the rear
face. Whether the flow is separated élong the sides depends upon the length
of the trailer, and on the details of the corners of the front face, as well

as whether devices haVe'been installed on the tractor or semitrailer.

The fibw around the front of the truck varies somewhat depending upon
the design of the tfactor. A'signifiéant flow aspect from the points'of
view of aerodynamics and splash and spray is the pfonounced downard flow
through the gap between the tractor and semitrailer. This flow generaily
increases with-increase in gap distance. Drag reducing shields mounted on
the semitrailer roof can significantly alter this flow, also, and can elimi=-
nate the downward vertical component if the shield is appropriately sized
for the proportions of both the gap and the step height. The latter is the

difference in height between the tractor and semitrailer roofs.

Considering the flow streamlines for the case of a crpsswind; a dis=
tinctly different aerodynamic situation occurs. At angles exceeding about
a 10 deg relative crosswind there is massive’separation not only at the
base and behind the tractor, but also on the lee sides of both the tractor
and the semitrailer. Although the flow is very complicated, and specific
details vary'for-different geometries, the important result is that in all
cases near the wheels, on the lee side there is a major volume of separated
flow. Variables which change this significantly include the size of the gap
and any gap sealing devices, the rounding of the side edges of the van semi-
frailer, changes in semitrailer type (emg., van vs. tanker), the effects of
a drag-reducing shield on the tractor, and the mounting of an underbody
baffle. Although it doeé affect the flow around the tractor tandems, remov-

ing the gap, eifher by moving the tractor close to the semitrailer face, or
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by adding a gap splitter panel as a gap sealer, does not greatly affect
the large turbulent separated area in the lee of the semitrailer in a cross-

wind. This is largely because of the strong three-dimensional effects on

the separated flow moving over the top and bottom of the rig.

Drag data for the various types of trucks were presented in Sectioﬁ v,
and the highlights can be summarized as follows. The CBE results did not
differ particularly from those for the COE, with no crosswind, and this is
confirmed in the literature. Adding trailers to create double and triple
combinations adds a relatively small drag effect in comparison -to the .
increase in cargo capacity, for the no crosswind case. The drag effect
of longer combinations in a strong crosswind is more pronounced, as would
be expected, but the drag still does not increase in direct propbrtion to
size or lemgth. Upon shortening the gap between tractor and semitrailer,
the drag with no crosswind was essentially unchanged, whiie with a relative
crosswind the shorter gap resulted in a reduced effecﬁive drag. Rounding
the lgading edges of the semitrailer decreased the drag slightly with no
crossﬁin@, and produced a reduction in the drag in the crosswind case of
nearly 20‘percent. The additibn of a tractor-mounted drég shield reduced
the drag by about 20 percent in the.ho wind or headwind condition. The drag
shield is relatiVely ineffective with a ciosswind condition, however. In
general, for the basic truck the aerodynamic drag increased substantially
for relative crosswind angles of about 20 deg or.greater. The increase can
‘vbe about as much as 70 percent for such a crosswind. Of all the devices
tested, the longitudinal baffle under thelsemitraiLerrar thg longitudinal
‘baffle plus tﬁe gap splitter panél were the only ones to show a signifipant
reduction in the crosswind drag. With both devices mounted, the drag in the
20 deg crosswind reduceéd to the value of the basic truck in the no crosswind
case. With only the longitudinal baffle under the semitrailer, the drag
increase in the 20 deg crosswind was only abcut 15 percent, instead of the
70 percent increasé noted above for the basic truck. The wind tunnel results
showed that the angled side vanes around the wheels (designed to reduce splash
and spray) could actually increase the drag significantly, if they were not

mounted and adjusted in an appropriate way.
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Other forces and moments werevmeasured‘on the truck models as a func-
tion of relative crosswind angie. of mﬁst interest were the side force,
and yaw and roll moments. The longitﬁdinal baffle had a very significant
effect on the side force (Cy, ) and roll moment (Czww) coefficients, as would
-be expected. The gap splitter panel changed.the.signfof the yaw derivative,
althdugh the side force coefficient increased in magnitude only a small |
amount. This change in the yaw derivative could lead to a more sensitive
crosswind guét response, particularly with a'lightly loaded truck (neglect-
ing articulation dynémics). The shorter gap (30 in., 0.76 m) resulting from
the gap filler.block lead to a similar trend. The coefficients vary quite
g'bit for the.other truck configﬁratidns,,and the differences are what would

be éxpecfed'from overall geometry and shape factors.
2. Adjacent Car Disturbance

The force and moment data on the adjacent car were measured for various
truck configurations. In general the data had a similar form to that result-
ing from flow around the basic truck, as measured in prior studies. The more

interesting variations which did occur are discussed below.

With the tractor plus flatbed combination the data differ in the region

_ of the semitrailer as would be expected. With the flatbed and no crosswind,
the flow converges behind the tractor{ mbdifying the sidé force and yawing
moment on the car, by comparison to the basic truck case. The crossWind-data
are different alongside the semitrailer, but the effect is not iarge.  The
presence of the unloaded flatbed still causes a Shadowing‘effect, probably -
.‘becéuse the top of the truck bed‘is'hearly as high as the tdp‘of thelcar.

Comparison between the basic truck and the liquid cargo tanker, in terms
of -the force and moments on the adjacent car, showed that the_disturbance
effect was quite similar in the no crosswind case. With a croSsWind, there
ﬁere some differenc;s in the region around the gap and the tractor tandems,
probably due to the more open nature of this part of the tanker semitrailer.
‘Thé‘basicutruck with its box type van sits more qlosel& on the top of the

wheels.

Comparing the CBE (conventional) and COE tractors shows that the level

of the bow wave is’réduced with the former. 1In a crosswind there are minor
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‘differences along51de the CBE tractor whlch are attributable to ‘the 1orger
_cab and shorter gap with the conventional conflguratlon Overall however,
the differences in the adjacent car disturbance between the CBE and CCE

are minor.

Contrasfing'the 3 axle COE plus 4O ft (1212 m) van, the vasic truck,
with the 2 axle COE plus 27 £t (8.2 m) van, the ba31c ‘effect in the data is
the expected foreshorfening The varlatlon in the side forces alongS1de
the truck have similar form and magnltudes but they occur over the corre-
spondlng shorter distance. The yaw moment curve shows about half the peak
to peak variation along the rear part of the semitrailer,‘and gives a smoother
variation along the forward part of the truck also This reduction in dis-

turbance is probably due to the shorter gap ‘and changes in the wheel spa01ng

In the 2 axle COE plus double van comblnatlon, there is little effect
of the presence of the semltraller trailer gap in the no crOSSWlnd case.
With a crosswind, the disturbance at the gap between the trailers is simi-
lar to that which occurs at the rear of the tractor. The overall Wake effect,
then, occursrat the rear of the seoond semlitrailer. Considering the change
in form due to the different semltraller lengths, the peak to peak adgacent
car excursions with the doubles rig are about the same as for the basic

truck.

Comparing the dry cargo tanker with the basic truck, there is little
difference in the no crosswind case. With the car downwind in the crosswind
case, the differences are still minor except for a small shift related to
the reduced length of the example dry cargo tanker, compared to the basic

semitrailer.

The forces and moments on the adjacent car in the presence of the basic
truck outfitted with various devices were also studied. With the exception
" of the longitudinal baffle, the changes in the adjacent car disturbence due
to the devides were minimal. The‘longitudinal baffle did have a substantial
effect on the wake flow and hence on the disturbance in a crosswind, with
the car in the lee of the truck. Correlations with prior resolts indicate
that this would degrade driver/vehicle performance in the crosswind case.

The result is not unlike that which oceurs with a moving van" underbody on
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the semitrailer, which drops closer to the ground and causes more crossflow

shadowing.

Overall, fairly large changes in truck configuration resulted in .only
detailed variations in the force and moment disturbance Qf_the-adjacent
car. Tt is clear that the main disturbance effect is caused simply by the
overall size and bulk of the truck. As a result, the most éignificant
effects result from changes in semitrailer length or adding additional
trailers. The results of prior studies indicate that the detailed changes
which occurred would not have much effect on overall driver /vehicle system
performance. By compariéon, fairly major changes in édjacent car perfor-
mance result from variations in such things as car and truck speed and thé

relative wind geometry, as discussed in Section III.
B. SPLASH AND SPRAY EFFECTS

The process of spray formation is discussed in Section III based on thé
detailed development in Ref. 4. The discussion shows that there are four
primary mechanisms for water ejection by a tire. These include the bow and
side splash waves, tread pickup, and capillary adhesion. All four are func-
tions of tire speed, foad water depth, and tire tread depth. Based on the
qualitative results available, a simple model was constructed to describe
splash and spray generation by a single wheel. 1In this model the bow wave
accounted for about 10 percent of the water mass flow, and each side wave
accounted for about L5 percent of the water mass flow, or roughly half the
remaining. Cépillary adhesion comprised only about 1 percent of the tread

pickup.

The single wheel model results, together with the data from the full
scale laboratory tests, were used to estimate water flow and dispersion
for the complete truck. The results are given in Section III, and they
show that about 75 percent of the water éncountered by the steered wheels
is transported into the tractor tandem duals as tread throw, and this is
combined with the additional water flow'intd the other tire of the duvals.
Most of the water flowing into the tractor tandem duals is dispersed by
them, either as side wave or-tread throw, and only about 10 percent of the

water encountered by the tractor tandem wheels carries back into the tandem
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duals of the semitrailer. This further:confirms the imporfance of the
tractor axles, in particular the leading axle of the tractor tandem duals,

as a major source of splash and spray.

To complete the anslytical understanding, these spray streém mass flows‘
were used by AVI as the source strengths, for therspray dispersion .analysis.
It was based on the Pasqual-Gifford diffusion relations, with the mean and.
turbulent wake flow velocities and spray source strengths estimated on the
basis of analysis and the full scale data. The resulting model was used to
compute spray droplet behavior and dispersion in the plumes downstream of '
the spray sources on the ftruck. The results were presented graphically for
various locations arcund the truck and various ambient wind conditions in
Ref. L, and examples are given in Section III." In general, these analytical
results were in good agreement with the spray-related visibility/measures
obtained during the June and November full scale tests. The resulting pro-
cedure is a tool that can be used to make initial estimates of changes in
the spray patterns due to the inétallation of devices which could either

change the source strength or modify the mean wake flow properties.

From the standpoint of the adjacent driver, splash and spray has been
quantified and interpreted in terms of its effect on visibility. Based on
results of the June tests, the several different tractor/semitrailer con-
figurations were shown to create similar visibility levels in the adjacent
lané on the average. This was true for both the raw downwind laser data
and for the scaled visibility values, considering all the available results.
In the raw data with the car downwind, the visibility with the CBE (conven-
tional) tractor was somewhat better on the average than that for the CCE
tractor, for a given semitrailer configuration. The scaled results showed
less difference due to tractor type. Overall, the differences between the
different truck configurations ﬁere on the order of 5 visibillity percentage
peints. Since‘this is about the resolution accuracy that can be obtained
with such visibility measures, it can be cohcluded that there were not sub-
stantial differences across the truck types in their current configurations.
Put another way, the improvement in visibility that was achievea with various
splashland spray and aerodynamic devices was substantially greater than the

variations seen among the different basic truck configurations. As an
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exception to this general‘finding,ﬁthe[basic truck consisting of the 3 axle
COE plus the LO ft (12.2 m) van generally showed somewhét-lower.visibility
values. This probably does reflect an adverse influéncé due to the size -

and shape of that semitrailer compared to‘the”other configurations tested.

Visibility results were shown in Section VI in terms of both the raw
»défa (with the sensors downwind) and the scaled visibility values. These
vraw and scaled results ére'generally in good agreeﬁenﬁ. This demonstrates,
first, that most of the data were obtained: for conditiens nearer the refer-
ence scaled values and, second, that:thelSéaling procedure is a relatively
“conservative one. In general, fhe ranking for most of the better devices

was largely unaffected by the scaling process.
J

Overail, the'visibility fesults showed that the most éfféctiVe devices
are the Reddaway collector ferders with the drag shield (MO and M7). The
Reddaway system plus the drgg-shieid plus the longitudinal baffle (ME) was
equally effective} Somewhat less effective were the Réddaway fender systems
Withoﬁt the drag shield (M1 and M2). Of the other systems tested, the fol-
lowing shoWed suBstantial improvement over the basic fruck, but not as much

as the Reddaway system:
® Roberts fender (R2)
® Gap filler panel in the upper position (G1)

® Longitudinal baffle, with either or both of the
gap splitter panel or drag shield (L1, 12, or Lk4)

® Angled side vanes (V3 or Vi)

'@ Fuzzy truck with either the drag shield or the
longitudinal baffle (F2 or F3)

Adding the longitudinal baffle to the Reddaway fenders was estimated to have
exceilent potential as an alternative. The data show that the fuzzy truck
with the'drag shield is fairly effective, and the results suggest that adding
the longituﬁinal baffle would give further improvement. The European fender
was showh to be competitive with the simpler Reddaway configurations, that
is,‘the'ohéé“wifhbutrthe very important Reddaway side skirt. The European
fender was similar in visibility performance to some of the better aerodyna-
mic devices such as the gap filler panel,'the éngled side vanes,‘and the

partial gap panel.
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The drag shield.alone on‘ﬁhe'bagic truck provided only a small improve-
ment. Yét, when coupled.with some of the collector-type devices it- gave
a marked improvement inréhe overall visibility, for reasons discussed in
_Sécfion IV. . The drag shield also complemented the underbody baffle. . It -
did“not-help-much with other devices that tend to modify the.gap flow, - .
such as the gap filler panel, partial gap panel, and quarter fenders at

the front of the tractor tandems.

- Overall, the visibility results in ‘Section VI showed that several kinds
of devices and'appfoaches have good promise for alleviating the effects of
splash and. spray on the adjacent motorist. . At the samé time, some of the:
ideas were not particularly useful, and even resulted in greater amounts of
_ spray than the basic truck. The visibility results. presented in Section VI
were a primary input to the cost-effetﬁngness analyses in Section VII, and
they also comprise an important input to planning for the over the road

assessments in Phase 2, as noted subsequently.
C. TPERFORMANCE OF ADJACENT DRIVER/VEHICLE

Variations in adjacent‘driver/vehicle system performance with cﬁanges
in the commercial vehicle configuration, and the geometry of the situation,
have been studied in-detail in past research studies, as discussed in Sec-
tion III. The results given there show that good correspondence can be
échieved between empirically based analytical calculgtions-and corresponding
full scale vehicle response and performance data. In general, the situa-
tions can be divided into: 1) zero crosswind cases; and 2) those cases
involving a substantial relative crcsswind Qith the disﬁurbed car downwind
of theitruck or other commercial vehicle. The consequences of these two,

situations are summarized bélow;
1. Zero Crosswind Case

With_zero crosswind the principal disturbance results from the flow
around the bluff front of the truck. Typically, tﬁat disturbance results
in‘a small deviation of the driver-éont;dlled ad jacent éar, typicallylabdut
1 £t (b.f‘m) peak #alue. Gross changes in truck shape, including stfeam-

lining of the traétor; have a relatively minor influence on adjacent car
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-performance. On the other hand, changes in'éar and truck speed can have

a large effect due to the increase in the aerodyhamic forces and moments
resulting from the higher dynamic pressure, q. Variations in the lateral
useparation of the car and truck can also éhange the magnitude .of the per- -.
formance deviation, with closer clearances resulting in a'larger displace-

ﬁent of the car in the direction away from the truck.

As would be expegted,ilarge, low density pasSenger vehicles such as
vans and campers are more affected by the truck disturbance than conven-
tional sedan configurations.:HCars towing trailers are particularly suscep-
tible to the truck-induced aerodynamic disturbance. The resulting response
- and performance of these types of vehicles are influenced by bothjtheir

aerodynamic properties and. their directional handling properties.
2. Crosswind Case

In the crosswind case, with-the car downwind of the trﬁck, the ambient
wind is shadowed and blocked by the presence of the truck as the car passes
alongside. This can result in a larger'peak lateral position excursion.
Typicai peak magnitudes can be as much as 2 to 3 ft (0.6 to 0.9 m) towards
the truck, as shown in Refs. 2 and 3. Changes to.the truck configuration
which cause more crossflow blockage, such as with a moving.van underbody
or the incorporation of a longitudinal baffle, can increase the peak devia-

tion of the car/driver system even more.

Results in Ref. 3 obtained with both a rectangular block (no underﬁody
clearance), and representations of the truck with van underbodies extending
nearly to the ground éhow(peak deviations of about 4.5 ft (1.5 m). The
longitudinal baffle aerodynamic data are closély analogous to the moving
van underbody results previously obtained in Ref. 2. The adjacent car
response in the crosswind is dominated by the wake effect which results
from the truck blocking the flow. The main disfurbance is large and of

lower frequency, and this causes the greater path deviation.

Variations in car-truck centerline separation have less effect on the
disturbance magnitude with a crosswind than fhey do in the zero crosswind
case. The magnitude of the relative wind angle is also important. For

relative angles less than about 5 deg the behavior is close to that of the
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zero crosswind case. As the relative angle increases above about 10 deg
with the car downwind, then the flow transitions to the dominant crosswind
case. In addition,‘varying the relative speed'of the car and the truck can
have a substantial effect on performance with the worst results obtainiﬁg‘
for both vehicles traveling at high speeds with a relative velocity differ-

ence on the order of 5 mph (2 m/s).
3. (Car end Truck Oncoming

With the car and truck oncoming, the disturbance on the total car is
somewhat less than for the crosswind case. This is because the relative
speed is very high, and the resulting aerodynamic disturbance, although an
intense pulse, has a short dﬁration. This, in turn, results.in a relatively
small lateral deviation. As noted in Section III, the median on most modern
highways further increases the separation and reduces the disturbance effect

due to oncoming vehicles.
L. Preliminery Simulator Results

Tests were run on the STI Driving Simulator early in the program to
make a preliminary study of the effects of visibility chenges on driver
performance, and to gain a further understanding of the important visual
cues. Related to this was an interest in trying to identify important spray
cloud shapes and patterns and to further develop potential visibility and

performance measures for use in the full scale splash and spray experiments.

Overall, the driving simulator results showed that system performance,
as measured by the lateral lane position, was not significantly impaired
under the combinaticns of visibility and aerodynamic disturbance conditions
would could be used. The response variables of yaw velocity and lateral
acceleration did show minor effects resulting from changes in the aerody-

nanic disturbance amplitude, as would be expected.

The driver evaluations of accident risk showed that a large aft cloud,
which obscured visibility before the driver encountered the truck, did
result in substantially poorer ratings. The ratings were also quite sen-

sitive to the aerodynamic disturbance magnitudes, and this tended to
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accentuate visibility differenceés in an interaétive sense. Task difficulty
ratings showed similar results. Overall,‘the'Sijective ratings were more
sensitive to changes in the visibility and disturbance conditions than were

the objective performance results.

'The simulator results showed -that spray cloud length behind the truck
had a significant visibility effect. This helped to focus aftention on *
.méans to minimize the spray cloud length in the adjacent lane. The measured
' interaction between visibility effects and the aérodjnaﬁic‘distﬁrbancé level
also underscored the importance of minimizing the aerodynamic disturbance,

particularly in the crosswind cases.
5. Connections Between the Measures

To codify splash and spray data interpretation and comparison, it was
useful to relate the several‘measurés available to one variable, which could
then provide the basis for analysis of experimental effects. This was done,
and the resﬁlt was that the visibility transmissivity of the laser at_é ft
(0.6 m) provides an index that is selective, representati%e, énd:parametri-

cally well behaved, as detailed in Section VI.

Specifically, there was a strong correlation between measures made by
the laser at 2 ft (0.6 m) and the laser at 6 ft (1.8 m), and between the
laser at 2 ft and the photometer, for both upwind and downwind-cohditidns.
Hénce, the laser and photometer results were shown to be relatable, and we
could choose the laser at 2 ft to be a correlating dependent vafiable, for

convenience.

The laser and photometer results were also correlated with the perfor-
mance of the adjacent car/driver, and with the trackside observer and adja-
cent driver ratings. These correlations suggest that the 2 ft laser is
viewing that portion of the lane, and the splash and spray cloud, to which
the observer is most sensitive; and that the 2 ft laser measures correlate
well with driver perceived highway visibility properties also. The path
performance of the adjacent car also correlates with the visibility in an
inferse way, with reduced visibility resulting in poorer performanée, as
reflectéd in larger‘meah square lane deviations. ;ﬁteresting, too, is the

fact that the driver performance remains fairly constant until the'visibility'

TR-1693-1 o ‘ 34k



reduces to about 30 percent, as measured by the 2 ft (0.6 m) laser values.
Then the performance began to degrade markedly. By contrast, the driviﬁg
_ simulator results did not show a degradation in performance, suggesting
that perhaps the vigibility conditions, coupled with the total task sce-
nario in the simulator, were not as severe as the more critical cases

encountered in the full scale tests.

Ovefall, the results demonstrate that adjacent driVer/vehiclé perfor-
' mance aﬁd'visibility are related, and that the latter can be used as a

- surrogate for the former in assessing the effect of changing £he effect of
truck configuration or incorﬁorating devices to alleviate splash and spray.
It is also shown in.Sectioh_VI that, while performance and rating each vary
with visibility; fhey do not covary. This suggests that their respective
variations with visibility relate to different factors or elements in the'
overall situatidﬁ, which further supports the conclusion that visibility

values are the pertinent 6bjective figures of merit.
D. COST-EFFECTIVENESS

Operatihg sceﬁéfiés‘have been defined as a combination of aﬁbient wind
condition, truck loading, and severity of terraiﬁ. Using these scenarios,
the various truckfplus device‘éonfigurations have been evaluated in terms
of their cost and their potential for alleviating the adverse visibility
effects of éplaéh'and spray. The results are summarized in Section VIi,

based on the detail in Ref. 5.

The cost-effectivenéss'énalysis considered marginal costs and benefits

| related to the presence of the add-on devices. Included in the marginal
costs were fuel, the capital costs of the add-on device, associated special
operating and'maiﬁténance costs, and the cost of any travel time;differenf
tial. Thesé marginal‘costs were totaled and.expressed in térms Sf a cost
per ton mile. The marginal benefits were quantified in terms of the change
in‘visibility or -the ﬁisibility margin attributable to a given device, as
determined in the‘fuli scale splash and spray tests and the subsequent data
interpretation. This marginal visibility benefit was scaled for-the wind

conditions and the truck speed.
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Truck weight was an important factor in this evaluation, also. This
included not only the weight of the cargo, and considerations of cargo.
volume, but also the incremental weight change dué to the presence of the

add-on devices.
1. Overall Results

The overall benefit to cost rankings for the truck plus device configu-
rations analyzed by AMV were presented in Table 22 of Section VII. The
results shown there can be highlighted as follows:

® The Reddaway systems and their variations ranked the

highest. ©Note that the Reddaway systems without the.

side flaps were ranked relatively low, due to a com-
 bination of visibility and marginal cost factors.

) Systems with intermediate overall rankings were dis-
tributed among four other truck plus device categories.
These include the longitudinal baffle, the gap filler
panel in the upper position, the angled side vanes,
and the Roberts fender. . ' o

® FEconomic condition had a relatively minor influence
~ on the rankings. Seventeen of the 25 systems analyzed

maintained the same rankings across all six economic
cells, despite variations in assumed cost and- fuel
prices. The rankings of the other eight systems varied
by no more than 1 to 4 places. The highest ranked sys-
tems were generally least affected by variations in the
economic assumptions. :

These ranking results were generally borne out and elaborated by the cost-

effectiveness values discussed below.

The overall average values of the mixed unit benefit to cost ratios were

presented in Table 23 of Section VII. Highlights include:

® Systems using a drag shield generally had higher B/C
" ratios with higher unit fuel costs, because of the

resulting fuel savings. This included the Reddaway
systems, the longitudinal baffle, the Roberts fender,
and the fuzzy truck when run with-the drag shield.
This was not true with the angled side vanes where
the drag shield is apparently unable to offset the
drag penalty due to the presence of the side vanes.
Although other marginal costs were considered, the
one related to. fuel appeared to be the most signifi-
cant in these comparisons.
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® Some of the differences which were seen in the aver-

age benefit/cost values were due to the presence of

the longitudinal baffle under the semitrailer. This

comparison was particularly evident for the cases

with the longitudinal baffle and no drag shield, where

the predominance of a crosswind component in the sce-

nario is offset by the drag reduction provided by the

baffle in a crosswind.
Aithough the benefit to cost ratio was structured to be especially sensitive
to changes in benefit (visibility margin), some variation was evident across
the six economic conditions, as noted. To minimize the possible influence
of economic assumptions relating to fuel costs or the cost of hardware and
maintenance, the benefit to cost ratios were averaged over the various
economic conditions. The results were presented graphically in Fig. 133
of Section VII. That presentation confirmed the substantial superiority
of the better Reddaway systems while at the same time demonstrating that
viable alternatives exist in several of the other truck plus device cate-

gories.
2. Aerodynemic Factors

An interesting result of the truck aerodynamie measures and the subse-
quent analyses is that the air resistance power (drag) is a maximum for an
anbient wind angle of approximately 60 deg and speed of about 10 mph (3 m/s).
This fact is not genefelly recognized. When coupled with the result that the
drag shield is relatively ineffective in such an ambient crosewind, one con-
. cludes that conventional solutions to -the drag problem may not be as effec-
-.tive as they could be. This further suggests that the longitudinal baffle
and gap splitter panel concepts should bear further investigation for their
potential economic advantage, splash and spray aside., It should also pro-
vide some impetus for additional investigations of devices which might reduce

the aerodynamic drag of the truck in typical crosswind conditions.

At the same time, cost-benefit analyses reflect the advantage of the longi-
tudinal baffle in reducing the splash and spray for the motorist passing down-
wind of the truck. This combined effect would be even more drametic except
for the fact that the crosswind is often from the same side of the truck that

the motorist is on, in which case the calculation shows only the reduction
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in the cost due to reduced drag and not the corresponding visibility bene-
fit. A caveat here, of course, is the fact that the blocking of the flow
under the semitrailer can worsen the force and moment disturbance of the

adjacent car,‘as d1scussed above and in Section V.

The previous comments related to truckldrag“and fuel economy warrant
some elaboration. Those systems which employ both a drag shield and the
longitudinal baffle, such as M6, L1, and F3, show good fuel savings under
all conditions examined{ The leest savings occurred with a heavj;truck on
mountainous terrain due to the lowVSpeeds involved, while the greatest
 improvement occurred with empty or lightly loaded trucks.on flat terrain.
Those combinations whlch used a drag shleld but no longitudinal baffle, such
‘as. M7, 'R2, and V3, gave the best results ‘with no wind or only a headwind.
Fuel economy improvements in ‘those cases were as high as 12 percent with
' typical loads and flat terrain, which is substantially less than the
40 percent which occurred With the llghtly'loeded truck on flat terrain.
With neither a drag shield nor a longitudinal baffle,mounted, the fuel
savings due to other variations in drag were negligible. The gap filler
panel did show a small'savings under crosswind conditions on flat or roll-

ing terrain.

‘ Further apprecietfon for the'aerodynamic effects on cost ‘can be obtained
by comparlng the basic truck to one 6f the more effectlve aerodynamic and
splash and spray conflguratlons (MO) . Flrst the average improvement in
fuel economy due to the drag shield for ‘the fully loaded caseé is less than
5 percent on level terraln Further, it 1s less than 2 percent on rolling
terraln and is negllglble on mountalnous terrain. This is due to the fact
‘that the grades slow down the truck Whlch reduces-the airspeed, ‘and the
' fact that the drag shield 1s not effect1ve in the 20 deg relative crosswind.
whlch is typlcal of the w1nd condltlons resultlng from the assumed scenarios
and in the‘real wcrld,A Second, the dlfference‘;n fuel consumptlon decreases
as the wind speed increases with the exception of the pure headwind or no
wind conditions. This is.because the totalifuel consumption'gces up and the
percentage improvement is less. 'Third, with the drag shield 'a marginal
reduction in travel time is obtained on rolling‘terrain. The. percentage

savings in fuel consumption is increased for empty trucks with the drag
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shield, but that is the less typical case. Typically the travel time did
. not improve more than 1 or 2 percent with the drag shield, because the maxi-
mum speed of the truck was limited to 60 mph (97 km/h) on flat and rolling

terrains, and to 55 mph (89 km/h) on mouhtdinéus.terrain, in ‘the calculations.
3. List of Probable Techniques

On the whole, the cost-benefit results and the supporting data sdggest
that the following truck device configurations warrant further development
and possible over the road evaluation.

® M7 — Reddaway fender system, less flaps between
" the tandems, plus drag shield

® L1 — Longitudinal baffle + gap splitter'panel
‘ : + drag shield

o G1 — Gap filler panel in upper position

® V3 — Angled side vanes, less vanes behind the
tractor tandems, or Vk with the trailer
vane angles reset

® R2 — Roberts fender + drag shield

® F2 — Fuzzy truck + drag shield, or F3 which is
the fuzzy truck + drag shield + longitu-
dinal baffle
Although several other versions of the Reddaway system were superior to the
cther device approacﬁes noted, only the one candidate, M7, has been listed

here as representative of its design.

Other potential device combinations are considered in Sections IV through
VII. The following points are pertinent fo show some of the factors involved’

in selecting and assessing device combinations.

In combiﬁation L1, listed above, the gap splitter panel’ does not reduce
the crosswind drag as much as the longitudinal baffle under the semitrailer,
and the gap splitter panel does not contribute much tb the visibility when
the drag shield is present. As a result the gap splitter panel is the least
important elehent‘of thi§ configuration and it could be Eonsidered‘for dele-

tion.
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Regardihg a possible Reddaway plus longitudinal baffle plus drag shield
combination (M6),‘the:first»and last componénts have a big impact on the
visibility, while the_bafflg and the drag shield have a big effect in reduc-
ing drag. Furthermore, ﬁhe ldngitudinal baffle also helps the visibility.
As a result, that complete‘combination would be attractive in a benefit-
cost sense. However, to be cOnservativé; the visibility estimate for M6 .
was assumed to be the same as M7, implying thét the longitudinal bafflé
would probably have a negligible incfemental effect on the already good.

visibility present in the Reddaway system pius the drag shield.

Alternatively, the fuzzy truck, plus the longitudinal baffle, plus the
drag shield would have the same advantages noted for the Reddaway system,
and it might be simpler to fabricate, install, and maintain. Again, the
visibility value used for F3 was derived from a composite standpoint, as a
conservative combination of the values from the fuzzy truck, plus the drag

shield, plus the baffle data.

Although the.presenqerof the drdg shield on the Reddaway system showed
a fairly dramatic increaée in the visibility (20 percentage points), this
improvement may be too optimistic for anything but such a flapvsystem, where
the source strength is sharply reduced by the presence of the collector fend-
ers. For this reason, .the presence of the drag shield on the basic truck
was assumed to chtribute a more conservative improvement of 5 percentage
points in the visibility, reflecting the fact that the source strength can
still be high when only the drag shield is added to the basic truck.

- The attributes of the collector devices are discussed in Section IV.
Based on the observations during the experiments in this study andrtheir
general design characteristics, the following additional comments can be

made.

On the Furopean fender the lips along the inside and outside edges
extend down ohly about 80 mm. This may limit the;r effectiveness_in trap-
ping the side spray from the top of the tires. 1In addition, the water drip-
ping off the underside of these fenders tends to recycle into the spray
source. The clearance with the Eﬁropean fendefs will ordinarily vary with

load and suspension deflection.
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The Roberts fenders have some disadvantages related to trapping side
spray and the installation of chains. They are also réporﬁed to be suscep-
tible to clogging by mud, snow, and ice‘under adverse conditions. Although
not easily installed on the 40 ft (12.2 m) van semitrailer, they may be well
suited to installation on more open designs sudh as liguid cargo tankers.
For these latter kinds of trucks, special fenders are normally fabricated
by the manufacfurer, and these could be modified to provide some sort of

water collector design such as the Rcberts principle.

The Reddaway fender has been tested iﬁ various configurations and dis-
cussed at some length. One additional pointed noted in Section IV is that
it may be desirable to extend thevside flap downwards in the area between
the tandems, perhapsgartriangular shaped extension. This would tend to
offset any possible effect of the lack of a double-sided flap between the
tandems, and trap residual side spray between those wheels. The Reddaway
fenders are well suited to mounting on box-like van bodies. They are rugged
and flexible and do- not interfere with either brake cooling or the installa-
tion of chains. They alsoc do not appear particularly susceptible to clog-

ging by ice, snow, and slush.

The fuzzy truck is still in the conceptual stage, but it would appear
to have most of the performance features of the.Reddaway type fender with
additional practical adventages. By mounting directly to the underbody and
components of the truck it does not interfere with access to the wheels,
brake cooling air flow, and so forth. It would rot modify the basic appear-
ance or shape of the truck, which may be an important factor in obtaining
owner and operator acceptance. Suitably designed it could be replaced

periodically as it wears.
k. Regionsl Factors

Using selected real world scenarios, the cost-effectiveness study in
Section VII considered regional effects atross the national range,of operat.-
ing conditions. Using the Reddaway system plus drag shield as an example,

the following regional results were observed:
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@ [Nationally, the system showed good fuel savings on’ -
westbound legs (with predominant headwinds). Since
many cross country trucks are already equipped with
drag shields, the addition of the Reddaway flaps at’

a relatively nominal cost could provide a substantial
increase in the cost-benefit from a splash and spray
standpoint. , . :

® In.the North Central region the Reddaway system plus

. drag shield is estimated to provide good service at a
reasonable cost. If normal operations in the plains
states involved a significant amount of north-south
(crosswind) travel then the addition of the longitu-
dinal baffle to the basic Reddaway plus drag shield
system could show further benefit.

‘® Results for the Southeast are similar to those for the
longer North Central scenario.. However, since there
is significantly more rainfall in the Gulf Coast states,
systems which show the greatest visibility improvement
would tend to be favored, and the Reddaway version MY
falls in this category.

® In the Southwest the scenario is characterized by moun-
tainous terrain and relatively little rainfall. As a
result, the marginal cost differentials due to reduced
drag are somewhat less because of the lower speeds in
mountainous regions. At the same time, potential bene-
fits due to splash and spray devices are less because
of the reduced precipitation. Hence, both elements of
the benefit to cost ratio tend to decrease. This sug-
gests that the capital and maintenance costs would play
a larger role, which should favor the simpler, more
durable systems.

® In the assumed intra-state route, in Oregon, the Reddaway
system plus drag shield (M7) is very favorable because
the terrain is relatively flat and there is frequent
.rainfall in the area to the west of the Cascade Mountains.
In the regional investigation it was inteiesting to note that the best ranked

systems were almost universally appropriate.
5. Recommendations for Phase 2

The work described in this report comprised Phase 1 of the subject con-
tract, and it was the major effdrt. Nominal funds were available for a

Phase 2, to involve field evaluation of the most promising devices and tech-

niques.
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It is recommended that the devices for evaluation in Phasé 2 be drawn
from the list in Article 3, above, with possible variations as suggested .

by the supporting discussion and data.

It should be recognized that the device concéptrfound to be most'pfomis-
ing from our studies, the Re&daway fender; is cuifently undergoing active
ideveldpment and promotion By‘the manufacturer. Systems have already been
installéd on hundreds. of trucks. Drag shields are also relatively common-
place, and the results of this study shouid furtﬁef encourage their use. So,
in these regards, an effective approach tc evaluation is simply to monitor
' ongoing operatiohal‘activity, and collect related economic and cperational
" data. It does not appear necessary to mount .a separate field evaluation
test program. ' |

Some of the other possible devices require further prototype developmenf
and testing. -SuCh activity is.beyond the scope of Phase 2, for the most
part. Rafher, an effective course of action would appear toc be to encourage
truck. and équipment manufacturers to undertake their own develbpmept pro-
grams,;iﬂ-view of the potential safety, public relations, and economic gains

for the operators and the industry.
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