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Introduction

Argonne National Laboratory initiatedRY2006-Y2009 multyear program with the US Department of
Transportation (USDOT) on October 1, 2006, to establish the Transportation Research and Analysis
Computing Center (TRACC). As part of the TRACC project, a national high performance computer user
facility has been established, with full operations initiated in March 2008. The technical objectives of
the TRACC project include the establishment of a high performance computing center for use by USDOT
research teams, including those from Argonne andrtlhmiversity partners, and the use of advanced
computing and visualization facilities for the performance of focused computer research and
development programs in areas of interest for USDOT.

These objectives are being met by establishing a-p&formance computing facility, known as the
Transportation Research and Analysis Computing Center (TRACC), and providing technical support for its
use by USDOT staff and their university and industry contractors. In addition to facilities for advanced
computing, visualization, and highpeed networking in the TRACC facility, advanced modeling and
simulation applications research is being conducted by the TRACC facility scientific applications staff in
coordination and collaboration with USDOT researchers.

The third quarter project report for Yead of the project (MQ3) summarizes progress on the principal
activities associated with the operation of the computing center and in the performance of the
computational research in the four key application areas idattiby USDOT as its highest priorities.
As defined by the Year Statement of Work (SOW) the activities and objectives forfthath year of

the project are: (1) traffic modeling and simulation and emergency transportation planning; (2)
computational fuid dynamics for hydraulics and aerodynamics research; (3) -dinignsional data
visualization; and (4) computational structural mechanics applicatiomfis section of the report
summarizes the progress on computational fluid dynamics modeling and/simadf flow through
culverts.

The establishment of the high performance computing center based on a massively parallel computer
system and the transportation research and demonstration projects associated with key focus areas
include the use of computing facilities as well as the erghaof research results with the private sector

and collaboration with universities to foster and encourage technology transfer at the DuPage National
Technology Park (DNTP). Argonne university partners include the University of lllinois and Northern
lllinois University.

Computational Fluid Dynamics for Hydraulic and Aerodynamic Research

Scaled experiments conducted #te TurnerFairbank Highway Research Cent€FKIRTChydraulics
laboratory are being used to establish the foundations of -6&fed simuldon methodologes in
hydraulicsanalysis of bridges and other structurescluding the assessment of lift and drag forces on
bridge deckspressure scour under flooded bridge decksd analysis of flow through culvertsScour
modeling includes analysif bed stresses and their influence on scouring, and evaluation of active or
passive scour countermeasures. Addressing environmental issues such as fish passage through culverts
is also a part of the programWhen the development of a CFD analysis mdtlogy is successfully
completed, training in its use is added to the CFD training courses offered periodically by TRACC.
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Modeling and Analysis of Flow througBulvers

A culvertis a conduit used to enclose a flowing body of watdrmay be used to llow water to pass
underneath a road, railway, or embankmentt is a hydraulic structur¢hat may carry flood waters,
drainage flows, and natural streams below earth fill and rock fill structuresm a hydrauligiewpoint,

a dominant feature of a culvert is wheth#ére flow through it runs with dull or partial crosssection
Culverts come in many shapes and sizes, including round, ellipticaboftatned, pearshaped, and
boxed. They vary from the small drainage cutgeiound on highways and driveways to large diameter
structures on significant waterways or supporting large water control worksllvertstend to be
preferred over bridgebecause they cost less to build and maintain

In periods of rapid development thaeed for new infrastructuremay overshadow concernsver
potential environmental impacts.Streams have been straightened and channeled through pipes, and
culverts have been sized without considering future impacts on fish migratana result there ta
been a deterioration of freshwater habitat, and the endangerment of many fish spelciescent years

a movement towards restoring freshwater ecosystems previousigacted by human activithas
intensified Whenwater runoff volumeis high streams atively erode streambeds changing course and
bathymetry ofwaterways and may interrupt natural fish migratio@ulvertsdo not adapt to changing
streams andcan become barriers to fish movementThe most common reasons culverts become
barriers are excesse outlet drops, high water velocity within the culvert, turbulence within the culvert,
accumulation of sediment and debris, and an inadequate water depth within the culnegéneral, the
optimum design for peak flow conveyanadl not meet fish passge criteria atall dischargs. Fish size
appears to have little influence on ability to negotiate a culvert despite its effect on swimming
performance. One theory is that smaller fish utilize regions of low velocity near the culvert wall.

TheTurner Faibank Highway Research Center (TPH&EGonducting experiments on culverts to provide
designers with better information timprove culvert design for fish passag®ajor hydraulic criteria
influencing fish passage are: flow rates during fish migratiomogsrfish speciesroughnessand the
length and slope of the culvertn this study a simulation model is developed using the commercial CFD
software, STARCM+, and the twphase VOF modekith water and air. Simulation results are
compared with the gperimental data obtained from TFHRTheculvert in this study ifalf of the cross
sectionof a culvert barrehaving spiral corrugations as shownHigurel. Thisconfiguration isused in
experimental evaluatiorf the culvertat TFHRCThe eperimental setup of the flumé also shown in
Figure2.

Based on the dimensional details provided by TFHREAD modelas depicted irFigurel, has been
created in PreENGINEER and imported to ST#E®M+ in IGES (Initial Graphics Exchange Bpé#oif)

file format. This CAD odel consists of three parts: the intake (also called the inlet), the barrehéor
throat or the corrugated prtion), and the diffuser (also called outlet). The barrel consists of spiral
corrugations throughout its length.
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Figure 1. CAD model of culvert flume

In order to conserve computer resourceand use finer mesh size ithe water flow region, the
computational domain was truncated in the air region and a new domain was cre@tedlVOF method
captures the free sudce profile through use of theariable known as the volume of fluid, which is
defined as the ratio of the heavy fluid phase volume to total volume obmputational cell and is
derived by solving an additional transport equation along withgbgerningequations forconservation

of mass and momentumAll properties and field variables are characterized as volume averaged values.
Computational ceb away from the free surface interface have a water volume fraction of either zero or
one and the fluid mateal properties of the fluid in the cedire either those of air or water. The free
surface may cut through computational cells and then those cells contain a mixttine b&avy fluid,
water, andthe light fluid, air, with propertieghat are a volumerhaction weighted average of air and

water properties.

e section

Figure2. Isometric view of the mesh scene with a plane section passing through the center line
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In this reporting period, simulations of two cases were performed, one with a discharge of &dLas
zero degree angle for the flap gate at the exit and the other with a discharge of 4.65 L/s and an angle of
11.006 degrees for the flap gate at the exit.

Case ldischarge 8.6 L/s and zero degree angle for the flap gate at the exit

A stream wiseplare sectionwas created for visualization as shown in FigRBrpassing through the
center lineof the barreland the corresponding mesh for thiglaneis as shown in Figurg Different
blocks were created to refine the mesh in the wasér interface regionto resolve the interface
accurately.
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Figure 3Mesh scene shown on a section plane passing through center plane

A plot of thevolume fraction of water shown othhe stream wisesection plane ishown in kgure4.
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Figure4. Volume fraction of water sown on a section plane

Avelocity contour plot on the section plane is shown in Figbirdhenarrowing of the channel through

the intake causes the flow to accelerate into the barrel. There is a transition to supercritical flow just
beyond the end oftie barrel as the flow accelerates through the diffuser toward a waterfall at the exit
plane modeled with an atmospheric pressure boundary condition at the exit plane.
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Figure5. Velocity contour plot shown on a section plane

Volume fractioms of water and velocity contourare plotted on different cross seotial planes as shown

in Figure6. As the flow moves through the barrel the zone of maximum velocity in the cross section
shifts toward the rightas viewed from the upstreamWhen the flow erdrs the diffuser, the channel
expands toward the right and the flow accelerates through a turn towards the right wall. This
asymmetric diffuser geometry appears to cause the shift towards the right of the zone of maximum
velocity in the cross section ofdlbarrel as shown in Figuée
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Figure6. Volume fraction of water and velocity contour plots shown on three different cross sectional
planes
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Several average flow parameters and the Froude number were calculated at different sections of the
flume as shown in Figuré At the exit of the barrel region the Froude Number is within less than a
percent of critical and it is supercritical at the eafithe angled section of the diffuser and exit of the
flume. Water enters as a tranquil flow with a Froude number of 0.0526 and leaves as a supercritical
flow with a Froude number of 2.4.

ez

V,,g=0.0544m/s  V,,.=0.333m/s V,,=0.745m/s V,,,=0.607 m/s Vag=0.814m/s
H,=109 mm H,=98.3 mm H,=57.4mm H,=26.1mm  H,=11.8mm
Fr=0.0526 Fr=0.339 Fr=0.993 Fr=1.2 Fr=2.4

Ap=1 Ag=0.2 Ag=0.2 A.=0.67 Ag=0.67

V. =Areaaveragedvelocity H, =Waterdepth
Ag=Area Ratio Fr=Froude Number

Figure?. Flow parameters calculated at different cross sections

A velocity streamline plot is shown in Figue This plot also shows the effects of the asymmetric
diffuser that extend back into the barrel.

Figure8. Streamline velocity plobf water in x-direction shown on a section plan@ the top view

The water depth calculated based on the position of a VOF=0fhe&saown the barrel center plane
compared to experimental data is plotted in Fig®e The computed and experimental depths are
within about 5 mm of each other, except for the last expeasittal point in the diffuser. Most of the
difference is a consequence of an immediate small drop at the inlet that is probably a consequence of
downstream control where the flow transitions to supercritical, and those conditions are not easy to
change by djusting the exit boundary condition. The slope depth curve of both the computed and
experimental data over the zone of the barrel, however, appears to be very close.
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