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Abstract

The process of fish migration within rivers and streams is important, especially during
the spawning season which often coincides with peak spring discharges in Manitoba.
Current environmentalregulations for fish passage through culverts require that the
average velocity be limitedo the prolonged swimming speed of the fish species
present. h order to examine the validity of this approagbhysical model results were
used to calibrate and test a commercially available Computational Fluid Dys%ZRD)

model.

Detailed analysisshowedthat CFD modsland the empirical equationsisedwere both
able to give a better representation of the flow field than the average velocity. However,
the empirical equations were able to provide a more accurate veladyribution
within the fully developed regianA relationship washen developed,to estimatethe
cumulative percent area less than a threshold velocity within CSP culverts, to basised

a guidelineduring the design phase.
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Chapter 1: Introduction

1.1 Background

There are a great deal of small riverand stream crossings within therd¥ince of
Manitoba. In order to facilitate these crossings, corrugated steel pipe (CSP) culverts are
often usedbecausethey ae costeffective and hydraulically efficientt is important

while designinghese stream crossings to provide a safe design without compromising
the needs of the local fish species within the chanfrelCanada, legislation requires fish
passage to bewailable to all fish species (R. S., 1985;14)F_egislation states that an
efficient fishway shall be provided by the owner or occupier where it is necessary for the
publicQ iaterest. This fislway must be maintained in an effective condition by tivener

or occupier, in such a manner than the opinionof the Minister, it satisfactorily

permits the fee passage of fish through it.

This makes fish passage through culverts an important design consideration when
dealing with stream crossings on fidlearing streams This igespeciallytrue during high

flows due to snowmelt, which oftercoincide with the fish spawning season in
Manitoba. Thee fish passage regulations hageeated new design considerations for
designers of hydraulic structureso provide an environmentally responsible option,
while providing a safe and economical design. When designing a fish crossing, according
to the Manitoba Stream Crossing Guidelines for the Protection of Fish and Fish Habitat

(Departmentof Fisheries and Oceans, 1996ulverts under 25 m long must have an



average velocity less than 1 m/s, while culverts over 25 m must have an average velocity
under 0.8 m/s. These restrictions may be more stringent depending on the type of fish
specieswithin the waterway for example Northern Pike have a limit velocity of 0.6.m/s
These regulations are set to ensure that excessive water velocities will not occur,
because fishmay potentially fail to navigate the full length of the culvert if tilew

characteristics exceed the swimming ability of the f{Blehlke et al., 1991)

The Manitoba Stream Crossing Guidelines for the Protection of Fish and Fish Habitat
(Department of Fisheries and Oceans, 194I6b stateghat culerts must be designed

such that fish do not experience a delay greater than seven consecutive degsiro

each 50 year period. Thé NI} VAL NI F A2y | 4a20AF0A2y 27
Hydraulics lists a delay greater than 3 days as acceptable witlgaeiney of once in ten

years(Katopodis, 1992; Neill, 2001)

Roundculverts are ofterchosendespite the fact that they are the least desirable from a
fish passag@erspectivebecause they have consideraldeonomic ad constructability
advantagesover the alternatives such as bridges and stream bed simulation culverts
Roundculvertsmay be seen as undesirable fiish passagebecausecircular culverts
concentrate the flow into a smaller cresgection Thiscancauseloss of fish habitat and
natural substrateas well aspotentially removng irregularities that create zones of
guiescent flow where fish can rest. Compounding this problem of balancing economic

and environmental designs is that the hydraukgime of CSRulvertsis very complex



and poorly understoodThe current research will use Computational Fluid Dynamics
(CFD) in conjunction with experimental data from previous and current research
performed at the Hydraulics Research & Testing Facility (HRTF) atnikiersity of
Manitobato provide a better undestanding of culvert hydraulicand determine if CFD

is a viable option for culvert design

Current models for fish passage are atimensional such as HERAS using the
average velocity as an indicatiom the velocity against which a fish will have to swim
(Katopodis, 1992)Physical modeling has confirmed that the flow velocity dases
towards the boundary layeiKehler, 2009; Knight & &ting, 2000)Due to their natural
instincts, fish are unlikely to swim againstater flowing at velocities higher than the
average velocity within the crosectional areaand rather choose a location for
swimming with velocities that are within the cpabilities of the fish species
(Behlke et al., 1991) With the use of CFD modeling for flow through culvethsee-
dimensional velocity distributions can provide a better understanding of the hydraulics

within culverts for fish passage.



1.2 Objective

The main objective of thithesisis to provide a greater understanding of the hydraulic
regime inCSRulverts by investigating the applicability of Computational Fluid Dynamics
(CFD) to predict flow conditions in a culvert and verifying these tesusing
experimental data. The study will focus on CSP culverts with and without gndiliel
Additionally, the study will focus on situations which are particularly relevant to culvert
installations within the Prairies. This will be accomplished bygusmall (to horizontal)

slopes as well as culverts operating under tailwater control.

The specific technical objectives of this report are to:

 Examine the change in roughness characteristics with changing water levels
('XYO) at each slope

9 Examine the hydhulic regime of culverts: calibrate the CFD model using data
that was acquired at the HRTF

1 Verify the CFD model using data collected to further complement existing data

1 Compare equations developed Byark and<ehler(2011) against CFD results

f Expand/modiy the empirical equations developed Iglark and Kehler (2011
thisis determined to be significant

9 Determine the effects of lining the culvert bottom with gravel

q Determine the length required to obtain uniform flow for different hydraulic

conditions,and



9 Develop a methodology for determining the cressctional area within a culvert

where the velocity is below any spéed valuewithin the fully developed region

1.3 Overview

The background and objectives for this research are detailed in Chapter te€Chap a
literature review which will cover the current state of culvert modeling and equations.
This review will include composite roughness methods, development leagthell as

one and twoedimensional models for culvert hydraulics. The use and dabdjty of

CFD modeling will also be discussed by using easieslifferent model types that were
compared against physical data, amdafly a detailed description of Flow3Dhapter 3

the testing procedure will be described in detail for both the pbglsmodeling and the
numerical modeling portion of the current research. Chapter 4 consists of the detailed
analysis and comparison between the physicaldel numerical modeland empirical
equations Finally, Chapter§ will summarizethe contributionsof this research and

state theconclusions and recommendations foture work.



Chapter 2: Literature Review

This section will review the most recefish passage researchulvertresearch as well

as successful applications of CFD models.

2.1 Fish Swimming Location Preference

Behlke et al. (1991) completed a report on the fundamentals of culvert desigindor
passage of weakwimming fishlt wasfound from observationthat the easiest location
for fish to swm wasat the edges of the culvert crosecion with their bodies normal to
the sloping culvert wall. It washen hypothesised that fish would swim in these
locations for three reasons: (1) protection from predatdi®)a preferenceto swim with
their bodies oriented with the water velocity gradieror (3) to orient themselves

normal to their substrate.

Cotel et al. (2006%tudied Brown tout for the purpose of determining their preferred
habitat within a stream.From observation it was found thathe Brown trout were
usually found in the lower &m (h/D ~ 1020%)of the stream due to the velocity
gradients found in this regio.his suggests that this is their preferred location within a

stream profile.

Kane et al. (2000) found that juvenile fish are motivated to move upstream if a food

sourceis available This was achievedly placing salmon eggs at the upstream end of a
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culvert Video footage was used to supplement visual observations for this research, and
it was found that fish would use large corrugations to their advantalgenvascendinga
culvert In general, fish were found to swim close to the culveatl and channébottom

of the culvert. Howevefor cases with high dischargefssh would swim near the surface

andclose to thesidewall where the velocities areduced within the crossection.

These studies demonstratbat fish will choose regionwithin a culvert or stream that
have lower velocities. Therefore, having a better understanding of culvert hydraulics
and having the ability to model the entire culvert cresstion accuratly (as opposed
to using the average velocity) is important to provide a better representation of what

maybecome a barrier toigh.

2.2 Culvert Hydraulics

Culverts are governed by either inlet or outlet contréhecontrol type experienced will
determinethe performance of the culvert and thus tltesign discharge, which is often
limited due to fiskpassage regulations. Inlebntrolled culverts are only dependent on
the inlet geometry of the culvert, while outletontrolled culverts are also dependent on
the barrel roughness, area, shape, length, slope and tailwater elevé&turm, 2010)
Thus, outlet control calculations are generally more complex than inlet confitod
control type that is most often experienced within Kitoba is outlet control. This is a

result of the low surface gradients which allow for higher tailwater elevations, thus



forcing the tailwater conditions to dominate the hydraulic regime of the culv@utlet

control under uniformflow conditions will bestudiedfor this reason

2.2.1 Development Length

There is a multitude of literatureon pipe development lengte that have been
conductedusing a variety of instrumentatiofor full pipe flow Hinze(1975 and Yen
(2001 both provide detailed discussioran the importance of allowing and selecting
the appropriate entry length for experimental procedures. Hi(¥875)recommenckd
an upstream development length @60 times the hydraulic radiusy, to be used as a
guideline in an experimental setup, which was determined experimentalNikyradse
(1932. Yen(2001)showedthat to achieve uniform flow, there are more requirements
than having a uniform depthlang the length of a channelA suffidently long channel
must be used to ensure that the cressctional velocity, pressure, and turbulence
characteristics do not change with further horizontal distancefér flow to become
uniform. Within laboratory setup® 1tYtis often used, whiley ¥ is recommended to
reducedownstreameffects. However, others have found that this length is insufficient.
Rouse (1946 recommended thata¥Y ¢ 1T e the minimum entry length for
turbulent flow. Therefore it is important talemonstratefor each experimeral setup

that fully developed flow has in fact occurred where measurements are being taken.



2.2.2 One Dimensional Velocity Prediction Models

al yyaAy3aQa Sljdz A2y O2yiAydzSa G2 oS 2yS 27
the fluid depth and average iecity under uniform flow conditionsThe concept of
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been revised over an extended period of time by Manning, Flamant, and\Wiligams,
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which represents théumped resistance to flowThe final formoa I YY Ay 3Qa Slj dzl

written as

Y o =YTYT O [2.1]

Where™Y is the average stlamwise velocity)Y is the hydraulic radius, antYis the
channel slope. Th& term is aconstant that depends on the chosen system of units
(Q 1.00 for Sl and 1.486 for imperial).The discharge can be determineoly

multiplying equation 2.by the flow area of the channel, resulting in
0 7Y —8Y' YT [2.2]
where 0 is the dischargeand 6 is the flow areaConversely, for a know, £, channel

geometry, and slope one can use equation 2.2 to determine the abdepth in the

channel. Some sort of iterative technique is required.

The following geometric relationships between water deptf), and other geometric
properties greatly facilitates the solution of equation Z& a partiallyfilled circular
channel

— cAT Op ¢ ™D [2.3]



6 — OEfom [2.4]

0 —ac [2.5]
There are several different methods which may be used to determine the channel
roughness based on the surface properti&sbles have been made available by the CSP
culvert industry (Corrugated Steel Pipe Institue, 20Q@)estimate¢ for a CSP culvert
However, there are several more sophisticated methods to determine the roughness of
the rockfilled portion of a culvert when infill is present The simplest method, for
channels with bed material, is ti&tricklerequation(Sturm, 2010)

¢ mitp 7 [2.6]

where 'Q is the diameter of the grain size in meters with a 50% -erceedance

probability.

Once the inlividual roughness of both the culvert and bed material hbsen
determined, a composite roughness must teetermined. Again, there are a variety of
methods to complete this taskusing weighted average technigsieChow (1959)
presented afew methods which include the Horton method, Einstein and Banks
YSGK2RXE [200SNDa F2N¥dz > FyR FAylLffte GKS
O02YLizi Ay3a GKS 028wl 2T Nadasfighi2yRasishds the

total discharge is the sum of ttéischarges of the subsections apovided the lowest

mean errorwhen applied to 36 stream crosectional datgMotayed & Krishnamurthy,

1980)
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The resultingg NBLINB &Sy (a ibkgBnessof tifeychmpasieachannelThe
other methodsused todetermine the composite roughness use either the assumption
that the total resisting force is equal to the sum of the resisting forces over each
segment of the wetted perimeter, or that each section of the channel can be well

represented by the average veloc{{fgturm, 2010)

Straub & Morris (19503arried out hydraulic testing on CSP culverts with diameters of
0.46, 0.61, and 0.91 m. The corrugation size used for these tests weB3L3m, with a
slope of 0.20% and a length of 58.83 m. A total of 36 tests weneuctedfor all three
diameters for mrtially full flow with uniform depthmeasuredthrough the length of the
culvert using a series of manometer tubes. The main purpose of their research was to
determine the entrance losses for different inlet configurations. The range of relative
depths {(¥YO) observed for their set of tests was between 0.30 and 0.90. Very little

Gl NR I A2y &as naiided ofer yiidrange of relative depths.

A report produced by the Kansas Department of Transportation
(McEnroe & Malone, 2008rompleted research on helical CSP culverts with a
corrugation of 13 68 mm for three diameters of 0.46, 0.38 and 0.30 m. These culverts
were each tested at a single slope which was 0.39, 0.85 and 0.68% respecti\edgHo

diameter. Normal depth was set throughout the length of the culvert using a flap gate to

11



adjust the tailwater level, and measured using a series of manometer tubes along the
length of the culvert. The range &¥O observed within this study was 0.29 to 0.90.
CKSANI TAYRAY3IaA Ay RAOMBIESSs notkcbndisterit Ko differeny y A y 3 ¢

discharges, and tends to increase as the discharge decreases.

Additionally, Mangin completed research at Youngstown Stdteversity in 2010
compiling a series of data sets to determine a relationship that cowdrately predict
"(YOrthat is a functiorof 0, 'O, "Yand roughnessQ The purpose of this research was to
eliminate the need to estimate a chantel NP d&EANY & B ¥ § kaj0& A
equation was developedy compiling a comprehensive data sesing dimensional
analysiswith four pi groups which are:* Q0O :;* 00Q 80 8;*“ 7Y

“ Q00 whereQis the water depth)O is the diameter of the culvert)Qis gravity,
and Qis the corrugation height of the culverRi group 1, , was then set to be a
function of* ,* and“ as shown by

[\ Q [2.8]

Through detailed Y1 f 884 & al y3IAyQa FAYLE Sldd irzy 68
r
TO TWC — - Y ™t [29

However, this equation was developed using relative depths greater than 0.2. The lack
of data below @O 0.2 leads to a deviation from the observedvilalepth at low

discharges.
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2.2.3 Previous Culvert Velocity Distribution Research

Knight and Sterling2000)completed their research in a smooth pipe with an internal
diameter of 0.24 m that was 21.26 m long. The piping was in a tilting flume, with an
adjustable bed slope. Streamwise velocity, abhdundary shear stress distribution
measurements were taken at normal deptf) for multipleinfill depths Q ), discharges
and slopes. Measurements were taken using a pstatic tube and a Preston tube,

which allowedhe boundary shear stress to be measured with an accur&6y?-4%

The findings shoed that there wasa sharp gradient of low to high velocities near the
boundary walls. Additionally, there wasdill a significant portion of the flow whidimad a
measured streamwise velocity that wéesss than the average crassctional velocity.
Another key characteristigvas that the maximum velocity tened to dip below the
water surface which was attributed to secondary circulations. However, precise
measurements of these secondary circulatiomsre not taken. Athree-dimensional
laser Doppler anemometer was recommended fibis purpose. Additionally, the
maximum velocity was found to be forced towards the water surfac&dscrease.
Each of the tests showed a relatively flabundaryshear stress distributiomear the
centreline of the channel bottorfor channels withouinfill (Q 70 1], Q as defined
in Figurel later in this chapter)Thelocalboundaryshear stresses terd to be higher
for the bed portion than for the channel walls amdere extremely sensitive to the

geometryfor the cases where the pipe had inf{(iKnight & Sterling, 2000)
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The work completed by Ead et. 82000) consisted of tests in an 8 m long, 0.62 m
diameter, annular CSP culvevtith 13 x 68 mm corrugationd-ourteenpressure aps
were utilized to measure the water surface profile along tientreline Three slopes
were utilized (0.55, 1.14, and 2.55%), with several discharges for each slope. The water
surface profiles were found to characteristically have a dip at the entraaaentually
becoming parallel to the bed slope at normal depth after some horizontal distagce (
Ead et al (2000)completed a second set of experiments, where a Prandtl tube was used
to measure the streamwise velocity at the 14 stations. During thepermments it was
observed that the flow beame fully developed at a distance @O 2. Findings
included that fishcould pass through the channel nedne culvert walls due to the
relatively lower streamwise velocity. The velocity profilevas found to be well
representedby the Prandtl equation for rough turbulent flow, and the equivalent sand

grain roughnessvasapproximated by the amplitude of theorrugation

Houseet al. (2005) completed work ostreambed simulation culverts used for fish
passage Detailed measurements of the velocity profile were generally taken at the
middle and at the outlet of the study culverts. Velocity measurements were taken with a
MarshMcBirney Flowmate model 2000 current meter and a Global Flow Probe model
101 current meer. Velocity measurements were averaged over a 20 second period, and
were found to be accurate to the nearest 0.03 m/s. A relationship was developed to

predict the percentage of the flow area below a threshold velocity as follows

rY Y [2.10]

a € "PQoa ¢
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where® is the cumulative percentage of the cressction below a given velocitlYis a
specified velocity™Y is the average channel velogitgndi is a velocity distribution
coefficiert defined by

T poHp v ¢ oHR P®IP & WY [21]]
Whered is the total crosssectional flow area (), O is the discharge (i¥s), "Ois the
Froude number, andy 'Yis the relative roughnesgn). When thea € "@®&cent areais
back transformed using the following equation to calculate the perceatdelow a

threshold velocity, the percent area then becomes

01 QQ YD IQGH>—— [2.12]
The accuracy of the abe equation was observed to be acceptable, butwas
recommended that a more robust regression should be completed on a wider range of
stream crossings. Additionally the above equation was suggested to be used as a guide

in the development of future reseeh aimed at improving the understanding of the

details of fish movements in streambed simulation culvértsuse et al, 2005)

Abbset al. (2007)completed work on culverts to determine the backwater effects on
the velocity distribution. Several hydratliconditions were tested by changing the
discharge and backwater condition at a slope of 0.72% in a 0.50 m diameter and 8.00 m
long culvert. Velocity distributions were measured using an Acoustic Doppler
Velocimeter (ADV) within the CSP culvert at sevlyedtions along the length. The
findings indicatd that a significant portion of the flow areaasin fact below that of the

average velocity. Additionally, it was found that as the backwater eff@stincreased,
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the percentage of flow area less than treverage velocity for the normal depth
increasa significantly (Abbs et al., 2007)Since backwater or tailwater controlled
culverts are common within Manitoba, it is important to be able to adequately predict
the area of flow below the mean velocity andetldevelopment length under these

backwater conditions.

Magura(2007)completed work on a 0.62 m diameter, 14.28 m long CSP culvert with
10% graveinfill and a projected inlewith several slopes (0, 0.5, and 1.0%¥ubcritical

flow and a discharge ramgg from 64 to 254 L/s. Velocity measurements were recorded
using an Acoustic Doppler Velocimeter, revealing regions with significantly lower
velocities near the gravel bed and surface suggesting strong secondary circul@hens.
log-law region of the velcity profiles were examined, which were found to be
consistent with the Nikuradse equivalent sand grain roughness and sheartyeloci

around the wetted perimete(Magura, 2007)

Kehler (2009) ensured that uniform flow condit® occurred within the CSP culvert by
taking a series of centreline velocity profiles along the length of the cuyluerit a
locationthat the profile wasndependentof 3 additional profiles were taken to ensure
that uniform flow occurred for an ademte section of the culvert over all test
conditions. It was found that for tests without gravel infill the development length

ranged between 5.982.11 diameters, while tests with graviefill had adevelopment
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length that ranged between 15.147.16 dianeters. Subsequentlytwo-dimensional

velocity profilesvere taken at20 diameters downstream of the culvert inlet.

A series of five experimental tests were completed in a CSP culvert with a diameter of
0.8 m and a length of 21 m. The tests were perforragthree slopes (0.028, 0.110, and
0.270%) and two discharges (0.086 and 0.17% wcoustic Dopplevelocimeters (up,
down, and siddooking were used to measure the velocity fiedder half of the culvert
crosssection It was found that a significantoption of the streamwise velocityvas
below that of the averagestreamwisevelocity. Additionally, a modified version of the
log-law was proposed to estimate water velocitiesthin the fully developed region:

Y -1716o o6 Y5 £ O m gy [2.13]

8
2 T o o 8

Y -11l6 06 Y6 oxmnp ¢— < £l O ™ ¢ 4[2.14]
where A, equals 5.00/Qis the von Karman constant of 0.4dnd Y6 is the roughness

shift which isgiven by

)

V6 -1 ——  [2.15
whereQ is the equivalent sand grain roughnesés,and”Y are normalized bpT'¥

and Y is normalized bythe local shear stresS¥ , based on a best fit line to the

measured datavhich is given by

¥ QYWD p® w— [2.16]

and all geometricdimensions are defined in the following figuaéter Clark and Kehler,

2011
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Figurel: Dimensiondefinitionsafter Clark & Kehler, 2011

Overall, thereare a wide range of developed relationships to determine the velocity
distribution within a culvert in the developed region. However, the ability to predict
flow characteristics along the en¢ length of a culvert is also important. By calibrating a
CFD model within the developed region, the CFD model may be used in a predictive
manner across the entire domain, which is a significant advantage over the previously

mentioned models.

2.3 Computational Fluid Dynamics

Computational fluid dynamics (CFDas defined by the McGratill Concise
Encyclopedia of Physias,the numerical approximation to the solution of mathematical
models for fluid flow and heat transfeResearchusing CFD is importan because
through its application and verificatiolm physical model# can be used to moddhe

flow at a potentially lower cost compared to physical modeling. Since little research has

been done on the application ahodeling culverts usin@FD softwag, the literature
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presented below are successful applications of CFD. These exatepiesstratethat if

CFD is used effectively it is a viable option when modeling a flow field.

2.3.1 Application of CFD Theory

Reece (1977xompleted research orthe theory of turbulence modeling using the
NavierStokes equations (a modified version is given in subsection 2.8i8gthe exact
equations for the Reynolds stresss as opposed to using a turbulence modeéece
(1977)stated that the equations are impossibl® solve analytically. However, in the
general case, solutions can be inferred from two facts: (1) the equations govern a
physical flow; and (2) the flow is welefined and appears to yield consistent
measurements. It is important to acknowledge the faéloat the solutions which are
obtained are approximations of a set of discretized algebraic equations. Referring to the
discretization process, Reece quotes Kwalal. o MmpT p 0 | & &l @ Aisgd GG K
must be smaller than the Kolmogorov microscalerésolve the smallest scales of

G dzND dzf Sy OS¢ @ ¢ 2-Stokeg feqi&ionsiiiK 8 neodsgdry $oN&liminate
appropriate effects that are of no significance and to select those terms in the equations
which may be represented in a simpler form. This precek eliminating the Navier
Stokes equations of their physically insignificant terms will always be useful as there will
always be an optimum balance between the desired accuracy and speed of calculation
for any given problem. Reece then went on to devetogeneralized Reynolddress
model for turbulence of the third order that was applied to two and three dimensional

problems. The models were then applied to open channel cases, howéves
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important to note that a special set of boundary conditionsrevaeised at the free

surface. The free surface was treated as a symmetry boundary, with the exception of

the interface, which acts as a wall on the Reynolds stresses. The model was found to
generally show good agreement with the measured data. The prediabiothree
dimensional flows were much more accurate over the entrance region than those
generated by loweprder models, however the modeled results were deficient in the

respect that they over predicted the secondary circulations in some circumstances. O

2F wSSO0SQa FTAylrf |aaSaayvySyda adrasSa GKIFG a
model. However, we must concede that the model requires, in its tuliesnsional

form, slightly over 150% more computer time than, say; ak2 RS ¢ ®

Nezuand Nakagawa (1993) state that the kmodel has a much wider applicability than
the Prandtl mixingength model and can simulate fully developed channel flows quite
well, while calculating the velocity distribution and turbulence quarsiti€hey continue

by stating that the k model, along with a damping modification of the dissipation term
for the free surface boundary condition and a general symmetry boundary performs

well for open channels.

Leschziner and Rodi (1979) completed cateuis on strongly curved open channel
flow using ak- turbulence model. The model was set up in cylindrical coordinates to
take into account tke curvature of the channeBoundary conditions for the inlet plane,

walls, free surface, and outlet were allnsddered within the model. Through data
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analysis two effects were found to benique to strongly curved channgl (1) the
transverse surface slope develops before the bend inlet and extends beyond the bend
outlet; and (2) continuous buildup or decay of ttransverse slop@ccursso that there

is no distinct region where axial symmetry exists. The results of the model were judged
to be sufficient to be tested against more complex geometries. This further

demonstrates the wide applicability of the knodel to complex problems.

Naot and Rodi (1982) developed a model thaas able to properly predict the
secondary currents in channel flow withosblving the full stress equation model
(similar to that presented by Reece, 19.7This model required #t the free surface be
taken into account in two ways. Firstijamping of the vertical velocity fluctuations was
required, thus increasing the horizontal velocity fluctuations due to continuity.
Secondly, the turbulent length scale was reduced due to gedoal restrictions at the
surface. The basic kmodel was utilized, while the free surface was treated like a plane
of symmetry for all variables except for the dissipatrate, . This rate was taken into
account by allowing the surface dissipation rate to have a virtual origin above the water
surface and be proportional to the distance from this origin. Anothey kharacteristic

of the model wa the wall treatment. A wafunction was used to set the boundary
conditions along the wall. This in effect medhat the boundary conditiorwas not set

at the wall, but at the first grid point outside of the viscous daper in a region where
the logarithmic law of the wallasvalid and turbulencevas nearly in local isotropy. The

model was then applied to two, and thre#mensional square duct problemi. was
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shown with comparison to experimental data that the secondary velocity fields were
simulated quite well, andwere in only slightly poorer agreement with the
measuremensthanwerewSSO0SQa wmptT LINBSRAOGAZ2Yya HKAOK

equationmodel.

Demuren and Rodi (1986) completed work on the dispersion of pollutants in
meandering channels, comparing experimental and predicted flow conditions. The
turbulence model used was a version of the kodelthat was modified to take into
account thestreamline curvature effects on turbulence by the transformation of the
model equations from Cartesian to polar coordinates. In gentle curves a higher order
model was recommended to properly take into account the extra curvature effects.
However, with stongly curved channels the pressure gradiemtsre in most cases
considerably higher than the gradients of the Reynalilssses so the refined modeling
was not required. With detailed comparisons between experimental and predicted flow
data of the velocityand concentration field, it was shown that good correlation

existed

2.3.2 CFD Modeling with Commercially Available Software

Theprevious section demonstrated that CFD can be used successfully in a wide variety
of situations, many of the researchepsesentedhad extensive theoretical backgrounds
and often wote their own CFD code. The average hydraulic engineer responsible for a

culvert design or a fisheries engineer responsible for regulatory appnogdit not have
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the same background. Furthermordyey would not have the time available to wiHop

their own code. ldwever,they maybe able to receive the training and have sufficient
time available to use a commercially available CFD software program to model culvert
hydraulics. As thikas yet to be doe extensively, this section will focus on outlining

successful applications of CFD software in other fields.

Yeung(2001) developed a model using the commercial software CFX version 4.1 to
predict flow distributions and watemresidence timethrough rectaagular service
reservoirs. By using CFD software, informatweas available at every cell within the

model domain. Yeun2001)stated that this feature is extremely useful, as opposed to

only having data at specific measurement locations. The flow congitivithin the CFD
software were estimated using the®k (1 dzNb dzft Sy OS Y2 RSt o { Ay OS
was used to predict the wateresidence time;the CFD software had a distinct
advantage over that of the physical models by discretizing the data oveerktiee

model domain. As well, in addition to the aforementioned benetite CFDmodeling

was found to remove the subjectivities of data analysigroviding a standard method

of data extractionYeung, 2001)

Khanet al. (06)applied a threedimensional CFD model to a contact tank. Khan used
the commercially available software STBR.This model solves the fundamental flow
equations such as continuity and conservation of mass and momerandysesthe k-

turbulence model to calculate the eddy viscosity and mixing coefficidits.model was
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compared againsthree-dimensionalvelocities from a 1:8 scale physical model. The
objective of their research was to show that CFD models can sinthi&e-dimensional
velocity fields accuratelySimultaneous validation of velocities and flow through curve
(FTC) data was completed to ascertain the predictive capabilities of CFD models.
Through analysis of the test results, it was concluded that CFD can dgmepmbduce

the velocity field and the FTC in a contact tank well

Chanel and DoerinfR008)presented their results of a comparison between a physical
model and a commercially available CFD model (Flow3i&)ir objectivewas to verify

that CFD modelsra costeffective alternatives to scaled physical models. From the
results it was determined that CFD models and physical measurements matched
reasonably well. They went on to further conclude that commercially available software,
such as Flow3D, has theibty to model various spillway geometries and configurations

when applied appropriatelygChanel and Doering, 2008)

Kopeinig(2004)developed a CFD model for a CSP culvert. The model was developed
within Flow3D, and was verified for a single test casig measured field data. They
then developed a series of numerical models that were used in a predictive manner to
determine the best configuration of baffle blocks for fish passage. These results were
used to develop a set of tables to help during théveu design phase for fish passage

(Kopeinig, 2004) Additional work was suggested by Kopeinig to further verify and
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include different variations of the slope and discharge in order to compliment the

modelQ validity.

2.3.3 How3D Theory Overview

Flow3D has a multitude of physics model options, making it applicaldentmle range

of fluid flow problems5 dzS (G2 Cf2g605Qa 3ISYSNIf dzaS:
water resources groups within Manitoba, it was selected touked to determine the

applicability of applying a commercially available CFD model to CSP culvert problems.

Flow3D is a general purpose CFD model used to calculate two or-tlmeensional flow
problems. There are a multitude of flow options (physicalhyd aaumerically based)
within Flow3D. However, for the purpose of this research, the free surface turbulence
model component was investigated. The equations of fluid motion are described by
non-linear, secondorder differential equations. Numerical solutisnoften require
approximations of various terms to reduce computational time. These approximations
come in the form of different turbulence models available within Flow3D. Because of
this, the results obtained using these approximated terms weldn appoximate

solution to the desired problem.

The general form of the mass continuity equation is as follows

O— —"F% Y—"® —"a@ ,— Y Y [217
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where w is the fractional volume open to flow, is the fluid density)Y is a turbulent
diffusion term, andY is a mass source. The velocity componehtsug, &) are in the
coordinate directionsd @ ¢). The fractional area open télow in the cxdirection is
represented byo ; similaly thearea fractionsopen to theflow in thewand ¢-directions
are represented byd and 0 . The coefficientY is a conversion parameter from

Cartesian coordinates depending on tb@ordinate system used within the model.

The general form of the NaviStokes equations shown in Cagtan coordinates are as

follows

— —™ — W — wo — ,— -—— 0 M0 w

— — — W — ®wo— ,— -Y— 0 0 w

~.

— = — W — b — -—— 0 Q@ —® U
10 [2.20]
In these equations, '©, 'O, "O) are body accelerations,’ @ "Q "Q are viscous
accelerations,d , &, @) are flow losses in porous media or across porous baffle plates,
and the final terms account for the injection of mass asaurce represented by a
geometry component. The termY (6 , 0 , 0 ) in the above equations is the
velocity of the source component. The tefi (0 , 0, 0 ) is the velocity of the fluid

at the surface of the souecrelative to the source itself.
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Numerical modeling starts with the physical geometry of the desired model, and a
computational mesh is used to capture this geometry. The computational mesh consists
of a number of interconnected cells, which divide the gibgl space into small volumes
with nodes associated with each volumEne data computed (pressure, temperature,
and velocity) at each nodal location is stored at each istep. FlowdD uses a
rectangular grid systemwhich is the most basic of grid typeBhis method of grid
development effectively makes the equations used for solving the fluid motion
equations much simpler to solyeand the governing equations were originally

developed on a rectangular grid

All fluid parameters are stored d@hese representativenodal locations and represent

the flow field throughout thediscretizedmodel spaceSince the physical characteristics
vary continuously in spac# theorya finer mesh will provide a better representation of
reality than a coarser meshn practice, there is a threshold where the increase in
accuracy is not sufficient to warrant an increased mesh density. Combined with the fact
that time can become a limiting factor, refining the mesh for the same physical space
will consequently increase theomputational time and may noprovide a better
solution than a coarser meshTherefore a balance between a better representation
throughout the entire flow field and computation time must be made for engineering

purposes.
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Flowd® uses rectangular grids teuse they are very simple to create and store due to
their structured nature. These grids are numbered usihgee indices: i in the x
direction, j in the ydirection and k in the-glirection. From this numbering system each
cell can be identified by a igue address (i, j, k) similar to thphysical space. Another
benefit of using structured grids is that they are generally more accurate and have
better stability within numerical modelthan using unstructured grids, where grid cells
may be curvilinearThis is because some of the oldest numersahiemes ardased on

the finite difference and finite volumenethods that have been developedising a
rectangular mesh. As a resuftinding numerical solutions using rectangular grate

generally more efficien

Since this research focuses on free surface flow, it is important to note that many
different sinulation types exist within FIoBD. There is an added difficulty when
modeling any free surface environment because flow parameters and materials
experiencea discontinuityat the surface. In Flow3D, the gas next to the water surface is
replaced by an empty space which has a uniform pressure and temperature while the
inertia of the air is ignored. These assumptions are generally valid, since the flow details
of the gas typically have little effect on the general flow characteristics of the heavier
fluid. Bymodelingwith one fluid, the free surface then becomes a boundary of its own.

It is important to be able to define the free surface boundary condition priypto

accuratelymodelthe free surface dynamics.
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Flow3D useshe Volume of Fluid (VOF) method to model the free surface. It consists of
three main partsthe first beingthe definition VOHunction, second is a method to solve

the VOF equationsand fnally setting the boundary conditions. Along this boundary all
velocity gradients and the shear stress are set to zero. This in turn reduces the
turbulence production (k) at the free surfa¢elowScience, 2009Auxiliary modés are

also available to the user depending on the type of model being set up. The auxiliary
models which were used within the model set up were the gravity and viscosity models,

which will be discussed in more detail within Section 3.2.
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Chapter 3: Testing Procedure

Chapter 3outlinesthe physical modebpparatus.experimental plarand Flow3D model

development

3.1 Physical Model

A scaledCSRculvert model wagonstructedr & G KS ' yAGSNEAGE 2F al
Research& Testing Facility (HRTRPnly a brief description of the equipment and
procedureswill be givenbelow, as a detailed description was givey Kehler(2009).

The project area consisted of a space approximately 3.65 m wide, 27 m long, and 2.5 m

in height. This model space provided suéiit room to allow for a headwater box, CSP

culvert, and tailwater box with a return channel.

The headwater box was developed to have a sufficient length and width to model
naturalincomingstream conditions. The headwater box had an internal width o8 207

and a totalinternal length of 4.56 m. The inlet of the CSP culvert projed&t?minto

the headwater box This allowed for different inlet configurations to be built within the
headwater box if they were required. However, for this research all palysinodeling

was done with a projecting inlet. Flow straighteners, composed of a series of 0.3 m long
PVC tubing oriented in the preferential flow direction, were located approximately
2.20 m upstream of the inlet of the CS$Blvert. Additionally, a hese hair filter was

attached to the flow straighteners to drag along the water surface to reduce any surface
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disturbancesFinally, he inlet pipe discharged straight dovand was forced towards

the back wall to dissipate energy before going through thesfktraighteners.

A 0.80 m diameter CSP culvert with annular corrugations of 13 mm in amplitude and 68
mm in wavelengthwas used The culvert consisted of five 4.27 m sections for a total
culvert length of 21.35 m. Each section veasinected together usip culvert couplers,
creating a sufficiently stable naection. Significant work was dorie reduce leakage
throughout the culvert due to rivets and seams. An industrial polyurethane
waterproofing sealant was used along these areas to eliminate leakagegdi@sting
along the length of the culvert. A series of 18 saddle yokes were utilized to support the
culvert along its length. By supporg the culvert in this fashion, the culvert was able to

have an adjustable slope that rangbdtweenhorizontaland 1.5%.

The tailwater box was constructed in the same fashion as the headwater box, with a
return channel and a method to control the water level. Due to the location of the water
collection channel, the return channel required the flow to be 180 degrees fhenexit

of the culvert. This was done by providing a sufficiently long outlet channel, which was
3.34 m long and 1.75m wide with well rounded corners to direct the flow into the return
channel. The return channel was 0.91 m wide, which allowed the foreturn to the
laboratory flow system. A radial tailwater gate was used to control the tailwater level

within the culvert to ensure that normal depth had been reached.
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Gravelwith a d5p of 2.76 cmand a reasonably uniform gradation was useithin the
culvert for the gravelinfill tests Thegravel was distributed and leveled by hand initially.
A survey was thenonductedto ensure that the gravehfill had a consistent depth over
the length of the culvert. In the case of the additional tests that wezefggmed after
2009 baffles at the desired graV depth were installed approximately evegyD along

the length of the culvert toeduceinterflow through the gravel infill.

Discharge measurements were taken using a MSR Magnum Standard Magmeter. The
Magmeter was connected to a computerquipped with Labview software used to
average 25Qreadingsfor each measurementA series 0f28 manometer tubes were
usedalong thelength of the culvert to ensure that uniform depth was reached over the
entire culvert legth. Once uniform depth was achieved throughout the culvert, velocity
measurements were taken to capture theo-dimensionalvelocity profile within the

fully developed region. These measurements were taken 16 #® downstreamfrom

the culvert inlet which was found to be wWewithin the fully developed region by Kehler
(2009. Velocity measurements were taken using three different Acoustic Doppler
velocimeters (AD®). The AD® used were an upward and downwalabking SonTek

16 MHz MicroADV, as well as a side looking Sontek 10 MHz ADV.

The physical modeling plan was developed to utilize previous data collected at the
University of Manitoba(Kehler, 2009) and to provide a broaderange of velocity

profiles at similar slopesData from Kehler (2009 was usedas the first eight test
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conditions while the remaining testseen inTablel were completed to complement
YSKE SNR&.oHnndpo RIFGLF

Tablel: Physical modekssts
Test Discharge [Mis] Slope [%] Rock Infil[%] h[m]

1 0.086 0.028 0.00 0.49
2 0.086 0.110 0.00 0.35
3 0.176 0.110 0.00 0.52
4 0.085 0.270 0.00 0.27
5 0.176 0.270 0.00 0.40
6 0.075 0.270 9.71 0.24
7 0.075 0.270 18.38 0.22
8 0.075 0.270 27.85 0.20
9 0.123 0.042 0.00 0.51
10 0.125 0.124 0.00 0.40
11 0.217 0.124 0.00 0.54
12 0.125 0.249 0.00 0.31
13 0.225 0.249 0.00 0.44
14 0.250 0.249 0.00 0.48
15 0.200 0.504 0.00 0.35
16 0.089 0.295 10.00 0.23
17 0.260 0.295 10.00 0.36

A key differere to note is that for tests € the integrated dischargeather than the
discharge measured by the Magmetavas used There was a significant difference
between these two numbers because of the amount of interflow within theawl
gravel. The choice to use the integrated discharge was made because in field conditions
a culvertwith rock infillwould retain silt within the voids in the gravel layétowever,
baffles wereinstalled approximately every 1.6 to limit the amount ofinterflow that

occurred, and tdake this assumption into account for tests 16 and 17
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3.1.1 Data Collection

A traversing mechanism wauilizedto facilitate accurate geometrical positioning of the

AD\& within the culvert crossection20 diameters dowstream from the culvert inlet

The predicted water depthfrom a I Y Y A Yy 3 Q & usifidjttzlplibisBed value of

a | yy Aey (@043 for theCSReulvert (Corrugated Steel Pipe Institue, 200W)as used

to set the upper limit of the expected flow field gridded profile was then developed,

using this upper limit and the culvert wall, within an &xflle. Thesepoint locations

were then converted to the number of required countssed by the traversing
mechanismgo I OOdzNJ G St & LI2aAAGAZ2Y [ withn tiBan2 BRel G KS !
file. In the previous research complet¢lehler, 2009)12000 samples werdeemed to

be an appropriate number of samples to provide results that were within 2% of the
measured long term turbulence characteristicHowever, for the purpose of this

research the measured streamwise vetgcwill be compared against the modeled
streamwise component of the flow fieldind turbulence quantities were not as
important. Therefore, 12000 samples were collected at two points to determine how

many samples were required to accurately measure theastiwise velocity. It was
determined that it was sufficient to measure0®0 samples to be within the errorof

0 KS (136#0fQhe measured velocity or 0.25 cni@nTek, 2001 s seen iffigure2

and Figure 3, where the dashed lines denote the error of the AD¥ f 2y 3 G SN

measurement.
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3.2 Flow3D Model Development

This section will be broken down into the same categories that Flow3D uses to set up a
model. These sections include the general model assumptions, physics models, fluids,
meshing and geometry, boundary conditions, init@nditions, desired output, and

numerical operation methods.

3.2.1 General

The threshold for steadgtate was set to occur when the change in total mass, total
fluid energy, total solid energy, average mean kinetic energy, average mean turbulent
energy aml average mean turbulence reached values of less than 1Sdtulations
were runeither to steadystate or for 700 seconds of simulation timevhichever came

first. If the model stopped after 700 s it was found to beamuasisteady state
condition, wheein the streamwise velocity distribution changed slightly, but

consistently between timsteps

The interface tracking was set to be a free surface or sharp interface. These methods
were described earlier within section 2.2 @hich use the VOF methodhe flow mode
within the model was assumed to be incomprédsj this was done to allowlow3D to
utilize this assumption to simplify the governing equations of fluid fld\wve general
form of the continuity and momentum equationswld then be reduced by leminating

all terms that consist of a change in density in time or sp&agally a one fluid model
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was used within Flow3D. This utilizehe aforementioned simplifying assumptions used

for a one fluid modelto help reduce computation time.

3.2.2 Physics

There are a multitude of physics mddehat can be usd within Flow3D, only two of
which wereselected to be appropriate for open channel flow through culvefise first
auxiliary model wsed was the gravity modelGravity in the airection was set to
9.806 m/$, while gravity in the xlirection was adjusted to take into account the slope
of the culvert modelThis was done tallow the model to ben ahorizontalorientation

to prevent irregular fragmentsn the meshthat would occuralong the legth of the
culvert barrelfrom the Fractional Area/Volume method (FAVJ@iat Flow3D uses to

capture the geometry

The second physics model utilized was the viscosity and turbulence rdodeio the
Reynolds number ranging between 94,000 and 326,000 Fmr physical model,
indicating turbulent flow conditionsThe viscous flow setting was used to better model
the flow characteristics within the culverSinceflow is known to haveturbulent
characteristicswithin CSP culvertsa turbulence model was sed to represent these
features A series ofests were then developed usinghe different turbulence models
available within Flow3D which atée Prandtl mixing length, onequation turbulent
energy model, tweequation k model, renormalized group-kmodel, and a large eddy

simulation modelThrough these testt was determined that theenormalizedgroup k
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(RNG) turbulencenodel was the most efficient in this particulapplication while still
providing acceptableresults. Also, he RNGturbulence model is generally the most
robust transport turbulence modedvailable within the Flow3D softwaf&lowScience,

2009)

3.2.3 Fluids

Within Flow3D a comprehensive fluid databasgedifferent fluid properties is included.
This database includes information regarding the density and viscosity amongkether
characteristics The material properes that were used were water at 2C. This was
deemed appropriate, considering the slight variation in density and viscosity with
temperature, because the water within the laboratory at the University of Manitoba is

generally clos¢o 20xC.

3.2.4 Meshing & Geometry

Flow3D has two meshingpordinate system options which are cylindrical or Cartesian
coordinates. Cylindrical coordinates weirgtially considered because they would be
ideal for capturing the culvert geometry accurately. However, within Flqwgihdrical
coordinates are geneatly used for axisymmetric or annular domain problems, making
them preferable for full pipe flow model&ince all of the modeled conditions were only

partially full, a Cartesian coordinate system was found to be preferable.
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A series of model geometriegere developed at the beginning of timeodelingphase to
determine the most appropriate method afhodeling flow conditions through CSP
culverts. The first modelas developed to tryto limit the number of cells required to
model the flow field within thedomain This modeincludedhalf of the culvert cross
section, with a length of 21 nS/ymmetry was assumed along the cegline of the
culvertby modeling flow in only half the crosgction However, this tended to dampen
the secondary circulationthat would be expected withirthe culvert. This is because
the assumption of symmetry within Flow3D does not allow for turbulent cross flow

through the boundary condition.

The second model that was developed took these observations into account by
including the full crosssection of the culvert.This model allowed for secondary
circulations to develop within the culvettiowever,the secondary circulations occurred
in the opposite directionof what is expected within the culvert when compared to

velocity profiles fromClark and KehlgR011).

This then lead to the development of thiénal model geometry. Thdinal model
geometry includd the headwater box geometry of the physical culvert model, as well
as the full crossection of the culvert for 21 m. By chang the geometry to include the
headwater box, the secondary circulations developed in the appropriate direction. This

is likely due to the incoming velocitiasd turbulence quantitiesvithin the culvert being
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modeled more appropriately than assuming anstant velocity field at the inlet

(Toews et al., 2011)

The geometry consisted of a headwater box which @&sm in length (to the inlet of

the culvert) and 2.8 m in width. A vertical head wall was assumed at the inlet to limit the
number of cells equired to capture the geometrpf the inlet This assumption was
based on the findings oMHunt (2012) that the flow structure two diameters
downstream from the inlets very similar for different inlet configuratianUsing these
findings, and knowing # normal depth for a particular discharge in a culvert will not
change, it can be taken that the velocity field for different inlet configurations will be
very similarwithin the fully developed regianAs previously mentionedthe culvert
barrel portion of the model wasa 0.8 m diameter21 m long smooth horizontal pipe.

The centre point of the culvert inlavas located at 2.90, 1.50, 0.50 (X, YmZand the
centre point of the culvert at the outleis located at 23.95, 1.5@&nd 0.50m. The
roughness othe culvert was determined by applying the {ayv to the physical model
results from Test 3 to determine the equivalent sand grain roughness of the
corrugations Additionally, for tests that include rodkfill, a smooth surface was added

at the approprate location nearthe model bed, and was given an appropriate
roughness valueThis value was determined to be four times df the gravel that was

used within the physical model.
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Mesh sensitivity testwere required to determine the appropriate mesh dsity for the
Flow3D model Two mesh blocks were used to capture the entire model domain
coarsemesh blockwas used to capture the headwater box geometmply to provide
the CFD modaelith a better representation of the incoming velocities than an ager
velocity boundary condition. This mesh bloalasthe samefor all mesh configurations
within the culvert.The mesh dimensions and number of cells for mesh blockcanébe
found inTable2. The second mesh blotiad different mesh densitieswhich were used

to determine the required cell size to adequately model the flow field within a cylvert

shown inTable3.

Table2: Meshblock 1configuration

Fixed Point Number of
Cells
0.00 -
X Direction 2.00 20
2.95 20
X Direction
Total - 40
0.00 --
. . 1.00 12
Y Direction 500 0
3.00 12
Y Direction
Total - 44
. . 0.00 --
Z Direction 075 15
Z Direction
Total - 15
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Table3: Mesh bock 2configuraions

Mesh 1 Mesh 2 Mesh 3 Mesh 4
Fixed Poinf Number of| Number of| Number of| Number of
Cells Cells Cells Cells
X Direction 2.95 210 210 210 1050
23.95
. ) 1.05
Y Direction 195 23 30 45 45
. . 0.05
Z Direction 075 18 25 35 35

A fifth mesh configuration was developddr the culvert barrel, which consisted of the

same cell density for the bulk flow ares Mesh 2 while three nested mests were

utilized to better capture the culvert wallddowever, the nested meshes were still

unable to @pture the corrugations of the culvet. KS O2y FA 3 dzNF GA2Y T2 NJ
mesh can be seen ifable4. The developed mesh densities in the spanwise and vertical
directionsare depicted inFigure4. The developed meshes were tested to ensure that

further refinement would not lead to an improved result.

Table4: Mesh 5- nestedmesh onfigurations

Mesh 5¢ Nested Mesh| Mesh 5¢ Nested Mesh| Mesh 5¢ Nested Mesh
1 2 3
Fixed Number Fixed Number Fixed Number
Poirt of Cells Point of Cells Point of Cells
X 2.95 2.95 2.95
Direction 23.95 525 23.95 525 23.95 525
Y 1.05 1.05 1.8
Direction 1.95 90 1.2 15 1.95 15
Z 0.05 0.35 0.35
Direction 0.35 30 0.75 40 0.75 40
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Figured: Mesh configurations as depicted from Table 3 €aj Mesh 1; b) Mesh 2; c) Mesh 3; d) Mesh 4;
e) Nested meshes for Mesh 5
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Figures5 to 7 show that thereare small differences the centreline profile within the
developed region between thdifferent developedmeshes excluding mesh 1 foest 1
However, there is a slight difference betwearesh 2 andmeshes 3 and 4 for test 5.
Mesh 5 results were not obtained due to the significant @ase in the number of active
cels when compared against Mesh 4, exponentially indrepshe CPU time seen in
table 5, combined with consistent results being achieved between meshes 2 and 3, and

meshes 3 and 4.

Table5: Simulated ime vs CPU time

Test Mesh CPUTime Simulated Time [s] Ratio
[dayd
1 1.2 700 154
1 2 0.5 330 143
3 1.1 401 240
4 14.3 330 3742
1 0.6 617 88
3 2 1.8 617 247
3 6.2 617 865
4 - - -
1 0.2 190 96
5 2 0.3 190 155
3 1.4 190 614
4 30.3 412 6359

Due to these considerations, Mesh 3 was selected to bentlost appropriate mesh
density to accurately model the measured data within a timeframe that may be
practical Another important aspect was that this mesh was ableptovide a good
representaton of the physicajeometry of the model domain, which is demonstrated in

Figure8.
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Figure8: Final nodel domain

3.2.5 Boundaries
In Flow3D there are a multitude of boundary conditions available tauger depending
on the desired application of the model. The boundary conditions used in all of the
models are summarized ifable6.
Table6: Boundary onditions

Mesh
Block

Boundary| Type

Xmin
Xmax
Ymin
Ymax
Zmin
Zmax
Xmin
Xmax
Ymin
Ymax
Zmin
Zmax

IR R
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Where Q is the volume flow rate boundaf® and h) W is the wall boundary, S is the
symmetry boundary, and P is the specified pressure boundary where the #épiti ¢th)

is specified.The pressure boundary was set to normal depth at the outlet and was
assumed to ben appropriaterepresentationbecause all test conditions are subcritical
and controlled from the downstream portion of the physical model. Howevaer tHe
volume flow rate boundary conditionnly the discharge was specified. This was done to
prevent over specification of the CFD model and to abbovaryingwater surface profile

to occurwithin the model. Finally,lte reason for Xmax in mesh block 1da¥min in
mesh block 2 being specified as wall boundaries are that a significant portion of the
boundary is a wall boundary; howevéilow3D is able to recognize that flow does need

to cross the boundary at the inlet of the culvert.

3.2.6 Initial Conditio ns

The initial conditions within the model consisted of setting the depth and velocity within
the two mesh blocks. The depth was set to the expectednab depth within the
culvertandthe average velocity was assumed within the culvert. The initial \gleet

within the headwater box was found by

Y ru [3.1]
where Upeaq is the streamwise velocity within the headwater boXhe vertical velocity
throughout the model was assumed to be in the downwards direction with a magnitude
of 10% of tle average velocity within the culverhis was done to help initiate

secondary circulations within the model.
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3.2.7 Output

Data wassavedfor every 10 seconds of simulatidime to minimize the result filesize
for each test, while still providing enougime steps to ensure that the modelas
working properly.Extra data that was used to ensure that theodel was working
included the lydraulic dataset optionwhich consisted of free surface elevation, Froude

number, fluid depth, and the depthveraged veicity.

3.2.8 Numeric

The numeric settings within the Flow3D models were based on recommendations from
GKS dzaSNna Ylydadt sAGK GKS SEOSLIiAzYy 27
step was low at @O0001s to ensure that the time step would not forcke model to

exit before steadystate conditions had been methevarying timestepwas controlled

by stability and convergence. The pressure solver used the GMRES implicit method,
while the explicit solver was used to find the viscous stress. ¥irtAk momentum
advection was modeled using the third order scheme to ensure that secondary

circulations were not dissipated due to poor approximations frora finst or second

order schemegFlow Science, 2012)
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3.3 Data Processing

The data processing for this research consisted of processing the data from the physical
model and the developed CFD maosldlhe details for this process will be broken down

into the physical modeling and CFD modeling procedure.

3.3.1 Physical Model Data Processing

The physical model data was organized into a folder which was labelled according to its
slope, discharge, andhfill depth. The velocity data was filtered to ensure that a
correlation ofgreater than50 was achieved for U, V, and Whis proces included using

the phasespace despiking methotb eliminate the spikes from the measured data as
set out by Goring and Nikora (2002). This method is based on the concept of a three
dimensional Poinc&map or phasespace plot where the variable and dsrivatives are
plotted against each other. The points are then enclosed by an ellipsoid defined by a set
of criterion and the points outside of this ellipsoid are designated as spWéen a

spike was foundt was then replaced by the overall mean oftlkignal.The method
iterates until the number of good points does not change or the number of spikes goes

to zero.

Once the data had been filtered for each data point location, the profile was then
created using tlsfiltered data. Thiswas done using aim-house mifile to collect all data
points and mirror them along the centreline of thvo-dimensional profile. The

averages for'Y, @, and & were calculated along with a multitude of turbulence
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guantities. Anew variable was then created for the nornzad measured velocity

Y TY).

3.3.2 CFD Model Data Processing

The CFD models weréebkgled according to theameorder asthe physical model results
asshownin Tablel. Eachtest required a different amount 6 simulaion time to elapse

This difference resulted in a wide range of file sizes for each test, as well as a difference
between theamountsof CPU time required to find a solution. Each test was separated
into its corresponding folder depending on tH@Dmodel properties.The CFDmodel
properties consisted of the mesh density, surface roughness, and the boundary

conditions.

AlthoughFlow3D ha a builtin results viewer, aexternal program was used to provide
more flexibility wth the analysisOnce stadystate was reached the flsgrf.* output files
were then imported into Tecploteach timestep could be observed within this file.
Since the steadgtate conditions were of interesthe data for the final time step was
extracted.However, if the modeleached quassteadystate the results were exported
for the final 20 timesteps and averaged. Thismoved the subjectivity of selecting the
G 6 S a i -step througiout the simulated time periodsigure9 shows that therewas
little change when averaging ov20 time-steps to obtain theawo-dimensional velocity

profile for Test7.
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Crosssectional data was extracted at 20.00 diameters downstream (18.90 m within the
CFD model) from the inlet of the culvert within the model. The centreline was also
extracted along the entire length of the culvert, whichasvthen used to extract
centreline profiles along the length of the culvert @25, 1, 5, 10, 1520 and 5

diameters downstream of theulvertinlet.

Once the desired crossectional data s extracted an additional variable s then

calculated. This as done by finding the average streamwise velolty  070)
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within eachdistributionand dividing the predicted velocity by this calculated averatge

each point locationThis new variable was then nam&t  ¥'Y

3.3.3 Mesh Interpolation

The Flow3D mesh had node locations that didt rexactly coincide with the

measurement locations. In order to facilitate comparing the modeled and measured

linearly interpolatedthi®

data at the same locations, the modeled data were

measureddata point locations. This was domne reduce interpolationerrors because

the modeled data resolution was much finever the entire crossection than the

measured dataas seen b¥Figurel0below.

+ Measured data points

o CFD grid points
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Chapter 4: Results and Analysis

The results and analysis portion of this research was completed using a combination of

Excel, Matlab, and Tecplsbftware programs

4.1 Introduction

Throughout this chapter only the results from several tgpitest conditions will be
shown while the remaining test conditions will be shownAppendicesA, B and CA
standard set of plotsvere usedo allow an unbiaseccomparison betweemodels Each
modeld two-dimensionalvelocity distribution were plotted separately, and compared
visuallybefore detailed analysis was completed. Once these comparisons were made
visually, intermodel comparisons wereompletedby usingproportionality plots, and
two-dimensional percent difference plots. Data was then extrdd®m the predictive
modelplots to show the percent area of the flow field thaaswithin 5, 10, 15 and®0%
of the measured normalized velociy /7Y ). Additionally,the cumulative percent
area versusome thresholdvalue(") of Y /7Y was extractedo determine if there
wasa consistent relationship across all test conditiowbere " ranged between 0.00

and 1.50 onan intervalof 0.05to provide a sufficiently detailed profile
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4.2 Physical Model Distributions

One ofthe objectives of usingCFD to predict the flow field within CSP culverts, taking
physical modelmeasurementswas required to verify the models aility to predict
natural conditions. The physitalmeasurediwo-dimensionalvelocity distributions for
tests 1, 5, 6, 10, 13 and 16 are showiirigurellto 16. The point locations on the two
dimensional distribution plots repsent the locations where the physical
measurements were taken, except for the points along the wetted perimeter. These
points were forced to have velocity characteristics equal to zero to satisfy thaimo
boundary along the culvert wall, and were noiciuded in any of the subsequent
proportionality plots later in this chapteiThey were necessary to include in order

facilitate generating accurate contour plots.
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A lkey observation to notas that the maximum velocity is suppressed from the water
surface. This effect was due to the secondary circulations that were observed using the
longterm averages of the secondary velocities takbyp Kehler (2009. Another
observation to take notef is the portion of the flow field that is less than the average
velocity within thesalistributions Theseaspects of the twalimensional velocity profile
were determined to be the most importanb accuately model the velocity field within

a culvert.

4.2.1 Current Prediction Method Comparison
Current fish passage regulations consider only one velocly, 070, when
RSAONAROAY3I GKS KeRNIdZ AO O2yRAGAZ2YA GAGKAY
that the two-dimensionalstreamwise velocity distribution is uniform, with the entire
crosssection having avelocity ¥ Y ® ¢ KA D YWYZRDZ2 YLI NBR G2 GF
data to assess model performancéhis was accomplished lmalculating the percent
difference between model and measuremerdn a grid The measured velocity was
linearly interpolated to this grid and the percent differencesaalculated as

P OQQQQI GE69—2p mi4.1]
The percentage of the crosectional flow areavhere the model and measurements
werewithing i LIS NO Sy {wheReA F 5, SONIS yaa2®)ere determinedfor all
test conditions the reaults of which are shown below ifable7 for tests without gravel

infill and Table8 for tests with graveinfill.
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Table7: Percentage of the crossectional flow area (%A) whetiee predicted velocity (Uav) is withi i
of the measured velocity for tests without grawvefill

%A %A %A %A

Test i B%eE I T%g1 1 I5%F1 I T %pI
Test 1 12.6 27.5 42.8 59.2
Test 2 11.7 21.8 32.5 494
Test 3 15.2 32.2 49.7 70.9
Test 4 13.0 23.8 35.4 49.9
Test5 16.0 30.3 48.3 68.7
Test9 14.4 34.4 66.6 73.6
Test 10 155 32.5 53.3 69.0
Test11 21.2 51.0 66.9 71.3
Test 12 11.7 23.3 37.2 56.2
Test 13 17.0 34.6 60.4 67.0
Test 14 17.9 37.5 58.9 65.5
Test 15 16.2 32.8 55.7 70.1
Average 15.2 31.8 50.6 64.2

Table8: Percentage of the crossectional flow area (%A) where the predicted velocity (Uav) is within
of the measured velocity for tests with grawetill

%A %A %A %A

Test i B% B I T%g1 1 I5%F1 I I %pI
Test 6 11.3 22.6 34.1 48.2
Test7 11.9 23.3 35.7 51.3
Test 8 8.2 18.1 28.7 40.5
Test 16 9.0 18.5 27.0 37.5
Test 17 14.6 29.9 49.0 72.6
Awerage 11.0 22.5 34.9 50.0

Gonsider Test 1 as an example. A total of 12.6% of the @®st$onal flow ara has a
predicted velocity withint5% of the measured velocity, whereas 59.2% of the eross

sectional flow area has a prediction that is witki20% d the measured data.

It can be concluded that the current method of predicting the velocity field is not an
accurate representation of thactualflow field within a culvert It is important to be

able to model the velocity gradiemtear the culvert wall,where the fish are likely to
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swimas the velocities are significantly less than those in the centre of iaareland

the average velocity. It is also important to note that the tests without gravidl were
slightly better represented on all four lels than the tests with gravetfill. This is likely

due to the more complex secondary circulations that occur within culverts of this
nature. The secondary circulations would be expected to be more complex due to the

compound channel roughness and shaguner regions of thehannel geometry
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4.3 CFD ModelDistributions

Thepredictedtwo-dimensional velocitylistributionsfrom the CFD modedre shownin

Figurel7to 22for the same test conditionfl, 5, 6, 10, 13, and )6
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Figurel7: Test 1¢ CFDpredictednormalizedvelocity Y  TY
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It can be seen that thd=-low3D model has more accurately predicted the velocity
distributions for tests without gravehfill than those with graveinfill. This is due to the
maximum velocity being slightly sugssed from the water surface under these test
conditions. However, for the models that included grawdill the maximum velocity
was forced closer to the water surface, further distorting the velocity profiles is
likely due tothe k- turbulence malel not being able to consistently moddle velocity

dip in sh#low water depths.This was determined by visually inspecting the secondary
circulations within the CFD model for each test condition. It was foundithiaists with
water depths below 0.398n the model was not able to predict the secondary

circulations in the appropriate direction.
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Additionally, the centreline profiles were visually inspected to determine whether the
CFD model has a developed region, similar to the physical model. Thelicenmefiles
for tests 15 can be seen belowA continuous profile was extracted between the first

cell above the culvert bed and the last cell below the water surface.
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It can be seen that in general there is a definite deveiept regionwithin the culvert
model when comparing the centreknvelocity profiles for 0.25,,110 and 1®. This is
similar to the observations made by Kehl@009 on the physical model tests. hie
centreline velociy profilesbecome more consistent with respect to the downstream
distance from the inletwhen compared visuallyln the region between 1350 the
centreline profiles take on a similar shape, and have a relateehgistent variation,

with small differences between each subsequent profile.

4.3.1 CFD Model to Physical Model Comparison

The CFDmodelwascomparedto the physicalmodel using several different figures and
tools. The first of whiclwasthe proportionalty plot where the predicted normalized
velocites throughout the crossectionwere plotted against the measuredormalized
velocities. A perfect relationship between these two values would result in a line of best
fit to have a slope of one. Additionaliyie R value for a 1:1 slope and the line of best fit
were calculated to determine the models performance. Thégares are shown for

tests 1, 5, 6, 10, 13 and 16.
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It can be seen that the general trend is close to a 1:1 slope ranging from 1@.96800

for tests without graveinfill, and 0.931 to 1.085 for tests with grawefill. These results
are summarized iTable9 and Table10, showing that the CFD model performs best for
the test condiionsto which it was calibratedh, tests 16, as expected. This can be seen
from the R value for the 1:1 and best fit lines. One of thisiectivesof this research was

to determine whether a CFD model could be used in a predictive manner once
calibratedto a physical modelTest conditions 717 were analyzed to determine how
well the model was able to perform under predictive conditions. Looking at the 1:1
slope and R values for tests 915, it would appear that the CFD model did not work
well. Howeverthe R values significantly improve for the best liite, showing that in
general the scatter within the proportionality piets relatively low. This is particularly

true for tests 1215, while tests 911 do notimprove asmuch

Table9: CFD proportionality plot summary for tests without grawéill

1:1 Best Fit Best Fit
Test R Slope R

Test 1 0.773 0.966 0.817
Test 2 0.699 0.989 0.705
Test 3 0.777 1.036 0.833
Test 4 0.854 1.022 0.862
Test5 0.757 1.062 0.866
Test9 -0.325 1.061 -0.070
Test 10 -0.111 1.081 0.172
Test 11 0.209 1.080 0.393
Test 12 0.651 1.031 0.684
Test 13 -0.187 1.200 0.821
Test 14 0.207 1.144 0.782
Test 15 0.456 1.083 0.513
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However, for the rocknfill tests none of the models, outside of the tmhted test
condition, performed well. All other test conditions showed large amounts of scatter
about the line of best fit. This is demonstrated by the negative to |dwaRies obtained
from these models.

Tablel0: CFD proportioality plot summary for tests with gravadfill

1:1 Best Fit Best Fit
Test 2§ Slope R
Test 6 0.860 1.016 0.861
Test7 -1.215 1.085 -1.164
Test 8 -1.069 1.050 -1.040
Test 16 -0.303 0.931 -0.213
Test 17 0.190 0.914 0.260

Theseresults were expectedased onvisual inspectiorof the CFD twalimensional
velocity profilesAs an additional means of objectively assessing the CFD results; a two
dimensional plot of the percent difference between the predicted and measured
streamwise velocities was produceidr each test The percent differences were
calculated in a manner similar to that used when comparing Y to Y

(section 4.2.1)with"Y being replaced byY . This provided a method to determine
where the largest error®ccurredwithin the CFD model, while also deterrmg the
percentageof the flow area thatvas modeledwell. These results can be seenHFigure

34 to 39 for the same representative test conditions and are summarizetaible 11

andTablel2.
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Theplots demonstratethat the largest errors occur along the water surface and in sharp
corners, either between the watewall or wallgravel regions. Tése areas havethe
most complexsecondary circulations within the flow field. This is particularly true for
tests with graveinfill where four circulation zonewould be expectedthereby adding

to the complexity of their secondary circulations over testthaut gravelinfill. These
plots illustrate that the modelsdo in fact, perform better than they had appeared to
earlier when strictly using the Rvalues Data from these plots were extracted to
determine he percentage of the crossectional flow area (%9 where the predicted
velocity Y 0 A& G6AGKAY pgi 2 Fhe iddd stivgenedmlyzpfdimsd St 2 O
the best for test conditions-b, as expected from calibration. When comparing the CFD
modeked velocities for tests with and without greel infill there is still a definite
improvement over using the average velocity to predict the flow f(skee Tables 7 and

8). This is due to the streamwise velocity gradient from the culvert wall giving a better
representation than usinthe average viocity to predict the entire flow field. There is a
significant increase in all percent argaoups, whereapproximately 25% of the flow
area is modadd more accurately than using the bulk average velocity for tests without

gravelinfill.
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Tablell: Percentage of the crossectional flow area (%A) where the predicted velodilynpd is within

B

2F (GKS YSI &adz2NBR JStingliOA (&

%A %A %A %A

Test i B%eE I T%g1 1 I5%F1 I T %pI
Test 1 55.1 85.3 95.2 98.5
Test 2 534 84.3 96.3 98.4
Test 3 55.8 87.8 94.2 97.1
Test 4 54.1 75.4 83.7 86.6
Test5 48.9 76.9 90.5 95.2
Test9 57.6 82.4 89.3 92.2
Test 10 54.7 72.0 78.0 80.2
Test11 26.4 50.9 67.4 75.8
Test 12 59.1 73.7 83.0 88.7
Test 13 5.6 125 31.4 60.2
Test 14 6.2 34.3 61.9 78.4
Test 15 9.1 25.8 52.1 66.5
Average 40.5 63.4 76.9 84.8

There is little difference between test conditions when comparing the percentage of the

T2N) 6Sada

crosssectional flow area where the predicted velocity is witl§n of the measured

velocity, even considering that the proportionality plot suggested test 6 was significantly

better than the four remaining testfor tests with gravel infill This suggests that the

bulk area of the flow is modelecceuratelyfor all teg conditions while thecorners and

surfacewithin thesemodek are likelynot well modeledfor test conditions 7, 8, 16, and

17. There is still an improvement over using the bulk average velocity; howgvusmot

as significant as for the test conditi® without gravelinfill. This improvement ranges

from 13 to 21.2% of the flow arefar tests with gravelnfill, which is still a significant

portion of the crosssectional flow area.

77

g A



Tablel2: Percentage of the crosectional fow area (%A) where the predicted velocitynGod is within
Bl 2F GKS YSIadaNBR oifll20A0& F2NJ §Sada oA

%A %A %A %A

Test i B%eE I T%g1 1 I5%F1 I T %pI
Test 6 254 46.0 54.5 61.7
Test7 27.9 44.3 52.3 57.8
Test 8 24.1 43.2 54.1 59.9
Test 16 19.8 35.6 49.8 61.7
Test 17 22.8 43.8 69.5 76.4
Average 24.0 42.5 56.1 63.5

4.4 Empirical Model Distributions

Through visual inspectioalong with detailed analysisf the velocity profiles fotthe
physical and CFD models it waancludedthat it would be beneficial to also compare
the empirical equation from Clark and Kehler (2011) for predicting thedinensional
velocity distribution within the fully developed region. Thesdistributions were
developed in a similar manner to those usedishler(2009 using an ifhouse MatLab
script. It is important to note that only tests without grawefill can be compared due to
the limitations of the empirical equatiorkigure40to 43 show the crossectional plots
of the streamwise velocities predicted by the empirical equat{fon ) for tests 1, 5, 10,

and 13, respectively.
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Since this empirical model was developed using the candifor tests1-5 it would be
expected that they would producstrong correlations Theseequations were able to
provide areasonableprediction of the twadimensional velocitylistribution within the
fully developed regionThe empirical equatios velocty distributions do a good job
predictingthat the maximum velocitys depressedbelow the water surface, as well as a
significant pecent of the overall flow are& less tharthe average velocity for each test

condition.

4.4.1 Empirical Equations to Physical Model Comparison

The empirical equation resultwere analysed in the same manner used for the CFD
model, where Y represents the streamwise velocity predicted by the empirical
equations from Clark and Kehler (201BY first presenting the ppmrtionality plots, the
summary from these plots, then progressing into the percent difference plots and

similarly the summary table for these figures as well.
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The proportionality plotsdemonstratethat the empirical equation performs well ew
the entire range of the test conditions. The best fit line slope ranged from 0.883 to
1.105 with R values ranging from 0.550 to 0.971 (seenTable13), showng that the
model does a relatively good job of predicting the velocity field within the fully

developed region.

Tablel3: Empirical equation proportionality plot summary for tests without grawéll

11 Best Fit Best Fit
Test R Slope R
Test 1 0.789 0.929 0.940
Test 2 0.967 1.012 0.971
Test 3 0.904 1.050 0.971
Test 4 0.938 1.013 0.943
Test5 0.901 1.051 0.961
Test 9 0.374 0.917 0.682
Test 10 0.806 1.006 0.807
Test 11 0.866 1.003 0.866
Test 12 0.122 0.883 0.775
Test B 0.892 0.972 0.914
Test 14 0.140 1.105 0.550
Test 15 0.855 1.004 0.856

The empirical equations were also compared using the percent difference plots where
"Y wasusedinstead of Y . It was expected that a larger percent of the aneauld be
within the bounds set due to the fact that thé Ralueswere comparatively higher than

the CFD models resujtsombined with slopes closé¢o 1:1
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Tablel4: Percentage of the crossectional flow area (%A) where the predicted velodifghj is within +
of the measured velocity for tests without grawvefill

%A %A %A %A
Test i B%eE I T%g1 1 I5%F1 I T %pI
Test 1 37.6 86.2 98.2 99.2
Test 2 95.7 99.6 100.0 100.0
Test 3 534 96.2 99.8 100.0
Test 4 69.0 80.7 82.5 83.3
Test5 49.1 87.5 99.5 100.0
Test9 29.5 65.0 83.0 91.9
Test 10 73.6 84.9 87.1 88.3
Test11 52.1 81.1 90.6 91.4
Test 12 19.6 36.2 82.9 96.5
Test 13 70.5 93.2 96.6 98.1
Test 14 35.7 57.7 72.5 82.2
Test 15 65.8 82.8 88.0 89.7
Average 54.3 79.3 90.1 93.4

Generally, the modeperformed well. Thiswas shown by the increase in the higher
percent areas for each value, suggesting that the empirical equatiord ahot only
perform better when looking at the Rvalue,but alsothat a larger percentage of the
flow areawas modeled more accuratelifhese results show that for the test conditions
used here, on averag&€9.3% of the flow crossectional area was predicted within an
accuracy of:10%, and 93.4% of the cresectional area was predicted with an accuracy

of £20%.

4.5 Simplified Cumulative Percent Area Method

As previously mentioned, current fish passageutations are based on describing the
complex flow conditions within a culvert using a single average velocity. The results thus

far demonstrate that a CFD model can provide a better estimate of streamwise water
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velocities in a culvert, yet this comes wighconsiderable investment of finances and
time. The empirical equations of Clark and Kehler (2011) were found #orbasonable
representation of the streamwise water velocities in a CSP culvdthough this
method can be programmed without the use ofpensive software, there is still an

investment of time that is required.

It was decided to use the empirical equation to try to develop an even more basic
means of assessing the flow conditions in a CSP culiérin the fully developed
region Specifially, a simple method to predict the percentage of the crssstional

flow area with a velocity less thaiY may be beneficial to culvert designers and
regulators. This type of tool would allow designers to quickly say, for example;3$at

of the flow area has a velocity less than .

Additionally, sincgohysicalmeasurement values oWf'Y did not range below 0.and

the flow along the boundary would be expected to follow the law of the \weltlere
velocity does not vary linearlyt was decided that the empirical equations provided a
more appropriate comparison method.h& empirical equationalso provided more
flexibility in terms of being able to develop a much finer mesh to extract data,from
avoidng interpolation errors. Streanwise velocity data was extracted for all test
conditions without graveinfill, on an interval sizeof 0.05°YF'Y . The cumulative area
was then averaged over all test conditions at these intervals to develop a relationship.

Theseaverage values are shown below kigure 52. The fitted lines are given by
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equation 4.2. The utilitpf this plot can be demonstrated using the following example. A
culvert designer can quickly find thg ™Y p ordinate, move vertically to the fitted
line, and then horizontally to the vertical axis to see that this corresponds to
approximately 5% of the area. Similarly, 25% of the flow area will have a velocity less

than or equal to Y 1@

100.00

80.00

60.00

40.00

20.00

Percent of Crossectional Area Less TharMUav

0.00
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

Figure52: Development of cumulative percent cressctional area less than U/Uav vs U/Uav relationship
within the fuly developed region

. wow P TEY— 0@ CQE+— T U
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Equation 4.2rovided excellent rasts for the averaged datan R value 0f0.997and
root mean squared error (RMSBf 3.844 were achieved whewgompared tothe

measured velocity profiles. This relationship was then applied to each individual test
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condition for the measured velocity profiles. The developethtionship performed
extremdy well over all individual test conditions andstsown inTablel5.

Equations 210, 211 and 212 were also used to determine the House et al. (2005)
developed equation, for predicting the cumulative percent area less thames
threshold velocity within a streambed simulation culvert, also applied to CSP culverts.
House et al. (2005)eveloped relationship also performesiell; however, an averaged
data set could not be comparesincethe? functionin equation 2.8 makethis method

test specificEquation 4.2 was found feerform betterby comparing the average’@nd
RMSE values for testslb, with the RMSE being approximately half that of the House et
al. (2005) equations.Additionally, it is important to note that whethe House et al.
(2005)relationship was applied to the measured data, the model only predicted th
approximately 85% of the flow area was less tHARY® = 1.50, showing a large

discrepancy at teupper limit.

Tablel5: Developed relationships performance
Developed Relationshij House et al. (2005)

Test R RMSE R RMSE
Averaged Dati  0.997 3.844 - -

Test1 0.993 5.518 0.977 12.123
Test 2 0.976 9.824 0.972 8.482
Test 3 0.996 3.488 0.953 13.687
Test 4 0.989 6.902 0.990 7.192
Test5 0.997 3.759 0.994 8.212
Test9 0.991 5.398 0.977 12.514
Test 10 0.994 5.723 0.989 10.038
Test 11 0.991 6.497 0.987 11.129
Test 12 0.991 6.160 0.989 7.720
Test 13 0.996 4.676 0.994 9.651
Test 14 0.993 6.411 0.992 10.850
Test 15 0.994 5.157 0.984 11.337

Average 0.992 5.793 0.983 10.245
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Sinceequation 4.2was able to perform well under a broad range of tests (experimental
data ranged fromh/D = 0.2710.543) the relationship was then applied @ series of

h/D values that ranged between 0.20 and 0.80 on an increment of 0.05 for a single
slope. The relationship was only applied for one slope because upon closer inspection of
the empirical guations the predicted normalized velocity is not a function of slope.
Considering the empirical equatistfequations2.13 and 2.4) and substitutingin the

relationshigs for™Y ,0 ,“Y, and™¥ as defined in Chapter @dusing the relationship

| © 11 1 I ,the empirical equations then become:
) L 8 8 —
YO OOYE® ppo— I l—m—— % QEd T Y [4.3]
Y
8 8 —
QY PR p® w— 1 0
Qv — —° VEO T GV [4.4]

The predicted velocity is then a function &Y Noting thata I y Yy Aeguatidris used

to predict the average velocity it can be seen that is also a function oY
Therefore, by normalizing theredictedvelocityby the average velocity, the normalized

predicted velocity profile will notd a function of the slope.
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It has been demonstratethat the model performs well over all test conditions, with a
minimum R value of 0.991, and maximum RMSE of 6.3%0 seen inTable 16.
Additionally, it can be seen that the deloped relationship performs besterthe mid
range of the theoretical tests due to the majority of the physical model tests and

empirical equatios beingcalibraied within this range

Tablel6: Theoretical tests for cumulativeepcent area with a velocity less th&¥Y comparison
between equations 23 & 2.14 and equation 4.2

h/d R RMSE
0.20 0.994 5.368
0.25 0.995 4.731
0.30 0.996 3.980
0.35 0.997 3.611
0.40 0.997 3.289
0.45 0.998 2.486
0.50 0.998 2.225
0.55 0.998 2.382
0.60 0.998 2.742
0.65 0.997 3.363
0.70 0.996 4.348
0.75 0.994 5.543
0.80 0.991 6.970
Avg 0.999 2.049
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Chapter 5: Conclusions and Future Work

5.1 Summary

Current legislation requires that an efficient fishway shall be provided whers it i
ySOSaal NE F2N KR SIOJz6985) «18).ahea@Braniguidelyias ®INS a
culvert fishwayg require that the average velocity be below 1 nits culverts shorter

than 25 m or0.8 m/s for culverts longer than 2B, and potentially lowerif the
prolonged swimming speed dhe local fish species is below these threshol@ikese
guidelines are set to ensure that fish are able to navigate the full length of the culvert.
essence this means that a single average velocity calculated fromsignddischarge is

used to describe the complex flow conditions within a partially filled culvert.

However, research has indicated that these regulations may be overly conservative. This
is because the average velocity does not provide an accurate repegsen of the
velocity field within the fully developed region. A significant portion of the velocity field
within the fully developed region has been observed to be below the average velocity.
Fish will likely use #se areas, as opposed to swimming agatrnwater that is flowing
faster than the average velocity. Physical models have also shown that the maximum
velocity within the fully developed region is suppressed from the water surface. This
feature has been attributed to secondary circulations that éndbeen observedrom

measurements Additionally, research has been completed on the inlet region where it
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was found that the flow structure two diameters downstream from the inlet is similar

for all inlet configurations.

Although physical modeling is imngiant to determine new flow characteristics,dan be
beneficialto model flow using CEBince itcan potentially cut costs while in the design
phase of any project. There has been a multitude of CFD models that have been applied
and verified for diffeent applications. However, there has been little research that has
combined CFD modeling and culvert hydrauhdsichlead to the current research plan

to be carried out.

The current research consisted of completing physical tests at low slopes thadrang
between 0.028cand 0.468%, typical to Manitobxw surface gradientswith a 21 m
long, 0.8 m diameterCSPculvert The tests were completed with and without gravel
infill to determine the velocitydistributionsthat are expected within a CSP culveht.
CFD model was then calibrated to six tests aedfied against an additional eleven test
conditions. The test conditions without gravaifill were then tested against the
empirical equations developed by Clark and Kehler (2011). These results wenastu

to determine if there is a relationship between the cumulative percent area less than

some threshold velocity.
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5.2 Conclusions

Several key attributes were further confirmed for open channel flow through culeyrts
acquiring physically measured pites within the fully developed region for tests with
and without gravel infillOne such attribute demonstratetthat the maximum velocity is
suppressed from the surface due to secondary circulati@amsl is forced toward the
water surface as the water g¢h is decreased. Also, a significant portion of the flow
field was observed to be below the average velodiy all test conditions These

characteristics were determined to be the most important to model when using CFD.

The current method™ , of predicting the flow conditions within a culvert i
calculae the average velocity. This method is overly simplisttten modeling the
velocity distribution within the fully developed regioPhysical model results have
shown that a velocitygradient exists near the rough culvert walls, and that complex
velocity distributions occur within a partiailfifled CSP culvert. When comparing the
predicted average velocity to the physical model results, on average, only 32% of the
crosssectional flav area was predicted with an accuracy+df(®o, and only 64% of the
area was predicted with an accuracy##0%. This demonstrates that using the average
velocity provides a poor prediction of the streamwise velocity ritigtion in a CSP

culvert.

On averae, the current prediction method only predicts 23% of the flow cisessional

area with an accuracy afl0%, and only 50% of the flow area was predicted with an
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accuracy ot20%for test conditions with gravel infillThese percentdifferences indicate
that using the average velocity to predict the flow field performs slightly better for test
conditions without gravelnfill than tess with gravel This is likely due to the added
complexities of the secondary circulations attributed to compound channayhess

and sharp corners that are seen in tests with grawil.

The developedCFD modebperformed relatively wellpredicting the velocity profile
within the fully developed regioffor tests that were deeper than 0.398 riihe model

was able to predicthe secondary circulations in the exged directionfor these test
conditions which in resultfacilitated the maximum velocity to be slightly suppressed
from the water surface. Additionally, the CFD model provided a better representation of
the velocily gradient that occurredhearthe CSP culvert wathan the average velocity
doeswhen compared against the physically measured velocity distributiblasvever,

the modelfailed to accurately predidiows in shallow tests antestswith gravel infill

This was likely due to the complexities of secondary circulation cells that are observed

within similar gemnetry to these test conditions.

Centreline profiles were also extracted along the length of the CFD culvert nfodei.
these profilesit was foundthat the model was able to predict a developing region
where there was significant change in the centreline velocity prdigétween 0 and 15
diameters downstream of the culvert inleThis compared well with the physically

measured developing region, whicwas found to range between 5.95 and 12.11
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diameters downstream of the culvert inlet (Kehler, 200he centreline velocity profile
then becomes more stable after 15 diameters downstream and maintains a similar

shape and velogjtup to 25 diameters dowhieam.

When the CFD model was compared against the measured data, all test conditions had
a slope close to 1:1 when plotted against each other. However, the model performed
best for tests conditions -6. On average, 63% of the cressctional flow area @as
predicted with an accuracy afl0%, and 85% of the flow area was predicteith an
accuracy oft20% for test condions without graveinfill. The model performegboorest

for test conditionswith gravelinfill that the model was not calibrated t&/( 8,16, and

17) when comparing the Rvalue. Hwever, the percent difference valuehowed, on
average, 24% of the crosgctional flow area was predicted with an accuracyt®%

and 64% of the flow area was predicted with an accuracs26fo6 which was corsent

over all tests with gravenfill. The percent difference plots also indicated that the model
performed significantly better for tests without gravefill. Even though the model did

not always perform exceptionally well, the percent difference plehow a significant
improvement on the current method of predicting the velocity field, while also

providing a means of approximating flow conditions in the developing region.

The empirical equations developed by i€land Kehler (2011) performedell for the
test conditions without graveinfill. The empirical equationsprovided an accurate

representation of the flow field within the fully developed region with the maximum
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velocity suppressed from the water surface, and a large percent of the flowbfeddav
the average velocityComparing the empirical equation to the measured data, on
average, 79% of the flow area is predicted with an accuracyl0%o, and 93% of the
flow area is predicted with an accuracy @P0%. These results along with the
proportionality plots indicate that therewas a significant improvement using these

equations over the CFD model.

The empirical equations were then used to develop a relationftrighe cumulative
percentareabelow some threshold velocit{ ). Equation 4.2vas able to predict the
cumulative percent area beloveome threshold velocityfor all of the physically
measured tests with an’R 0.997 and an RMSE of 3.844 for the average test condition,
and an average’® 0.992 and RMSE of 5.7@Ren applied to individual tests. House et
al. (2005) developed relationship, for streambed simulation culverts, also performed
well with an average® nddpyo YR wa{9 ' mMnogAG)D | 26 S
relationship only predicts approximately 8586 the flow area to be belowYr'Y o 0

1.5, whereasthe measured data indicatebat 100% of the areavasbelow this point.
Therefore the developed relationshiprovides a more accurate representationcoffor

YO between 0.271 and 0.543 in CSP culverithe developed relatimship also
performed well when teste@dgainsttheoretical tests betweerf¥O = 0.2 and 0.8, with a

minimum R = 0.991, and maximum RMSE = 6.970
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Overall, the results indicate thahe empirical equation is a much more reliable means
of predicting the veloity field within the fully developed region than the CFD model.
However, both models do perform better than the current method of usivg to
predict the flow field within CSP culverts and the CFD model providesdithedbenefit

of predicting the flov field within the developingagion as well. Additionallygquation

4.2 for the cumulative percent area below some threshold velocity provides a simple
and accuratetool that can be used to describthe velocity distribution within CSP

culvertsin the fuly developed region

5.3 Future Works

Within the project there are several potential areas of research that should be followed
in the future to increase the understanding and accuracy of modeling culvert hydraulics.
The following list provides an outlired potential topics that should be explored.

1) Additional testingin culverts with gravel infill to determine the effects of
secondary circulations under these conditions, and to potentially develop an
empirical relationship sirtar to that of Clark and Kednl (2011) for culvertswith
gravel infill

2) Application of a higher order turbulence model than what was available with the
commercially available software used within this research. Poskigleer order
turbulence modelsncludethe Reynolds stress modapplied by Reece (1977) or

the modified k turbulence model applied by Naot and Rodi (1982).
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3)

4)

5)

Physical modeling of gradually varied flow conditions should be explored to
determine their effect on the velocity profile. In addition, determine the
backwater éfects and their benefito fish passage.

Collaboration between hydraulic researchers and fish biology researchers.
Although both are important individually, communicatishould continue to be
improvedto ensure that the met important portions of the clvert are being
explored.

Combine the latest findings in hydraulics and biological understanding of fish
passage through culverts to develop a field program to select sites for
observation of an operating culvert. The program could collect hydraulic data
(such as water velocities, gradually varied flow profiles, and operating
conditions) andthe fish passage success ratthumber of fish passed, fish

passage attempts, etcfdr all species present.
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Appendix A z Physical Model Results
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Figure63: Test 17- Normalized measured velocityY 7Y
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Appendix B z CFD Model Results

08 T T ! ; 1 T 1
07b oo S SRS S SRS SR i
o — — s  — SO S SO, S—— ]

| E— S R——  S—  R— JUS— U T . 4

Figure64: Test 2- Normalized CFD predicted velocityy 7Y

Figure65: Test3 - Normalized CFD predicted velocifyy ~ ¥Y
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