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Previous research has demonstrated that pool-b#ittforms play a critical role in channel stabibtyd
ecosystem health in many natural gravel-bed channalthough the bedform length is known to scale
with channel width, no experimental research hassggated the effect of bedform length on pooileif
hydrodynamics. To improve the understanding oftiydrodynamics of these bedforms so that they can
be better incorporated in restoration practicasné experiments were conducted testing the flow at
seven different bedform lengths.

Velocity profiles are measured in a 17 m flume witbvable PVC bedforms using ultrasonic velocity
profilers (UVPs). Smooth two-dimensional (no sisity) bedforms are used in order to isolate the key
dynamics in convective acceleration and decelaratidbhe angle of transition between pool and riffle
heights was 7°, so that permanent flow separatidmaok occur. Parameters calculated from the vloc
and turbulence profiles include the Coles’ wakeapseter (a measure of the deviation from the log,law
shear stress estimated from the velocity profleas stress estimated from the Reynolds sheas stred
vertical velocity. From the individual velocitymie series, the integral length scale and the iatagne
scales are also calculated.

Overall, the length of riffles and pools exert andamental control on the distribution of flow and
turbulence within a channel. In the pool, enegydissipated both through turbulence and as the iflo
redistributed to uniform flow conditions. In théfle, kinetic energy increases as the flow velpcit
increases, and as the length increases, the flovesnowards a new uniform flow condition. The t&su
start to explain the reasons behind the persisteaiing relation between width and bedform lengith.
can be concluded that uniform flow conditions exzitsthe end of the pool when the bedform lengtio rat
is greater than approximately 1:5.0 when the riféd@gth is held constant, and that uniform flow
conditions are no longer observed at the end ofptid when the bedform length ratio exceeds 1:7.0
when the pool length is held constant.

Future research should concentrate on extendingrdbelts to include three-dimensional pool-riffle
configurations, repeating bedform configurationgginal scaling parameters, and sediment transport.
Ultimately, as the hydrodynamics of pool-riffle seqces are better understood, better bedform design
can be implemented in restoration projects.
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Rivers have played a crucial role in the develogneérhuman society. Many cities and civilizations
around the world were founded along rivers, usihg tiver as their primary water source and
incorporating the river with their industrial neetts help grow their economy. With time, it is
frequently the case that the rivers that humardty henefited from have been degraded to an unhatura
state. Rivers have been lined with concrete orajpto reduce erosion and to remove water as lguick
as possible during high flow events (Keller, 1978Rivers have been straightened, reducing the
meander length, so that new development can berootex in previously flooded areas (Newbury and
Gaboury, 1993). Rivers have been dredged so d#rge Iboats can pass through the channel for
economic gain (Holtschlag and Hoard, 2009). Tlasges to the rivers natural morphology has led
to a decrease in ecological habitat diversity mtikier, created dangerous fast flowing channefsdu
runoff and peak event conditions, and led to urnstabannels leading to flooding and damage to urban
and rural structures (Harper et al., 1998; Walkex.e 2004).

With increasing problems related to reduced aquatlutats, poor channel stability, and flashy réinof
conditions in domesticated and urban watersheder nehabilitation and restoration have become
important activities to reverse or counteract aspbgenic incursions. The number of river
rehabilitation projects has increased significaimlyhe past couple of decades with more than 14 00
river rehabilitation projects undertaken since 1864he United States alone, with a total cost 62$
billion USD (NRRSS, 2006). Over 94% of these riughabilitation projects have occurred since 1990
(NRRSS, 2006). In southern Ontario, over 120 riastoration projects took place in the 1990s at a
total cost exceeding $11.9 million CAD (Heaton let2002).

River rehabilitation must integrate ecology, geophaiogy, hydraulics, and hydrology to be successful
(Clarke et al., 2003; Julien, 2002). Engineers saidntists have been working together to undedstan
river mechanics and how geomorphology affects tydrddynamic forces governing the motion of

water and sediment in river systems (Julien, 20@2pool-riffle sequence is a bedform naturallyridu

in rivers, and is well known to be a stable georhareature (Yang, 1971; Keller and Melhorn, 1978;

1



Wohl et al., 1993). In recent rehabilitation patgein low-slope gravel-bed rivers, pool-riffle lfeans
have frequently been used to create stable rivanredls which can promote a diverse range of aquatic
habitats (Pasternack et al, 2008). However, bathesses and failures have been seen with thiofype
bedform installed during rehabilitation projectdh)ese some bedforms have become eroded or filled in
with sediment leading to failures in stability andreased flooding (Walker et al., 2004). Thesalits
indicate that there is still more to learn about thool-riffle sequence and its application to river
rehabilitation projects.

The overall objective of this thesis is to charazgethe hydrodynamics of the pool-riffle sequeate
different bedform lengths. This includes obtainamgunderstanding of how the flow and turbulence in
a channel, particularly close to the bed and sidiésywchange as the scale of the bedform changes.

In this thesis, the known literature on riffle-pa®Equences will be reviewed, including previoutdfie
and laboratory studies completed on the topic twvide the background needed for clarity of the
research. At the end of the literature reviewisacthe detailed objectives of this thesis ardimed.
Next the laboratory equipment used to test theceftd the length of the pools and riffles on
hydrodynamics of pools will be explained. Follogithis, the experimental methods and analysis of
the measured velocities will be outlined. A conplset of results of the hydrodynamic changes
observed over different pool and riffle lengths gmesented after the experimental methods are
outlined. Finally, a discussion of the results andomparison to previous studies are presented,
concluding with recommendations for future research
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This section of the thesis defines the pool-rifiequence, and discusses the scale at which they
naturally occur in open channels. The role thatlidfle sequences play on channel stability and
ecology is highlighted, previous field and laborgtstudies that have been completed on the togic ar
summarized, and the objectives of this researclatimed.

6)-3 1/"&*&7/(8&)8

Each channel reach in different drainage systenishave different characteristics associated with
them including slope, grain size, and roughnessietts. In alluvial systems, which are systems that
have unconsolidated materials that can be erodddransported by the flow (Keller and Melhorn,
1978), there are five distinct reach bedform typhed can occur based on different combinations of
these characteristics. The different bedform typekide cascade, step pool, plane bed, pool-rifitel
dune ripple (Montgomery and Buffington, 1997) (Fed).

(@)

(b)

(©)

Water Level

(d)

(e)

Figure 1. Sketch of the side view of different lmrdf classifications including (a) cascade, (b) stegl, (c) plane
bed, (d) pool-riffle, and (e) dune ripple (Montgamand Buffington, 1997).
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Montgomery and Buffington (1997) summarized thdeddnces of the five bedform morphologies to
mark the differences in the major fundamental fisctbat govern each type (Table 1).

Table 1. Diagnostic features of different alluviagidforms.

Dune Ripple Pool-Riffle Plane Bed Step Pool Cascade
Type of_bed Sand Gravel Gravel- Cobble-boulder Boulder
material cobble
Bedform Multilayered La’gerally Featurelesg Ver.tlcally Random
pattern oscillatory oscillatory
: Sinuosity,
Dominant bedforms (dunes Bedforms (pars, Grains, Bedforms Grains,
roughness inples. b pools), grains, bank (steps, pools), bank
elements fIPPIES, ars), sinuosity, banks anks grains, banks anks
grains, banks ' ’
Pool spacing
(channel 5to7 5to7 None lto4 <1
widths)

All of these different bedform types are important unique in alluvial stream systems, howeves, thi
thesis focuses only on the pool-riffle sequence.
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Pools and riffles are common bedforms in alluviedvgl-bed streams (Leopold and Wolman, 1957;
Keller, 1978; Leopold et al., 1964), but can also found in some bedrock streams (Keller and
Melhorn, 1978). Pool-riffle sequences generallcuscover low slopes, generally less than 2%
(Montgomery and Buffington, 1997; Madej, 1999; Gay] 1991). Pools are the topographic low of the
bed, while the riffles are the topographic high (fypmery and Buffington, 1997), and collectively
they create an undulating bedform (Leopold etl8i64) (Figure 2).

Water Level

Riffle

Figure 2. Side view of a pool-riffle sequence (Mgrhery and Buffington, 1997).

The dominant type of planform morphology of a pdffle sequence is meandering, which increases
the length and reduces the slope of a channel (ldogt al., 1964). With the development of



meandering, there is a decrease in tractive foooethe apex of the bends, and it is in this locatio
where point bars develop (Church and Jones, 1982pm the planform view, it is common to
associate bars with the pool-riffle sequence, aikkatively they are referred to as the pool-riffiar
sequence (Figure 3).

Flow
—

Figure 3. Planform view of a pool-riffle bar sequer{Montgomery and Buffington, 1997).

Riffles are shallower, steeper zones, and occtiarstraight segments, or cross overs, betweers.pool
Riffles store very little transient material, ariekir relatively large material may be exposed (Chur
and Jones, 1982). Riffles are generally lobatghigpe, and slope alternately first toward one Izantk
then toward the other (Leopold et al., 1964; Chuand Jones, 1982). Due to the diagonal riffle, the
water in the channel at low flow bends around th& point of the riffle, and thus tends to have a
sinuous course even within the banks of a straggth (Leopold et al., 1964). Riffles are typigdlb-
33% wider at the tops than pools during low floRg&chards, 1976). Riffles act as energy dissipators
the channel, and promote stability while also alfmyvperiodic transport of coarse bed sediment to
occur at high flows (Church and Jones, 1982).

Pools are associated with adjacent point bars wrashilts in an asymmetric cross-channel profile
(Keller and Melhorn, 1978). The pool length variggh channel gradient and sediment transport
conditions (Wohl et al., 1993), while the pool de also influenced by discharge (Lisle, 1982, Woh

et al.,, 1993). The pool exit is an area of stréundpulent energy dissipation, increased sediment
deposition, and also controls the size of matégeling the pool (Sear, 1996; Thompson et al, 1996)

Alluvial bar development requires a sufficientlyga width to depth ratio and small grain sizestieta

to boulders that are easily mobilized and stackethb flow (Church and Jones, 1982). Bars deform
slowly and are usually adjusted to long-term treimdsediment load and flow conditions due to their
size and mobility, and therefore, they are reldyiwtable (Lisle, 1982). Point bars have the laraggtd
height on the same order as the channel width aahrdepth, respectively (Church and Jones, 1982).
Bars act as energy dissipators that help maintammel stability when sediment transport is ocogyri
and provide a major storage sink for bed mateedinsents (Church and Jones, 1982).



A pool-riffle sequence can be formed freely orande forced. A freely formed pool (Figure 4a) is
created by the lateral mobility of the channel (&eland Melhorn, 1978), sediment transport, flow
regime, and the resulting convergence and divegyehtlow (Montgomery et al., 1995). Forced pools
(Figure 4b) are created by bends or obstructionshwtause flow convergence and turbulent velocity
fluctuations that scour the channel bed (Montgone¢rsl., 1995).

(a) | PookRiffle _ (b)

Figure 4. A sketch of a (a) freely formed poolaffequence, and (b) forced pool-riffle sequencentgomery et
al., 1995).

The pool-riffle sequence is present in nearly allgmnial channels in which the bed material isdarg
than coarse sand, but appears to be most chasticteri gravel bed streams (Leopold et al., 1964;
Montgomery and Buffington, 1997). Pool-riffle semaes will have a range of bed material size, with
a coarse layer on the surface layer and a finerlay the subsurface (Leopold et al.,, 1964). The
largest bed materials in pools, in both the surtawe subsurface, are significantly finer than drgest
bed materials in the riffles (Keller, 1971; Leopodd al., 1964). In riffles, the largest material
commonly forms in a single layer on the surfacellg€e1971).

The pool-riffle sequence is persistent over a raoiglow stages (Keller and Melhorn, 1978), so it
generally does not migrate up and down the chafiregpold et al., 1964; Wilkinson et al., 2004).
Very rarely is the whole bed in motion, and the enat eroded from one riffle is commonly deposited
on a downstream riffle (Sear, 1996; Montgomery Badfington, 1997). Pools tend to scour at high
flow and fill during low flow, whereas riffles fillduring high flow and winnow during low flow
(Leopold et al., 1964; Keller, 1971; Keller and kiain, 1978). High sediment loads tend to bury pool
riffle sequences, whereas frequent high magnitlolesf wash them out (Keller 1978). Thompson
(2002) assessed the morphological response of pofllewy dynamics, finding that pools elongate at a
rate of ten times at which they deepen.

In a study on alluvial streams, Madej (1999) deteett that immediately after a high flow event (12

year flood), a river bed will reorganize itselfthat the pool-riffle bar sequence has very lowatons

in elevation. As time elapses from the high flowemrt, the stream bed topography increases in
elevation variations and the sequence of pooleriffar, becomes more pronounced. Following agpuls

6



of sediment and debris during a high flow eveng, ilrer channel processes and forms will adjust and
evolve towards a new equilibrium (Madej, 1999).giiflow disturbances leading to a stable riffle4poo
channel will result in riffles becoming more extes pools becoming smaller and shallower, and bed
material textures becoming finer (Lisle, 1982).

7/1.)* )-3

Rivers tend to move and shift in two dimensionterily and vertically. Lateral movements haverbee
studied extensively due to the ease of measurernent maps, and have revolved around the
parameters of meander length or wavelength (L), litude (A), and mean radius of curvaturg)(r
(Figure 5).

Axis of
bend

0

Point of inflection
or crossover

Convex bank

Location of Concave bank

point bar

Figure 5. Lateral scaling parameters of a rivemftbe planform view (Leopold et al., 1964).

These studies led to the discovery that a chanmelelength is a function of stream width, and
therefore, indirectly a function of discharge. $htwice the distance between successive points of
inflection is proportional to the square root oé tlominant discharge (Leopold and Wolman, 1957).
The straight line mean meander wavelength roughbrages to be eleven times the mean channel
width (w) (Leopold and Wolman, 1964), as:

g S%S 1)

From these studies, it was also determined thatctrennel’s mean radius of curvature can be
empirically related to the mean meander length poébet al., 1964), as:
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The exponents in Equations 1 and 2 are so closmity that they are generally both considered as
linear, and hold true for a very large range ofatn sizes (Figure 6).
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Figure 6. Channel width and mean radius of cureatatationship to meander length (Leopold et &64).

In contrast to planform measurements, the vertmah of rivers has only been studied extensively in
the last few decades. Recent studies have foausdlte characterization of riffle height, rifflenigth,

A

B

pool depth, pool length, and the riffle to rifflenigth (Figure 7).

le——  Riffle to riffle length

Mean radius of curvature, feet

Figure 7. Vertical scaling parameters in a rivenirthe side view (Lofthouse and Robert, 2008).
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Freely formed pool-riffles units, for both straiglwtd meandering channels, generally have a riffle t
riffle spacing at a repeating distance equal tavbet 5 and 7 channel widths (Leopold et al., 1964;
Keller and Melhorn, 1978). The similarity in spagiof riffles in both straight and meandering

channels suggests that the mechanism that mairgamlsriffle sequences is present in both channel
types, and is not necessarily only associated witheandering channel (Leopold et al., 1964). In
forced pool-riffles, there is no regular spacing da the random forcing element distribution (Madej

1999), and can result in a spacing value of leaa the expected range for freely formed pool-riffle
channels (Montgomery et al., 1995). Lofthouse Robert (2008) found that an increase in the overall
curvature increases the pool-riffle sequence lengithen this occurs, the curvature appears to pr@mo

an increase in pool length more so than an incrigaséle length.

The riffle height is constantly proportioned to thenkfull depth at a ratio of approximately 1:0.46d

the riffle length was found to increase with thenkfall depth (Carling and Orr, 2000). The pool
becomes longer and shallower as the gradient amithble energy decreases in a channel (Wohl et al.,
1993). The average riffle length is in the rangd.:4.3 to 1:4.5 channel widths (Lisle, 1986; Qagli
and Orr, 2000). The average ratio of pool lengthftle length has been reported in the range:0fal

to 1.9 (Carling and Orr, 2000; Wohl et al., 1998rhannels with gradients less than or equal to 2%.
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A pool-riffle sequence has two main functions irclennel, a physical function, and an ecological
function. Physically, the pool-riffle provides bilization to a channel by minimizing the potential
energy loss per unit mass of water (Yang, 1971lekeind Melhorn, 1978; Wohl et al., 1993). At low
flows, the riffle acts as a hydraulic control oovil through the upstream pool (Richards, 1978). At
high flows, the riffle is submerged and functionsremas a large-scale roughness element (Caamafio et
al., 2009) to help stabilize the channel. In algtoy Walker et al. (2004) it was found that 50L69D%

of the total energy was lost over a riffle anddtsvnstream pool at high flows, proving its imporden

as a stabilization structure.

The pool-riffle sequence plays an important roletlon river’'s ecology (Moir et al., 2004). The pool
riffle sequence has a wide range of conditions #rat needed for ecological diversity in a healthy
channel (Boulton and Lake, 1992), including sultetrparticle size, current velocity, turbidity,
dissolved oxygen, aquatic vegetation, depth, teatper, and substrate permeability (Gorman and
Karr, 1978; Brown and Brown, 1984; Ross et al.,3)99 range of these optimal conditions are found
in both the pool and riffle, in general, howeverwas found that higher densities of organisms are
found in the riffle compared to the pool (Logan &rdoker, 1983).



Pool-riffle sequences play an important role in thefare of fish habitat as they provide areas for
feeding, breeding, and cover (Keller, 1978). St(E53) found that water flowing through the ghave
of a riffle provides aeration essential to the mation of fish ova. Pool-riffle sequences create a
backwater effect (backs water upstream in the poel to the riffle), which is necessary to produce
high-quality spawning habitats in the tail end loé fpool, for such species as the Chinook, steelhead
and Atlantic salmon (Heggberget et al, 1986; Paatds et al., 2008). Backwater conditions also help
embryos survive moderate floods by limiting theisgaht's mobility to only partial transport, whereas
in a uniform channel the full bed would be mobiRagternack et al., 2008). The natural sorting of
coarser bed material on riffles provides an optiaratlironment for bottom dwelling organisms (Keller,
1978). These organisms are important as they geavimajor food source for the fish (Keller, 1978).

&9.- (-/(&)8

Anthropogenic disturbances such as urban develaoprfiead controls, and mining practices degrade
channels and lead to a decrease in natural pdi@-tibpography, and a reduction in ecological

populations (Harper et al., 1998; Walker et al.Q80 Rehabilitation projects have tried to reczeat

channel forms believed to be favored by particglaecies (specie- or habitat-driven rehabilitation).
These projects have not addressed the underlyiogm@hical processes that create channel form,
which results in non-self-sustaining channels tieguire continual management input (Clarke et al.,
2003). River rehabilitation must integrate ecologgomorphology, hydraulics, and hydrology to be
successful (Clarke et al., 2003).

More recent rehabilitation projects in gravel-begrs have used riffle-pool sequences as the dentra
bedform (Pasternack et al, 2008). These projéxtaiever, if improperly constructed, can lead to
increased flooding, channel instability, and no imerease of ecological populations (Walker et al.,
2004). An increase in understanding of the charetics and controls of the pool-riffle mechanigs
essential in water resource planning, ecologicatl aver management issues (Harper et al., 1998;
Newbury and Gaboury, 1993; Clifford et al., 2006iff@rd, 1993a; Emery et al., 2003; Clarke et al.,
2003).

&.16 0'.-9/(&)8'

Most pool-riffle studies previously conducted haeen field experiments. The data collected from
field experiments are often limited to one sizéefiform, low flow measurements, and often sectioned
averaged profiles (Clifford and Richards, 1992; Miaar and Roy, 2007a). Very few studies measure
with a high spatial density at high flood stagas] sery few divide the channel into sections based
expansion and contraction boundaries (MacVicar d&wly, 2007a). This means that most
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measurements previously taken are insufficientharacterize the pool-riffle hydrodynamics because
they did not take into account the vertical anerit distribution of flow parameters, or sensitive
enough to measure the near-bed velocities duripgreston and contraction in the pool (MacVicar and
Roy, 2007a). Spatially distributed data is alsodh@a collect in the field due to unsteady flow and
changing discharge (Booker et al., 2001). Howedespite these measurement disadvantages, field
observations do provide critical information asitfedform geometries form naturally, their rougbme
and planforms are accurate, their discharge fltesjaand sediment transport processes can be
observed and measured.

A number of different hypotheses derived from fistddies are available to explain the formation and
maintenance of pools, including the reversal hypsith (Keller, 1971), théteral variability of flow
parameters (Clifford and Richards, 1992, Thompgoal.¢ 1998, Booker et al., 2001, MacWilliams et
al, 2006, Harrison and Keller, 2007), scour by tleht vortices (Clifford, 1996; Thompson, 2006)dan
routing of sediment around the deepest part ofpthel due to flow convergence and divergence
(Booker et al., 2001; MacWilliams, et al., 2006jowever, there is no consensus on one hypothesis to
explain all pool-riffle sequences.

4. .9.-/1 #25)(4.'&

The first pool-riffle theory was proposed by Kel(@®71), who postulated a reversal hypothesis.s Thi
hypothesis stated that as the river discharge asexd the velocity in the bottom of a pool increase
faster than that in the riffle, so that eventudliig bottom velocity of a pool exceeded that inriffee.
Therefore, when the bottom pool velocity is greditan the bottom riffle velocity, the tractive fesc
will be greater in the pool. As a result, the &sigbed-load particles will generally be found ba t
riffles, and the relatively finer particle will deund in the pools. Keller developed his reverdaa on
Gilbert’'s (1914) observations of contrasting suefagitation in streams during high and low flows
while working for the U.S. Geological Survey (Giffi and Richards, 1992). Keller proposed his
hypothesis after measuring the bed velocity at tm?® (0.05 ft) above the stream bed over four
different flow rates (Figure 8).
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Figure 8. The velocity above the stream bed foh ltio¢ riffle and pool (Keller, 1971).

It should be noted that the axes are on a log4atesand the data trends follow the power lawingJs
this theory, at low flow below the velocity reveisanly the finer materials are transported, arel th
bottom velocity of the pool is less than the bottesfocity of the riffle. At an increasing discharg
transitional point is reached where the bottom eigjoof the pool equals the bottom velocity of the
riffle, and large material can be transported thfoboth the riffle and the pool. Above the reversa
velocity, the bottom velocity of the pool exceedattof the riffle, and the largest bed materiaks ar

moved through the pool and deposited in the statde of the river in the riffle (Keller, 1971) (lig
9).
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Figure 9. A diagram explaining the reversal hypsthéClifford and Richards, 1992).

Several investigations have shown that a velo@tyersal can occur (Keller, 1971; Thompson et al.,
1996, 1998, 1999; Booker et al., 2001; Wilkinsoralet 2004; MacWilliams et al., 2006). Some have
found that with increasing discharge the velocitgreased at a faster rate through the pool than ove
the riffle, but did not observe a velocity rever§@arling, 1991; Cliffords and Richards 1992), and

there are some that reject the existence of a #gloeversal (Teleki, 1972; Bhowmik and Demissie

1982). Although literature suggests that a veyooitversal does occur in some cases, it is not clea
whether a reversal of some type is a prerequigsitepbol maintenance, or whether the reversal
hypothesis is applicable for all pool-riffle sequea (MacWilliams et al., 2006).

Clifford and Richards (1992) discussed four key kmesses of Keller's reversal theory. First, Keller
assumed the power law holds in both riffle and pm@r the entire range of discharge, even though th
only data comes from low flow discharge measuremei8econd, Keller assumed these relationships
are similar for riffles and pools regardless of ttype of channel planform, whether straight,
meandering, or braided. Third, the reversal hypgithassumed occurrence for all paired cross-sesctio
designated as riffle and pool, regardless of spataables. Fourth, Keller used mean sectioned
velocities and mean boundary shear stresses, tigleesearchers who compared their studies to his
used a wide range of different flow parameters.

Clifford and Richards (1992) state that if a reaémwas going to occur, three things would have to
happen for continuity. First, the riffle and pablannel geometries would have to vary so thatdbe r
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of change of the discharge in the cross-sectiored af the riffle is greater than that in the pool.
Second, the differences in hydraulic geometrieslevbave to result from the changing distribution of
flow resistance through the sequence. Third, seamuld have to take place at high discharges in the
pool and or deposit sediment at the riffle in orttereduce variations in the channel’s cross-seatio
area. Clifford and Richards (1992) conclude thatnature of the flow-sediment interaction in effl
pool sequences may be more complicated than tieesavhypothesis implies. Although many studies
of pool-riffle sequences have shown a convergemeedan parameters in pools and riffles, there is no
evidence to suggest that a reversal in velocitytroasur, and in fact some studies have shown that
reversals do not occur at all in pool-riffles (Tielel972; Bhowmik and Demissie, 1982). It can be
shown that a velocity reversal can occur due tourdform flow without causing a continuity problem,
which will be discussed in Section 2.7.2. Overtalbm the different studies mentioned, it can be
concluded that the reversal hypothesis is not tmilant process for pool-riffle maintenance (Clitfo
and Richards, 1992; MacWilliams et al., 2006).
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Clifford and Richards (1992) found that a reversalthe absence of a reversal, could be demondtrate
simultaneously for a given pool-riffle sequence eleting on which parameter was evaluated, and the
location of the measurement cross-section. This dvee to the fact that there is lateral variabitify
flow parameters, including both velocity and sheiagss.

It was shown that the velocity in the pool secti@ud the highest value near the surface and that the
flow tended to be concentrated in the center ofctiennel (MacWilliams et al., 2006). The velodtie
near the bed were the highest on the point bardfidee pool rather than in the deepest sectiothef
pool (MacWilliams et al., 2006). Clifford and Retus (1992) showed that the location of the
maximum flow velocity shifts with changing dischargThompson et al. (1998) demonstrated that for
two channels with similar cross-sectional areagerdd constriction could result in higher local
velocities in the pool compared to an adjacenlkexiffBy considering this lateral variability, it héeen
found that the highest shear stresses frequentyraaver the upstream riffle, and in a narrowerezon
through the pool cross section, despite the overndiéning of the pool downstream of the riffle gos
section (MacWilliams et al., 2006; Harrison and|&el2007). The maximum bed shear stresses at the
pool cross-section occur on the slope of the poamtrather than in the deepest part of the poot ave
range of discharges (MacWilliams et al., 2006).

The lateral variability of flow parameters meanattmeasuring the velocity at a fixed point for an
entire cross-section would not explain pool-rifff@intenance. Therefore, section-averaged datatis n
sufficient in explaining the characteristics of vilcand form interactions of pool-riffle sequences
(Clifford and Richards, 1992; MacWilliams et al0QdB).
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Generally, when considering sediment transportasistress is typically only estimated from the
magnitude or gradient of velocity near the bed, ased in a threshold prediction, like in the Stseld
diagram (Dingman, 2009). However, it is known thabulent fluctuations can increase the rate of
sediment transport (Nelson et al., 1995; Sumed.e@03), and can even cause sediment transport
when the ensemble mean average critical shears dtgem’'t been achieved (Hassan and Woodsmith
2004; Sumer et al., 2003). The observation of érighrbulence at the head of the pool (Sear, 1996;
Clifford, 1996) led to the hypothesis that turbuleortices are important for pool scour (Thompson
2002, 2004, 2006, 2007). This theory explains Wi/ pool center has a larger range of grain sizes
despite having a lower mean bed shear stresseasibulence effects causes enhanced entrainment
and higher bed load transport. (Hassan and Wooksgtio4).
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Another theory for the maintenance of pool-riffegaences involves the convergence and divergence
of flow. Studies have observed that many podascharacterized by a constricted width, which ferce
the lateral convergence of flow at the head ofghel (Montgomery et al., 1995; Thompson et al.,
1998). This constriction causes a zone of greadar-bed velocities, shear stresses, turbulenck, an
secondary circulation (MacWilliams et al., 2006; Mgomery et al., 1995; Thompson et al., 1998; Sear
1996; Harrison and Keller, 2007). This zone is phienary pathway for sediment routing through or
around the pool, and can serve to route the cdasediment away from the deepest part of the pool
(MacWilliams et al., 2006; Booker et al., 2001)diie 10).
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Figure 10. Routing of sediment around deepestgdadtte pool due to flow convergence from the plaw
(Pyrce and Ashmore, 2005).
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Results indicate that the maintenance of the pifftd-morphology could be due to the lack of sedimne
being routed into pools rather than an increasdidyato erode based on convergence of flow inte th
pool (Booker et al., 2001). At the tail of the pabe flow diverges at the head of the riffle,deay to
deposition on the riffle and the maintenance as@ographic high at the tail of the pool (MacWilliam
et al., 2006). Therefore, it has been hypothesiaatiflow convergence routing could be the primary
mechanism for maintaining pool-riffle morphology &sWilliams et al., 2006; Booker et al., 2001;
Harrison and Keller, 2007).

Each of the three theories discussed above havediEerved at different field sites, and the awthor
concluded that each method could be the primarpt@maance mechanism. However, in a field study
by MacVicar and Roy (2007a,b), near-bed velocityersals, flow convergence, and turbulence
generation were all present at bankfull discharge.

This led to the conclusion that multiple mechanismaed to be considered to explain pool formation
and maintenance (Thompson and Wohl, 2009; MacVécal Roy, 2009; MacVicar and Rennie, in
review), and that previous theories have had tooomaof a focus. The key to understanding how
pools and riffles are formed and maintained mayhigelen by a lack of understanding of the more
general process of convective acceleration andetation.

10)-1()-2 (,6&.

A number of laboratory studies have been complétatl despite their idealized conditions, serve to
characterize flow properties during convective &me¢ion and deceleration. There are two limitadio

in existing laboratory studies that prevent direocmparisons between field and lab results. First,
existing flume tests of accelerating and decelegaflow typically measure parameters along the
channel centerline as a means of minimizing théldity induced by proximity to the channel walls
(Song and Chiew 2001). Due to the fact that bea$oscale with the channel width, the effect of the
channel side wall is needed to understand thetetfiecwall has on accelerating and decelerating flo
(MacVicar and Rennie, in review). The second lain is that flume experiments are set to have
equilibrium flow, but bedforms produce non-equililin transitions between accelerating, decelerating,
and more uniform sections (MacVicar and Rennie,rémiew). Despite the disadvantages that
laboratory studies have, they are useful in ohgimietailed measurements over a high spatial gensit
and wide range of flows. The first non-uniformvilstudies were completed on flat beds to try to
understand the underlying differences non-unifdowfhas on velocity, shear stress, and turbulence.
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Changes in bed elevation in pool-riffle sequenaasse non-uniform flow. Non-uniform flow occurs
when the flow is accelerating or decelerating, aadses the slope of the water surface to not be
parallel to the bed surface (Figure 11).
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Figure 11. A sketch of uniform, decelerating andederating flow (Yang and Chow, 2008).

In uniform flow in open channels with flat bedse tsireamwise velocities as well as Reynolds stsesse
follow characteristic profiles due to a balancewmssn the accelerating force of gravity and the
resistance from the channel bed and walls (Nezu Nakhgawa, 1993). The streamwise velocity
follows the log-law, and the Reynolds stress follcavlinear profile decreasing in value as the dista
from the bed increases. In non-uniform flow, hoerethese characteristic profiles do not hold tase,
the velocity profile in the outer region will follothe Coles’ wake law (Coles, 1956), and the Reysol
stress will no longer follow a linear profile (Yarapnd Chow 2008). The streamwise velocity in
accelerating flow generally has a convex shape €doautwards) when compared to uniform flow,
where the peak velocity occurs below the waterasarf(Coles, 1956; Kironoto and Graf, 1995; Song
and Chiew, 2001; Yang and Chow, 2008) (Figure 12#).decelerating flow, the velocity has a
relatively less-convex shape, with the peak vejonitar the water surface. The Reynolds stress is
relatively lower in accelerating flow but relatiyehigher in decelerating flow when compared to the
linear uniform distribution. In an acceleratingll, the Reynolds shear stress has a concave sirape,
in decelerating flow, the Reynolds stress beconmwsex in shape, with the peak below the water
surface (Figure 12b). The Reynolds stress tendsctease above the bed in decelerating flow due to
the generation of new turbulence (Kironoto and @r@®5, Song and Chiew 2001, Yang and Chow
2008).
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Figure 12. Velocity and Reynolds stress profilasuioiform and non-uniform flow for (a) streamwiselacity

and (b) Reynolds stress (Yang and Chow, 2008).

Accelerating flow generally hampers the turbuleimtensities, whereas decelerating flow strengthens
the turbulence (Figure 13). This understandinglddaack to the explanation as to why the Reynolds
shear stress increases in decelerating flow (Fity2ip3.
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Figure 13. Turbulence intensity for uniform and ngorform flow in the (a) streamwise, and (b) veatidirection
(Yang and Chow, 2008).
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The most important characteristic of non-uniforrmwflis the existence of the non-zero wall-normal
velocity. Decelerating flow generates upward waltmal velocities, whereas accelerating flow yields
downward wall-normal velocities (Yang and Chow, D0In uniform flow, the wall-normal velocity

is generally considered zero, however, it can be-zevo due to secondary currents. Secondary
currents are velocity vectors perpendicular to ifen streamwise flow (Dingman, 2009), i.e., flow
moving up or down, or laterally across the chann&econdary currents can be caused by the
centripetal force resulting from channel curvatureterogeneous turbulence generation, or both (Van
Balen et al., 2009). Secondary currents can ldiaemaximum velocity location some distance below
the water surface at the centerline, a phenomemomvik as ‘velocity dip’ (Dingman, 2009). The
magnitude of secondary currents is typically ondhager of 5% of the downstream velocity (Dingman,
2009), but has been shown to be as great as 40&syrsharp bends (Blanckaert, 2009). Regardless, i
the wall-normal velocity are caused by secondargrezis or non-uniform flow, the turbulence
characteristics are substantially different if thieections of wall-normal velocity are opposite, the
wall normal velocity is responsible for the re-distition of Reynolds shear stress and turbulence
intensities (Yang and Chow, 2008) (Figure 12b aigdife 13).

)8 1/( .6 ;5.-&3.8( :&(4 )8 8&*)-3 1):

The effect of a non-flat bed must also be consdieieng with the flat bed experiments previously
discussed, further complicate the flow hydrodynamiwer pool-riffle sequences. In a pool-riffle
sequence the flow depth will first increase andhttiecrease in a pool, causing flow deceleraticheén
upstream portion of the pool and flow acceleraiiothe downstream portion of the pool (MacVicar
and Rennie, in review). This non-uniformity cauaedistribution of the velocity so that the stredsav
velocity is relatively low near the bed and higlanéhe water surface in decelerating flow, while th
velocity in accelerating flow will have relativehigh velocities near the bed (Kironoto and Graf3,99
Song and Chiew 2001, Yang and Chow 2008, Afzalinagitt Rennie 2009). This increase in near-bed
velocity provides the necessary mechanism for acityl reversal to occur in the downstream portibn o
the pool, but only in zones of flow accelerationa@¥icar et al., 2010). The velocity reversal dones
contradict the laws of continuity as partial flowlecity reversal can occur without a reversal dkbu
velocity (MacVicar et al., 2010). These results ammilar to those of Thompson (2004), who found
that the velocity reversal can occur without a bultocity reversal when a lateral constriction is
introduced.

Previous experimental and numerical studies on flaanbeds have been completed (Yalin, 1971,
Alfrink and van Rijm, 1983; Stansby and Zhou, 1988ristian and Corney, 2004; Best and Kostachuk,
2002; Onitsuka et al., 2009). However, the noh4flads used in these previous studies (generally
trenches and dunes) are typically characterizedtégper slopes than that found in riffles, leadng
flow separation at the expansion. The previouslteslso have not considered the wall effect, and
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only consider the flow at the channel centerlif®ool-riffle sequences are not characterized by flow
separation and scale with the channel width, aacetbre, new studies must be completed to tesethes
parameters.

To test the effect that bedforms have on sheasssire non-uniform flow in a pool-riffle sequence,
MacVicar and Rennie (in review) conducted prelimyjnume experiments using a single bedform
configuration. They concluded that there are thpleenomena that affect the shear stress on the bed.
The first is the lateral convergence of mean flowd ahear stress through a straight pool. The skison
the flow deceleration at the upstream portion ef ool that causes the main flow to move away from
the bed of the channel, which produces a vertloal Eonvergence near the water surface that matches
the lateral convergence in the center of the cHannaastly, the acceleration of the flow in the
downstream portion causes the velocity to move mbibe flow towards the bed, so that the near-bed
velocity increases in the downstream portion of plo®l as flow diverges across the width of the
channel. MacVicar and Rennie (in review) conclutleat the increase in near-bed velocity in the pool
tail, the increase in turbulence in the pool head] the flow convergence through the pool are all
linked to convective acceleration and deceleratidhey suggest that more research is needed féyclar
the processes that occur in non-equilibrium traonsit over multiple bedform geometries that are not
characterized by flow separation as a means ofibettderstanding flow over macrobedforms.

" 4% 0<.7(&9.

The aim of this thesis is to better explain theeefffthat bedform scale has on the hydrodynamics of
pool-riffle sequences. This thesis followed frdme preliminary experiments of MacVicar and Rennie
(in review), that tested the effect of a two-dimenal macro-scale bedform in an open channel on the
three-dimensional structure of the flow. The sfiecbjective of this thesis is to understand how t
length and spacing of simplified bedforms affe tistribution of flow and turbulence in the channe
particularly, close to the channel bed or side svathere it could be significant for sediment trasp

In the research described in this thesis, the gegnud straight artificial pools and riffle were
implemented. Research was conducted using ultiasefocity profilers (UVPs) over movable PVC
bedforms in a laboratory flume to allow multipleatyses on pool-riffle bedform ratios. This reséarc
was completed to try to identify the mechanismfgt tead to the formation and maintenance of a
riffle-pool in a simplified macro-scale bedformugtture. Ultimately, this research will help to irope
sustainable engineering design for the restorabfonhannelized rivers by improving our ability to
manage sediment transport, maintain ecologicabiiite and reduce the risk of flooding associated
with pool-riffle sequences.
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The following section outlines the experimental amhlytical methods used in for this research
including the experimental apparatus, the experialeruns, error detection and removal, and the
analysis of the data.

'5.-8&3.8(/1 55/-I(,
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The laboratory experiments were conducted in a 1@ng, 0.3 m deep, 0.6 m wide molded fiberglass
flume (Figure 14), located at the Ven Te Chow Hggstems Laboratory in Urbana-Champaign,
lllinois, USA.

Tail Water

Test Tank Return  Control
Sectior Pipe Panel

Approach
Section

Pivot Point
Flow Meter

Hydraulic Jack

i Supply Pipe
e [-Beams

Figure 14. Sketch of the flume used in the expentsméButman and Chapman, 1989).

The smooth-walled channel has plate glass winda@ws<docations in the middle of the raceway. The
windows are 1.02 m long, by 270 mm high, by 6.3 ttmek, mounted flush to the sidewalls for
minimal flow disturbance (Butman and Chapman, 198®)e flume is supported by two steel I-beams
that pivot at the end of the flume. The slopeostmlled by a hydraulic jack, and was set to palof
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0.0016 m/m. Attached to the entrance of the fluimannel is a head box that allows for a transition
between turbulent incoming flow from the 152.4 ménin) supply pipe to the uniform flow in the
entrance region. The transition has an expandidgtarning section to help minimize surface waves
and secondary flow (Butman and Chapman, 1989). Wdtter exits the transition at the level of the
raceway where the water is driven down the racedugyto gravity (Butman and Chapman, 1989). The
head box contains a weighted Styrofoam piece tp ti@empen surface waves (Figure 15b), and a flow
straightener made out of an 18 by 10 matrix of 2f4(1 in) PVC tubing that is approximately 0.43 m
(1.4 ft) long (Figure 15c).

P l”i‘:v Py ", = &
Figure 15. Picture of (a) the head tank, (b) tbevflampener within the head tank, and (c) the dowam view

of the flow straightener.

At the end of the flume channel is a curtain stigé water control. For the purposes of this
experiment, the tail water control was always wigeen, and therefore, made no impact on the flow
regime. Beyond the tail water control is the vtediter tank which feeds the return line.

The flume uses a re-circulating water system cdletidoy an electric Aurora centrifugal pump. The
pump is run by an electric motor controlled by aialale frequency drive controller, which allows a
precise speed to be selected, ensuring test réydégta The flow rate is measured with an ultrason
Ultra-Mag flow meter, which has an accuracy-@.05% of the actual flow (McCrometer Inc., 2011).
The flume raceway consists of two sections, theagmh section and the test section. The approach
section is six meters in length and consists détalbled which allows the flow to reach a uniforratet
before entering the test section. The test sectibiich follows the approach section, is elevenerset

in length and contains the different bedforms.

On the top of the two sidewalls of the flume’s naag is a guiderail for an instrumentation cart.eTh

cart is used to hold and transport different imseatation up and down the length of the flume. The
instrumentation cart ran on four wheels and hasdjustable upper frame to ensure it is level. The
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instrumentation cart contains a lorry bracket whieim slide along the width of the instrumentation
cart.

An adjustable point gauge attached to the instraatem cart's lorry bracket is used to measure the
water and bed surface elevations (Figure 16). Wéter surface and bed heights were recorded & thre

locations across the flume, 0.04, 0.30, and 0.81.i5, 11.75, and 22.25 in) from the near side ,vzall
that an average can be determined. The point gawyeurate t€0.0254 mm (0.001 in).

Instrumentation
Cart

Elevation
Reading

Lorry

Lorry Bracket

-
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&
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Side Wall
of Flume

Point Gauge

Figure 16. Measuring the water surface elevatiah thie point gauge at 0.30 m width.
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Velocity profiles were measured using 5 mm IMASONbd@bes, with Optek Ultrasonic Velocity
Profile (UVP) software Version 3.0, all coupled lwda UVP-DUO data logger, as shown in Figure 17.
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(b) |

Figure 17. (a) UVP-DUO data logger and softwarettMew, 2002), and (b) an IMASONIC probe.

The UVP probe sends out a short ultrasonic pulsetire water column at a frequency of 4 MHz, and
receives multiple echoes returning from the reiteciparticles found along the acoustic path, which
have velocity vectors at frequencies greater tfaR2 (Met-Flow, 2002). The time delayt) between
emissions of a pulse and reception of a correspgretitho from a region located a distance ‘r’ fréw t
transducer is equal to:

56 — 3
where: c= speed of sound in the transmittingiormad

The particles in the volume of water from which #und is being scattered are moving with a radial
velocity ‘u’ along the axis of sound transmission. Any baek®sr sound will represent a Doppler shift
of the frequency with respect to the original fremey when measured at the transducer (Met-Flow,
2002). Since the frequency is shifted twice, omben it hits the particle and again when it iseetitd,

the relation between the measured Doppler shiff @Ad the velocity of the particle in the measuring
volume is given by:

789
789 Ny

where: v wavelength of the ultrasound

The Doppler shift frequency is calculated by theRIWUO using a time domain algorithm for each
channel. Since a Doppler-shifted echo burst fronthannel is much shorter than the time
corresponding to the required frequency measuremewneral echoes are required to compute the shift
frequency. From each echo a single sample of Ropgiift frequency is measured until the entire
frequency is reconstructed (Met-Flow, 2002). Thmplete details of the Doppler shift determination
can be found in the work of Lhermitte and Serafi®84), and Lhermitte and Lemmin (1994).
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Essentially, the UVP-DUO measures the Doppler gt the time delay, and from them computes the
component of the particle velocities inside thdedént measuring volumes.

The UVP probe can measure multiple positions akmgtransmission axis. The different positions
along the axis were determined by the channelmbstaand by selecting the total number of channels
(Figure 18). The channel distance is a functiothefspeed of sound in water, and is set so tlzatradi
volumes never overlap. The number of channelswgledepended on the water depth. The channel
distance ranged from 1.43 to 1.47 mm dependingeompérature of the water, and the number of
channels ranged from 35 to 100, depending on tve depth.

I<— Probe

\
Channel Distance{ N
i > Total Channels

1
¥ ¥——sound Axis

Figure 18. Sketch of the UVP probe sound axis, sbbhdistance and total channels.

The UVP probes were set to have a sampling peffi@® ons (40 samples per second), and to measure
the velocity over a time period of 120 s. Withdbgarameters, each channel collected 4800 velocity
samples in the two minutes of testing. The vejosinsitivity of the UVP probe depends on the
velocity resolution, or the least resolvable diieece in velocity, given by (Met-Flow, 2002):

: 6
g B®EFGH ©®)
& & & & |:Jgﬂ“& & & & & & & & -QI&
8P
where: Vange = Maximum measurable velocity component rangs][m/

Cs = speed of sound in water [m/s],

fo = ultrasound basic frequency [Hz]

Prax = maximum depth [m]

*V = velocity resolution [m/s]

Npu = number of Doppler units
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The number of Doppler units represents the numbpossible velocity values coming from the digital
signal processer. Due to the fact that the UVP-DUsgs an 8-bit word, the number of bit
combinations available in the digital signal premeds 256 values (Met-Flow, 2002). Using Equagion
5 and 6 and the values @Ef4 MHz, R5x= 0.06 m, and ¢ = 1450 m/s (which are values erteoed in
the testing phase), the least resolvable differeameelocity is estimated to be 0.009 m/s.

/(.- .35.-/(,-.

The temperature of the water in the flume was slife change with room temperature. This change
in water temperature caused a change in the sgdabeé altrasound transmitted by the UVP. In order
to account for the differences in the speed, themtamperature was measured periodically throuighou
each run to calculate the speed of sound useci¥P software calculations. The speed of sound in
water at different temperatures is determined spéa Table 2 in Lubbers and Graaff, 1998):

Rs '"T"lUV™Q. -W/ Y 1"UzU-W/ (7)
where: G = speed of sound in water [m/s]
Tw = temperature of water [°C]

..6&8+

The UVP does not measure the velocity of the flbigk, of particles that are suspended in the fluid.
Therefore, it is important to choose a seeding matthat is compatible with water and the frequenc
at which the UVP is operating. It is recommendeat the reflecting particles should have a diameter
greater than a quarter of the wavelength (Met-FRRQ2):

& & & & \ [%& & & & & & & & & -ZI&
where: ¢ = diameter of reflecting particle [m]
] = wavelength [m]

The wavelength is proportional to the velocity dad by the frequency of the emitted pulse (Met-
Flow, 2002):

& & & & fg@& & & & & & & & -#1&
where: A = frequency [HZ&
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The UVP operated at a frequency of 4 MHz for adll&r The speed of sound at room temperature is
1480 m/s. Therefore, the wavelength emitted i§ &, and the reflecting particles should have a
diameter greater than 93 um. The density of wateroom temperature is 1.0 g/mL, therefore, the

reflecting particles should have a density of appnately 1.0 g/mL, and a diameter of approximately

93 um.

Griltex Al P82, a thermoplastic adhesive manufactuby EMS Griltech, was selected for use as
seeding material for the experiment because itpjgraimately neutrally buoyant, with a density

=1.07 g/mL, and has a diameter suitable for bédiaeflectance of the emitted 4 MHz UVP signal
(80 pm to 200 um) (Met-Flow, 2002; Barrie, 2009)he seeding particles were added to the water at
the start of each run, and periodically throughitnat runs when the signal-to-noise ratio indicated a
poor quality return.

'5.-&3.8(/1 ,8'
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Simplified two-dimensional bedforms were utilized this experiment, which meant that no lateral
variability was modeled. No sediment was addettiédlume so that all experiments were run on clear
water. Modular PVC bedforms were set on the bottwnthe raceway so that different bedform
geometries could be tested. Bedforms were consttuas a series of shallow and deep sections
connected by gradual transitions. The hydrodynamier seven different bedform lengths were tested
by changing the length of the shallow and deepd@es(Table 2 and Figure 19).

Table 2. Details of the bedform geometries for aach

Total Bedform  Shallow Section Deep Section  Width / Total

Run Length (m) Length (m) Length (m) Length Ratio
1 1.82 0.40 0.40 3.0
2 2.22 0.40 0.80 3.7
3 3.02 0.40 1.60 5.0
4 3.82 0.40 2.40 6.4
5 4.22 0.80 2.40 7.0
6 5.02 1.60 2.40 8.4
7 5.82 2.40 2.40 9.7
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Figure 19. Sketch of flume with bedforms.

The ratio between channel width and total bedf@ngth ranges from 3 to almost 10 (Table 2), which
sufficiently covers the expected scale of 5 to aArctel widths naturally observed in pool-riffle
sequences.

The transition sections were angled at 7.2° fromizbatal over a streamwise distance of 0.50 mngjvi
a change in height of 0.06 m, and a bed slopetenfgd.51 m. This slope ensures that permanew flo
separation does not occur (Simpson, 1989), andnighé range of typical leeside angles in
macrobedforms (Best and Kostaschuk, 2002; Carlirg),e2000). This slope is similar to MacVicar
and Rennie’s (in review) flume experiments (5°)d d&ased on MacVicar and Roy’'s (2007a,b) field
study of a forced pool-riffle.

The velocity was measured over the first bedforrthim series for all runs. The measurement section
began 0.20 m upstream of the transition to the Eesiform and continued 0.5 m downstream of the
first pool. Downstream of the testing area comsistf a 0.40 m length shallow depth and another
transition section down to a flat bed.

The bedforms were affixed to the side walls usintp8% silicone rubber sealant. This silicone was
also used in between modular bedform sections lip freeluce any secondary currents that may have
been unintentionally created. When changing beatwdifferent bedform configurations, the silicone
was removed from side wall as best as possibleetiery there were still remnants of silicone on the
side walls and windows. This small layer of siiecon the side walls was assumed to be insignifican
and the walls of the flume were still assumed teineoth.
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Data was collected from three orientations to mtevdata for two-dimensional velocity volumes.
These orientations were measured on the verticdilgoat 0°, -30°, and 30°, which are referred 0 a
vertical, upstream, and downstream orientationspeetively (Figure 20). Lateral data was also
collected through the clear windows where posgiliag the probes along with Spectra 360 Electrode
Gel (ultrasound jelly) as a medium. However, thasa is incomplete due to the limited windows along
the flume, and has proven difficult to analyze doe@dditional noise related to the reflectancehef t
ultrasound pulse within the windows, so it is matliuded.

Downstream Vertical Upstream

Flow

30° -30°

w \%

.

Figure 20. Probe orientations used in the experisnen

Each of the orientations used four UVP probes gp&&emm apart starting at 15 mm away from the
inside wall of the raceway. This spacing allowed the fourth probe to be placed at 300 mm, or at
exactly half of the flume’s width. Analysis wasnepleted using data from only one half of the flume
width based on the assumption that the flow is sgimmabout the center axis of the flume. In orer
obtain a higher spatial density of data in the dition to the deep section, additional measurements
were taken by moving the probes to 66 mm from tisele wall.

The probes were held in plastic probe holders &t fwith set screws. These plastic holders had
milled holes at set angles to allow for the threerdation angles. The probe holders were attathed
an aluminum brace that was in turn attached to djustable point gauge, which was fixed to the
instrumentation cart. The apparatus was desigoadiimize the possibility for positioning errors.
The aluminum brace was leveled and squared to Itheef wall at each position prior to velocity
measurements. The probes were positioned soptheftithe probes were completely submerged in the
water (Figure 21).
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Point Gauge

Aluminum Brace

Plastic Holder

Probe

Figure 21. Measurement apparatus (a) looking dawast, and (b) looking from the side.

The probes were moved in 153 mm (0.5 ft) incremdotsnstream for each test. The exceptions were

Runs 4, 5, 6, and 7, where the probes were mov885rmm (1ft) increments through the deep section
(Figure 22).
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Figure 22. Sketch of Run 5’s probes measuremengepland probe increment movements downstream fiem t

side view.
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At each measurement location, the point gauge amndposition were recorded. The point gauge
provided the vertical location of the probes. The position allowed the calculation of the stredse
position of the probes by using the geometric r@ships between the cart, the point gauge, the
aluminum brace, and the plastic holder, to theareniftthe probe. The horizontal position of thelj@s
was noted, but was predetermined to be at eitleet 5hmm or 66 mm away from the inside flume wall.

/(.- 5(4/86 &T4/-+.

The flow rate was held constant at 15.4 L/s anddiyth of the water upstream of the bedforms was
kept at a constant 120 mm in all runs. With theks conditions, the bulk velocity was 0.21 m/<he
approach section, and the water depth in the deeslaallow sections was approximately 120 mm and
60 mm, respectively, for all bedform configuratioriBhe purpose for these conditions was to keep the
water depth in the pool twice as deep as the waténe riffle, which was similar to MacVicar and
Rennie’s (in review) flume experiments based on Wear and Roy’s (2007a,b) field study. This
water depth maintained a width to depth ratio a0lin the shallow section, and a 1:5 ratio in teepd
section, which is sufficiently wide so that a vetgdalip is not expected at the channel centerlifide
bulk velocity was higher than the previous studiesducted by MacVicar and Roy (2007a, b), but was
decided upon primarily because it was sufficierteeping the seeding material in suspension, wikich
necessary in order to obtain high quality datagitie UVPs.

1),6./86 .28)16' ,30.-

The Froude number relates inertial forces to gafigihal forces, and represents the effect thatityrav
has on the state of flow in open channels (Dingra@09), and is defined as:

) = & & -1/
where: Fr = Froude number
= average streamwise velocity [m/s]
g = gravitational acceleration [9.81 fij/s
d = total water depth [m]

In this experiment, it was important that the Freudimber always indicated subcritical flow, which
occurs when Fr < 1. This was important so as tomwoduce a hydraulic jump, and so that the Feoud
number was similar to previous field and lab stadfeat this experiment was based upon. A hydraulic
jump is the rise of the water surface level thkésaplace due to the transformation of superctifioa

to subcritical flow (Dingman, 2009).
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The Reynolds number relates inertial forces toaurscforces, and is used to determine whether a flow
is laminar or turbulent, and is defined as:

& b

& & & & aT& & & & & & & &&- 1&
where: Re = Reynolds number
= water density [1000 kgfth
c = kinematic viscosity [0.01 5]

In this experiment, it was important that the Rdglaanumber indicated turbulent flow on the same
order of magnitude as previous field studies ireotd have similar flow conditions. Table 3 shdahes
maximum Reynolds and Froude numbers from all erpemtal runs and values from previous field and
lab studies. A spatial distribution of the Froudal Reynolds numbers can be seen in Appendix A and
Appendix B, respectively.

Table 3. Comparison of the maximum Froude and Regnaumber from Runs 1 through 7 versus previceld fi

and lab studies.

Study Max Fr Max Re

Run 1 0.60 3.2E+04

Run 2 0.57 3.0E+04

Run 3 0.61 3.2E+04

Run 4 0.60 3.1E+04

Run 5 0.64 3.0E+04

Run 6 0.67 3.2E+04

Run 7 0.72 3.3E+04

MacVicar and Rennie (in review 0.27 7.5E+04
MacVicar and Roy (2007a) 0.59 7.8E+05

The Froude values created in the experiment arehniigher than the lab study completed by
MacVicar and Rennie (in review), but relatively s#oto the values from the field study conducted by
MacVicar and Roy (2007a). The Reynolds humbetedes this experiment are lower than the lab and
field studies, however, they are on the same @flaragnitude, and are in the fully turbulent regime
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In order to ensure that the flow was uniform aftex 6 m approach section, and to show that the test
were repeatable, the velocities at the end of fh@amch section was measured in each run for all
orientations. If the flow was uniform, the velgcjprofiles in each run should follow the same trend
and if the tests were repeatable and the upstreantitons were held the same, the profiles shoeld b
of similar magnitudes. The velocity data from #pecific probe orientations were utilized to crahte
velocity profiles. For the upstream, vertical, addwnstream orientations, the velocity profiles,
magnitudes, and trends are very similar in each indicating uniform flow and repeatability of the

velocity measurements (Figure 23).
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Figure 23. Centerline uniform flow profiles alorftgtaxis of the probe in the (a) upstream, (b) saktand

(c) downstream orientations.

It should be noted that the vertical radial veliesitare at least two orders of magnitude smalkem the
upstream and downstream radial velocities, whichwisy there is more variation in these
measurements, as the velocity is nearing the |dwetr of the measurement resolution. The vertical
velocity is more variable than the streamwise vigjaue to the sensitivity of the probes.

8/12'&'

The analysis of the raw data is a complicated atensive procedure comprised of a series of error
analysis and calculation steps (Figure 24).

33



0 12314 546738359
0 :6;5 693836<3<=

0 5523<= ::6:9
0 59>373<=
0 @885:A6:8B 3485:
0 :6C345 3485:

0 546738D 1<2 5D<6429 :6C3459
0 6459E 1?5 1:1F585:
0 B51: 8:599
0 6B5:5<8 46A 8:@78@:59

Figure 24. Flow chart of the data analysis.

The analysis process is explained in detail, stgrtiom the raw data, moving on to the resultshef t
error analysis, through the interpolation processl concluding with the calculation of differendul
properties used in the results of this thesis.

I I

As stated in Section 3.1.2, the UVP probes weretsdtave a sampling period of 25 ms, so each
channel collected 4800 samples of raw data inwleenbinutes of testing. The raw data of the velocit
measurements were then stored as an MPROF fileatprwhich is a unique format specifically
programmed for the UVP Optec software. The rava datlected included the time delay, Doppler
shift frequency, channel distance, and channelhyiolus numerous other variables. The raw data was
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then converted by the software into a beam velagithe direction of the probe for each channekdas
upon the time delay and Doppler shift frequencye Bverage and range of the velocity data for each

channel in the profile was provided in a summaryht® user at the end of each testing period (Figure
25).
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Figure 25. Average and range of the raw radialcigtalata in a MPROF file from the downstream ot&tion.

Further analysis of the raw data must be condutetetermine downstream velocity, but before this
occurs, the data is analyzed for errors.

~)- 8/12'€

Errors that can occur in the UVP measurements deglbut are not limited to, the computation of the
Doppler shift (Pedocchi and Garcia, 2009; Goringl &fikora, 2002), the random motion of the
velocity inside the sampling volume (Pedocchi arardz, 2009), and a lack of data points due to
insufficient seeding. These errors will resulwhite noise, wrapping errors, and spikes, and soime
the erroneous data will look similar to the natutattuations in the velocity (Nikora and Goring,
2002). To remove erroneous data points and ideddéifa series with significant error that could het
removed, the data was filtered for spikes, whits@&ocand wrapping errors.
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One error that occurred in Run 2's upstream ortedtalata only was a wrapping error caused by
insufficient seeding material. This error led toiacrease in near zero values caused by no datehw
led to an increase in standard deviation and md$uft a mean velocity closer to zero in comparison
with other runs (Figure 26).
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Figure 26. Velocity profiles at 6.4 m in the upaireorientation from Run 1 through 4.

This error was remedied by creating a de-wrappiognam in MATLAB, which was only applied to
Run 2’s upstream data before it was sent to theesjuent filters. Because this type of error resuh
data that was closer to zero than the mode, a dacpmode of data appeared in the histogram (Figure
27).
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Figure 27. Example of a histogram from Run 2’s tgzh data.
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To eliminate this data, an estimate of the standakdation of the main mode was calculated from the
data that was farther from zero than the seconderge. Assuming all of the data should follow a
single distribution, likely error points were detened as those that had a z score greater thahiéhw

is equivalent to the 99.999999%ercentile of the data. Such an extreme value foasd to be
necessary to prevent the misclassification of gdath where data was strongly negatively skewed,
which was the case in some locations due to slagard. The bad data was then replaced with an
interpolated value from the surrounding good datits. Data series with greater than 5% seeding
error were removed from further analysis. Of thpraximately 32 million total data points in Rurs2’
upstream orientation data, this source of errercadfd only 2.52% of the data.

0.% +(- 4+ "9%+(

Each channel within a probe’s profile collects 4&@city readings during the 120 seconds of tgstin
A normal velocity signal will have natural fluctimts attributed to it, but it can also have errargeo
fluctuations known as spikes (Figure 28).
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Figure 28. Example of spikes in a velocity timaesr

These spikes occur for a variety of different reas@s discussed previously. The spikes may atcoun
for a small percentage of the data, but will haagé impacts on the data quality and statisticd, an
therefore they need to be identified and replacea lmore probable data point. Single point error
filtering was conducted on every time series fatdyequality data. If a time series was identifted
have more than 5% spikes attributed to it, it wasgified as bad data and was completely disredarde
If less than 5% of the data was identified as spikiee spikes were replaced with an interpolatégeva
from the surrounding good data. Spikes were ifledtiusing the Goring and Nikora (2002) filter
algorithm. The method is based on the assumptiahgood data cluster in a dense cloud in a three-
dimensional ellipsoid formed by the velocity arglfitst and second derivatives (Figure 29).
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Figure 29. Example of a three-dimensional clusteyomd data when the velocity and its first andoset

derivatives are plotted against each other (Gaaimg Nikora, 2002).

Following the work of Goring and Nikora (2002), dmided velocity series were calculated by
removing the mean and long-period fluctuations ftbenraw data using a high-pass filter. These were
added back in after despiking. Surrogates of thlecity were calculated for the first and second
derivative as:

- ds Y es/f -
4 -4 d$Y4 e$/f. & 'U/
where: 44 = detrended velocity series
4 4 =surrogate for first derivative of the detrendetbcity series
4 = surrogate for second derivative of the detrenaddcity series

To calculate the surrogates, the velocity is neidéid by the time step, so the velocity’s order of
magnitude does not differ from that of the secoedwdtive, which removes and the possibility of
complex solutions to Equations 12 and 13 (Gorind alikora, 2002). The theoretical maximum
velocity threshold from the detrended data seriesb the first and second derivative surrogates were
then calculated, as:

In .0 -j/k -
where: In = maximum velocity threshold
n = length of the raw data series
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I = standard deviation

The rotation angleH) of the principal axis ( 44 versus4,) of the ellipsoid was determined using the
filtered velocity and the surrogate’s second denvea as:

es | S 4g 4€{v w -T/

P 6 ts 4gu

Once the rotation angle of the principal axis igedmined, the three ellipses can be determinedyusin
the three pairs of variables shown in Table 4.

Table 4. Pair of major and minor axis standard atéa variables.

Major Axis Standard Minor Axis Standard
Deviation (x / Deviation (y)

z {Z
z {AZ

{ 2 {*

The major and minor axes, respectively, of thedtaléipses are the ellipsoid geometry solutions of:

- | | }e €Ve of € (16)
- I | of €Ve }~ € @an
where: a = major axis
b = minor axis
As an example, for 44 versusd,, the major axis is , and the minor axis is (A Each radial

velocity data point is then checked to determintiady lie within the created ellipse (Figure 30).a
data point is identified as falling outside thépag, it was considered to be a spike, and wascegl
with an interpolated value from the surroundingdjdata points. If the data series had greater3b&an
spike replacement, the series was considered p@dityg and was removed from further analysis.
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Figure 30. Example of calculated ellipsoid surrdngdyood data for different pairs of variables (f@grand

Nikora, 2002).

~%*/+*-01 +/ 2334 ',-%*()

The UVP transducer sends out a set frequency arelves a wide range of frequencies back in
response. The high frequency data returned haw aditput signal amplitude versus input frequency
relationship (M(f)), which indicates that the retwgignal is due to noise and not due to the veladita
fluid element. A frequency filter can be used ¢émove undesirable frequency information from a
signal. A low-pass filter, or a Butterworth filteallows frequencies below a cutoff frequency tegpa
while blocking the frequencies above the cutoffjfrency (f). A sharp cutoff of an ideal filter cannot
occur in a practical filter, as all filter's resmmncurves will contain a transition band over which
magnitude ratio decreases relative to the frequeridye slope of the transition band will depend on
which order of exponential filter (k) is selectddgure 31).
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Figure 31. Frequency response function versus riamaafrequency showing different orders of expdisn

filters (Figliola and Beasley, 2006).

The high frequency data of each beam velocity savis filtered using a third order Butterworthefilt
where the cutoff frequency was calculated using\thguist frequency (Roy et al., 1997). The Nyquist
frequency (f) is half of the sampling frequency)fof a discrete signal, and it used in order toehan
unbiased reconstruction of the signal (Roy etl#197; Met-Flow, 2002). No useful information above
the Nyquist frequency can be obtained. The Nyduesfuency is defined as:

& & & & o "2g e & & & & & & & -7Z/&

The half-power frequencyg,) for a third order Butterworth filter was basedTable 1 from Roy et al.
(1997), and is defined as:

& & & & T%A,,%& & & & & & &  &&-#I&

The cutoff frequency used in the Butterworth fikkess calculated using:
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After the above filters had been achieved on tldévidual raw data series, the filtered velocity files
were then filtered using statistical calculatiorihis was necessary because of poor data located cl
to the probe and channel bed, and due to a refieetaroblem, where some data in the middle of the
profile was poor. The profile filtering was accdmped by fitting an algorithm to the mean velocity
standard deviation, and skewness data using adhier polynomial equation. If the data fell odési
the polynomial fit by having values less than ia 88" percentile of the cumulative normal probability,
the data was considered to be an outlier and waswed from further analysis (Figure 32).

(a) (b) (c)
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Figure 32. Statistical filtering of the velocitygfile using (a) mean velocity, (b) standard dewviatiand

(c) skewness, where: red = good data, blue = bt dlue with red circle = touching bed or waterface.
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The overall effect of the wrapping, spikes, andifgdiltering was assessed by calculating the nemb
of channels removed from further analysis per profientation in each run (Table 5). The total error
for each run ranges from 2.8 to 6.1%, which is m®red to be within acceptable limits. The veitica
orientation had higher error due to reflectancaassrom the bed, and the main issues in the gstre

and downstream orientations occurred during thesitian sections due to the complex nature of the
flow.
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Table 5. Error based on each probe orientatiofRfors 1 through 7.

Upstream Downstream Vertical Total
Run Bad Total Error Bad Total Error Bad Total Error | Error
Channels | Channels Channels | Channels Channels | Channels
1 64 4116 1.6% 151 4185 3.6% 112 3280 3.4% | 2.8%
2 269 5344 5.0% 86 5767 1.5% 394 5061 7.8% | 4.6%
3 339 7148 4.7% 170 7044 2.4% 472 6332 7.5% | 4.8%
4 319 6908 4.6% 349 6705 5.2% 612 7788 7.9% | 6.0%
5 389 8206 4.7% 388 7696 5.0% 603 6798 8.9% | 6.1%
6 406 8174 5.0% 385 8258 4.7% 262 7057 3.7% | 4.5%
7 440 8401 5.2% 323 8201 3.9% 496 7042 7.0% | 5.3%

8(.-5)1/(&)8

Beam velocity measurements were taken every 153om805 mm (0.5 ft to 1 ft) down the flume’s
raceway, and data from all orientations was onBijlable in locations were beam velocities intersect
(Figure 22). Therefore, it was necessary to esémbeam velocities by interpolation on an orth@gon
grid using a program written in MATLAB. The interffation was completed using a grid spacing of
0.01, 0.02, and 0.05 in the x, y, and z directioaspectively, and used a linear interpolation meth
This grid spacing created a 101 x 11 x 51 threeedsional matrix of the beam velocity components
treating the entire flume measurements as one lum

The interpolation process was also completed trgdtie entire flume as four different consecutive
volumes that corresponded with the change in bagaksl In this case, the grid spacing was 0.02%,0.0

0.005 in the x, y, and z directions, respectivaliis grid spacing created a 41 x 11 x 201 three
dimensional matrix of the beam velocity compondatseach volume.

/17,1/(&)8 )* 1): -)5.-(&.

The analysis up to this point has been based oweloeity in the probe’s radial orientation. Nokat
the raw data has been filtered for errors, andpolated across a grid of the flume, it is possibole
calculate the orthogonal components of velocity(y,and the Reynolds stresses ().

2,6.,2-+(+5 %,+6'-7 2(& %7(+&3 -*%33

The UVP probes were orientated as shown in Fig8revBereGis the angle from the vertical, and,u
U2, and i are the instantaneous radial velocities.
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Figure 33. UVP probe orientations and radial véjocomponents (Pedocchi and Garcia, 2009).

From geometry, the radial velocitiess,w,, and  are a function of the horizontal;Ywand vertical

(w;) velocities at each point along the sound path, as

s s<EjeY gZeo
& & & Y & & &

T Y ¢(CEj‘Y iZ‘('

Adding and subtracting Equations 21 and 23 yields:

A VAy -AgYaylef Y-2 gV2il}-e

4$ Y4¢ ‘4$V4¢/',f Y -2 $Y2¢/}~'

&

(21)

&22)

(23)

(24)

(25)

Averaging over several points and assuming the ftostatistically uniform (i.edg =4+ =4 andeg =
«+ = ), the average velocity components in the streamv@$ and vertical Z) direction can be

expressed as:
K€ K-

S <"

S
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Equation 28, which calculates the vertical veloadityectly from the vertical probe, gives more
appropriate results, as it does not enhance thécalerelocity errors by analytical manipulation.
Therefore, Equation 28 was utilized for the preseom of the vertical velocity results.

The Reynolds stress () was calculated using the deviation from the stngsse velocity 4 ), and the
deviation from the vertical velocity2(), as:

™A

Y-4 23 m—

(29)

{ ]
3o Ace

In general, the Reynolds stress is approximatelyaktp the total shear stress in a flat bed. H@awnev
with the introduction of bedforms, the total sheaess must be calculated through different methods
based on the velocity profile and the Reynoldssstprofile.

2,6.,2-'+(3 5*+8 *+5',%3
Velocity profiles describe the variation of velgcivith distance from the bed surface. The distance

from the bed (z) was normalized by the water déglas:

& & & & 7188 & & & & & &30)8&

where: z/Z = normalized water depth [m/m]

The inner region (z/Z = 0 to 0.20) of a uniformvilovelocity profile in an open channel can be
expressed by the log law (Nezu and Nakagawa, 108Bsuka, et al., 2009), as:

— &dj—VR& & & & & & (31)
where: 4 = point velocity [m/s]
z = height above the bed [m]
Z = reference bed level [m]
u = shear velocity [m/s]
, = von Karman constant [~0.4]
C = constant of integration, where C = O for agtobed and ~ 5 for a smooth bed
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The outer region (z/Z = 0.2 to 1) of the velocitofile can be expressed by the Coles’ wake law
(Coles, 1956; Song and Chiew, 2001; Onitsuka £2@09), as:

— Zjj—— VRV L@ = (32)
£
where: 2 = height above the bed at which the maximum vsla@ccurs [m]
= Coles’ wake parameter
u* = shear velocity [m/s]
Z = reference bed elevation of the shear veloaitly [

The Coles’ wake parameter is defined as the dewiatf a velocity profile from the log law of unifor
flow (Figure 34), and indicates the wake-strengthihie outer region of the turbulent velocity prefil
(Song and Chiew, 2001). In uniform flow in wideacimels where the width to depth ratio is greater
than 5, is equal to zero because there are no inertigiceffin the outer layer, and the velocity
distribution will follow a straight line in a logrear plot (Coles, 1956). Coles (1956) showed that
will be greater than zero during convective deadlen due to the relatively high inertia in the et
zone, which is when the near surface velocitiegasdively high. He also showed thatwill be less
than zero during convective acceleration, as tw flill have relatively low inertia in the outer rze,
while the near-bed velocities are relatively high.
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Figure 34. Comparison of the log law versus thee€alvake law for different values whenz 0.9.
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The shear stress transmitted from the water onb#gk is critical for the prediction of sediment
entrainment. The general form for calculating ststi@ss is:

& & & & -4 & & & & & & &(33)8&
where: = shear stress [kg/f}s
4 = shear velocity [m/s]

The value of u* was extrapolated using the Clagbart method following Wei et al. (2005) using the
velocity data of the inner zone as:

$. " . %
* gl Vi ¥

& & & — ¥ 5
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where: u = maximum velocity in the profile [m/s]

0%2* -*%33 3-'82-%& 3'() -0% %7(+,&3 -*%33 * +5',%

The Reynolds stresggt) profiles were calculated using Equation 29. Bhear stress measurement
from the Reynolds stres§)(was taken from the first good data point neartibe. Extrapolation of the
Reynolds stress to the bed caused irregular reduégo the high slope near the bed. This especial
occurred in areas of deceleration, and therefarextrapolation method was not used.

+,%39 2:% 2*28%-%* 3-'82-%& 3'() -0% .-%* %, +6'-7 *+5,%

The Coles’ wake parameter)(was calculated by fitting the velocity profile tife outer zone to the
following equation (Onitsuka et al., 2009):

£€

& & & &

L Je LaYij——ex& & & & (35)8&
£ £

In order to obtain realistic results, a conditioaswset that stated that at least three pointsdiad in
the profile in order for the fitting function to car. If this condition was not met, thevalue was not
calculated for that profile and the result will 8ha blank space on the contour plot.
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Coherent structures describe how the largest stetn turbulent flow are organized, and are @efin
by a length or time period. Coherent structuresiaaportant in understanding the process of energy
production and dissipation in the flow due to tuémee (O’Neill et al., 2004). A correlation furmti
describes how related two random data series apad¢canother through different changes in time or
distance steps. For example, data sampled frontitm® series close to one another should have a
higher correlation than data sampled from a latigee step. The integral time scale (ITS) is defias

the characteristic time scale for the dynamics of mesgwuantities in turbulent flow. The integral
length scale (ILS) is a measure of the longestetation distance between the velocities at two fgoin
in the flow field (O’Neill et al, 2004). The cotegion characteristics for both parameters arelamni
showing a fast decay of the correlation at smadtadices followed by a slowly damped oscillation
(Figure 35).

T T
spatial correlation +
scaled time correlation

Cross Correlation Function

0 50 100 150 200 250
Ax(mm)

Figure 35. Spatial and temporal cross correlatimetion at different time and distance steps (&liydal and
Tukker, 1998).

The characteristic length or time scale of thedasgale motion is the distance or time betweetlirtie
and second maximum of the oscillation. The charéastic length or time of the small scale motions a
more difficult to define, but can be estimated frohe distance or time where the fast decaying
correlation changes over the oscillating charastier{(~20 mm in Figure 35).

(-%)*2, '8% 62,%

The ITS is a measure of the correlation sequeneetafbulent process at one location through shifts
time. The time-shifted cross-correlation sequasagven by (Uijttewaal and Tukker, 1998):
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& & & .- 6/ oA = o = ol PR & & & & (36)8&
where: R = time-shifted cross-correlation sequence
to = reference time [s]
*{ = change in time [s]
= position [m]
<> = denotes average of time interval

The cross-correlation sequence of the velocity dets calculated in MATLAB, and was set to have a
lag range of -500 to 500, and to be normalizedhst the autocorrelations at zero lag are identicall
equal to 1.0. The correlation sequence was theokeld against the 99% significance level threshold,
which was equal to a correlation value of 0.034.heW the correlation value dropped below this
threshold, the correlation sequence was considerad longer be significantly related, and the BfS
the correlation was computed, as:

& & & & ZW’g‘/j _-6[6&& & & & & &(37)&
where: t =time [9]

dt = time step [s]

T = time at which correlation still exceeds 99%ndigance limit threshold [s]

(-%)*2, %()-0 62,%

The ILS is a measurement of the longest correlatistance between the velocities at two pointhién t
flow field. The spatial cross-correlation sequenes estimated in MATLAB (Uijttewaal and Tukker,
1998), as:

®- p/° - pd{ I+

& & & & -9/ oA o o s & & & & (38)%&
where: R = spatial cross-correlation sequence

Xo = reference position [m]

*X = change in position [m]

The cross-correlation sequence was set to havg aatege of 0, and to be normalized so that the
autocorrelations at zero lag were identically equall.0. The cross-correlation data is compared
against the 95% significance level threshold, whias equal to a correlation value of 0.024. When
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the correlation value dropped below this threshtt@, correlation sequence was considered to no
longer be significantly related, and the ILS of twerelation was computed, as:

& & & & 2¥, -T[1& & & & & & (39)&
where: R = spatial cross-correlation sequence

X = distance [m]

dx = distance step [m]

X = distance where correlation still exceeds 958fificance limit threshold [m]
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The results section presents the flow parametdilaged for the different configurations tested.
These results are broken into two subsectiongethdts from the change in pool length, and thaltes
from the change in riffle length. The results presented in a variety of views including from tee

(XZ plane), from the top (XY plane), and from a ssesectional view (YZ plane). For clarity, the
bedform sections are referred to by their spedifine, which is based on the bed slope, as indicated
below (Figure 36).

Water Surface

T T T T T v T

Flow | A [ | A |V VooV

;G L L i
| > X i i E Bedform
: ' ' Surface

Figure 36. Sketch of the bedform zones in the Xéhpl

When the results are presented in the XY planezdmeng system will be considered the same way as
above, and the sloped sections will be indicatechlget of short horizontal lines connected to the
vertical line that is the highest part of the smtti.e., the edges of the riffle (zone II) (Fig®a.

Flow

1 A\ \% Vi

Figure 37. Sketch of the bedform zones in the Xahpl

51



When the results are presented in the YZ plang, ik be shown from cross-sections at 10%, 50%,
and 80% of the pool (Figure 38).

Figure 38. Model showing pool cross-sections at 15086, and 80%.

The first results presented are the changes imtban streamwise velocity. From the streamwise
velocity, the changes in the Coles’ wake parametirand one estimate of the shear strégscén be
explored, as these parameters are fit to the sdbplee velocity profile. Following this, the vesdl
velocity is considered, showing the impact of tlglforms on the flow distribution. The Reynolds
shear stress is then presented along with the sheas estimated on the Reynolds strg@gswhich is
important in determining turbulence strength anarabteristics. Finally, the coherent structurethef
different runs are presented showing the strengthi@cation of coherent turbulence as it is affédig

the different configurations of the bedforms.

N1 .8+(4

The first variable tested was the effect that tleel dength, or the length of zone IV, had on the
hydrodynamics within the flume. These resultsudel the data collected from Run 1 to Run 4 (Table
2).

& (-&0,(&)8 )* 1):

The streamwise velocity profiles in zones I, lidat, have similar contours in all runs (Figure)39
This result verifies that the flow is uniform bedoentering the testing area, and that the dowmstrea
configurations are not impacting the flow in théial contraction section. The contour lines ihrahs
change from angled to nearly vertical at the endoofe | and through zone Il, and return to angled o
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even horizontal in zone Il and zone IV (Figure .39)hese results indicate that the vertical vejocit
gradient is decreasing as the flow moves througle 2pand increasing in zone Ill and IV.

The streamwise velocity in zone IV changes as t@ length increases (Figure 39). When zone IV is
short in length, the water velocity near the swfatays relatively high across the section, and the
velocity near the bed is relatively slow. WheneadW's length increases, the velocity in the middfe
the section near the surface decreases, and iesraaar the bed. These results suggest thatgeron
bedforms the flow is more redistributed, as theeiy slows near the water surface and increasas ne
the bed surface. Overall, longer lengths of zoviedsult in lower velocities near the surface and
reduce the vertical velocity gradient at the enthefzone.

Deviations from smooth contours can be observeaddny of the streamwise velocity plots in zone |
(Figure 39). These bumps are thought to be rekatedreflectance problem from the UVPs pointed in
the downstream direction that causes poor quatitg.d This problem is observed in multiple runs and
is considered to be an error that was not remeualdtie filtering process. All other bumps obserired
this area will also be considered errors and vatllme described in subsequent results.

When viewed near the channel wall, the streamwasecity profiles in zones |, I, and Ill, have slani
contours for all runs as the length of zone IV éases (Figure 40). The only difference is thehslig
change in velocity gradient contours at the trémsifrom zone Il to zone Il near the bed surface.

There is little difference in the velocity magnieuth zone IV near the wall, despite the fact tiat t
pool length is changing, and despite the differenclserved at the centerline (Figure 40). These
results show that the pool length does not impaetfiow distribution near the wall in the same way
that it does on the flow at the centerline.
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(@) Run 1

(b) Run 2

(¢) Run 3

(d) Run4

Figure 39. Mean streamwise velocity (U) in the X2 at the channel centerline (y=0.30 m) for Rlins

(@) Run 1

(b) Run 2

(c) Run3

(d) Run4

Figure 40. Mean streamwise velocity (U) in the X&ne near the channel wall (y=0.03 m) for Runsrtugh 4.
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Viewed in cross-section, it is clear that highdogiies in zone IV occur near the center of tharafel,
while the lower velocities occur near the bed adeé svalls (Figure 41). Towards the end of zone IV,
the higher streamwise velocities extend to mordoreg of the cross-section, creating boundary
velocities more similar to those in the rest of tihess section (Figure 41iii). The streamwise oo

in Runs 1 and 2 show rapid velocity gradients ateghd of zone 1V, while Runs 3 and 4 show gradual
changes in velocity gradients near the end of 2Wn@-igure 41liii). These results show that longer
pools produce a more uniform velocity flow disttilom at the end of the pool. Overall, the velodgty
lower near the water surface, but higher near giednd side walls as zone IV’s length increases.

A dip in the streamwise velocity is observed in tbmss-sectional results, particularly in the
downstream end of the longer pools (Figure 4liamd Figure 41iiib,c,d). Near the water surface, th
velocity gradient contours bend creating a rounciatour, so the maximum velocity is below the free
water surface. This result indicates that the ssale having an influence on the flow distribution.
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Figure 41. Mean streamwise velocity (U) in the MZre for Runs 1 through 4 at 10%, 50%, and 80%©n&4V.



The velocity profiles at the start of zone IV ammitar for all runs, marked by a prominent change i
slope at z/ED.045 (Figure 42). By the end of zone IV, Runill ls&s that similar profile shape, while
Run 4 has a more linear velocity profile at thercie centerline (Figure 42a). Overall, the velpcit
increases as the distance from the bed increaseés|lavelocities are similar at 2/44.3. At the start of
zone |V near the wall, the velocity profile is siamifor all runs, with slight variations in magre

near the bed (Figure 42b).

At the end of zonen&dr the wall, the velocities are very similar, and

there is less velocity gradient through the watgstd. In the middle of zone IV, at both the chdnne
centerline and wall, the longer pools have fastar#bed velocities and slower near surface vesiti
with a pivot point at approximately 2.3 (Figure 42ii). These differences have largkbappeared

by the end of the pool.
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Figure 42. Streamwise velocity (U) profiles for Ruhthrough 4 at 10%, 50% and 80% of zone 1V atly30 m

and 0.03 m.

The shear stress estimated from the velocity gnadiethe inner zone increases at the end of zama |
through zone II, and decreases in zone Il (FigtBe These results indicate that the velocity ipgof
has a steeper slope near the bed in zones | ahaklko the increase in velocity, and that this elop
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decreases in zone lll due to the decelerationof.fl Areas of higher shear stress in the centéhef
longer pools confirm the increase in near-bed veéscshown in Figure 39. The shear stress in zone
IV is near zero at the beginning and along the swdd, and increases towards the middle of the
channel as the flow moves downstream (Figure 43)e bed velocities in zone lll, at the start of gon
IV, and near the wall through zone 1V, are slow,jckhieads to very low shear stress in those areas.
The bed velocities near the end of zone IV incredteincreasing zone length, leading to the observ
increase in shear stress (Figure 43).
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Figure 43. Shear stress estimated from the velpedfile ((,) in the XY plane for Runs 1 through 4.

The peak value of the Coles’ wake parametgrdccurs in zone lll, and the magnitude decreases in
zone IV (Figure 44). These results indicate that t parameter is greatly affected by the channel wall
and from the bedform expansion as there is a stimecrgase in wake strength of the velocity profile
near the wall.

The value of &is approximately zero by the end of zone IV for theger runs (Figure 44). This
indicates that the flow has achieved uniform flowtlhe end of zone 1V, as the velocity profile issz

to that of the log law (Equation 31). In shorteo[s, remains high at the downstream end of the
pool, and the flow distribution in zone V is notndliar to the flow distribution in zone I. It shalbe
noted that the white region in each planform confbat occurs because there is not enough data over
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its entire depth that meets the criteria to cateuthe Coles’ wake parameter, as discussed inddecti
3.3.4.2.3.
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The vertical velocity can be utilized as an indimatof secondary currents, as it can help desclibe
direction of the flow redistribution. The verticaélocity is usually used for this application when
lateral current data is unavailable. Due to thabpts sensitivity, the vertical velocity is morerizdle
than the streamwise velocity. In spite of thiss#évity, however, the patterns of the vertical agty
are still clearly visible. The vertical velocitiese positive in zone | and negative in zone lig(Fe
45), particularly near the bed. The maxima andimanof the positive and negative velocities are
observed along the bed in between zone | and 2paed in between zone Il and zone I, respectfull
The vertical velocity in zone 1V is slightly negaiin all runs throughout the entire water depth.

The vertical velocity near the side wall and waterface in zone IV is consistently slightly positiv
and the vertical velocity near the bed is sligmhgative, with the transition occurring at approiety
half the depth (Figure 46). This trend is observedll runs and extends throughout almost therenti
length of zone IV. This pattern seems to be rdlatethe impact of both the channel walls and the
bedform.
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The magnitude of the vertical velocity increaseshasflow moves through zone IV (Figure 47) (Note
the change in colour scale from previous figurédyerall, the vertical velocities at the start ohe IV

are negative. By the end of zone 1V, the vertigalbcities near the channel wall and water surface
have a positive velocity, especially in the longeols (Figure 47). The extent to which the veftica
velocity near the wall extends into the channeltividcreases as the length of zone IV increases, an
the positive velocities near the bed increase high® the water depth as the length of the zone
increases. The near wall flow in the vertical diien is redistributed toward the channel centerls

it reaches the water surface.
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Figure 47. Mean vertical velocity (W) in the YZ pkafor Runs 1 through 4 at 10%, 50%, and 80% oé 29

&'(-&0,(&)8 )* ,-0,1.87.

Turbulence is generated as the flow expands thraogk Il and into zone Il (Figure 48). The peak i
the Reynolds stress occurs in zone Il and attdre of zone IV. This location corresponds toaaref
the lowest bed velocities, the flow expansion, eagd velocity gradients in the streamwise dirattio
The peak in Reynolds stress is farther from the dtethe end of the pool as the length of zone IV
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increases (Figure 48). This location correspondantincrease in both positive vertical velocitiasg

(u

It should be noted that there is an error in Rua2discussed in Section 3.3.2.1, which is espgcial
noticeable in the Reynolds stress (Figure 48b).il&\the other runs show slightly positive Reynolds
stress values in zone | and Il, Run 2 shows a thligiegative trend. In zone Il and zone IV, the
Reynolds stress near the water surface for Runaga negative while the other runs show slightly
positive Reynolds stresses. This error is assumée attributed to the slight variations causedhay
seeding problem which was not completely solvedh®y de-wrapping program. This phenomena
shows up again in the subsequent results and eitidmsidered an error from which no conclusions are
drawn.

Compared to the centerline results, the distrilbutdd the Reynolds stress near the wall is not as
affected by the length of zone IV (Figure 49). Thpeak cell looks similar in term of size and
magnitude for all runs even though the pool lengtheases. The peak magnitude, however, is greater
near the wall than compared to the channel cengerlAt the end of the longer pools, there is sezuin
relatively strong negative Reynolds stress neawthter surface (Figure 49c,d).

The magnitude of Reynolds stress decreases neanitheof zone IV as the pool length increases
(Figure 50). When zone IV is short in length, thagnitude of Reynolds stress stays very similar
throughout the entire length of the pool. Whenezd¥'’s length increases, the Reynolds stress
decreases greatly by the end of zone IV. For Ruasd 2, the Reynolds peak extends almost thesentir
width of the channel at the end of the pool, whil®uns 3 and 4, the peak is near the wall.
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(b) Run 2

(¢) Run3

(d) Run4

Figure 48. Reynolds stredsd) in the XZ plane at the channel centerline (y=01§Cor Runs 1 through 4.

(d Run1l

(b) Run 2

(¢) Run3

(d) Run 4

Figure 49. Reynolds stredxd) in the XZ plane near the channel wall (y=0.03fon)Runs 1 through 4.
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As zone IV’s length increases, the peak in Reynstdsss shifts from the side wall to the centethef
channel and also moves upwards (Figure 50). Teéetitm of the peak Reynolds stress shifts upward
with increasing distance downstream in zone IVRaomns 2, 3 and 4, as at the peak is located in the
lower third of the cross-section at the start afedv, and in the middle of the cross-section atehd

of zone IV. The Reynolds stress changes from kahes near the bed and very low values near the
surface to a diagonal cross section as zone I\figtleincreases (Figure 50). This transition to the
diagonally shaped profile of Reynolds stress igattaristic of uniform flow in an open channel (Nez
and Nakawaga, 1993).

(i) 10% of Zone IV (ii) 50% of Zone IV (iif) 80% of Zone IV

(& Run1

(b) Run 2

(c) Run3

(d) Run 4

Figure 50. Reynolds streqs{) in the YZ plane for Runs 1 through 4 at 10%, 5@%4g 80% of zone IV.

The Reynolds stress profile at the start of zonésI¥igh near the bed and low near the water serrfac
(Figure 51i). This is due to the turbulence tisatrieated near the bed and not at the water surface
the flow expansion. As the length of zone IV irages, the Reynolds stress decreases near the bed
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values near the wall (Figure 51biii). This is tteme trend that was observed in the cross-sectional
view where negative stress occurs near the wattacguas the flow becomes uniform.

It should be noted that the Reynolds stress prédifeRun 2 does not tend towards zero stress at the
water surface like the other runs, which againdatis that there are errors associated with thisuna
that conclusions should not be based on the cergeathta from Run 2.

(i) 10% of Zone IV (i) 50% of Zone IV (i) 80% of Zone IV

0.30m

@y

0.03m

(b)y

Figure 51. Reynolds stredwd) profiles for Runs 1 through 4 at 10%, 50% and 8{%one IV at y = 0.30 m
and 0.03 m.

The shear stress on the bed as estimated from ¢lyaoRis stress profile(.j peaks in zone llI,
especially near the channel wall, and decreasdsiméteasing distance in zone IV (Figure 52). This
peak corresponds to the increase in magnitudeeoR#ynolds stress observed in zone Ill. Elevéted
values extend through the entire length of zonegdWall runs with slightly lower values near the

channel wall.
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(d Run1

(b) Run 2

(¢) Run3

(d) Run 4

Figure 52. Shear stress estimated from the Reystidss profile(() in the XY plane for Runs 1 through 4.

The integral time scale (ITS) coherence showsttiee is higher coherence in zone IV than in zdne |
(Figure 53). This increase in coherence occuesgoint in zone 1V, then decreases in the longeftso
Overall, trends in the ITS are obscured by thealslity observed at the channel centerline.

More consistent patterns in ITS coherence are wébdenear the wall, with a common peak in
coherence near the bed surface at the transition fone 1l to zone IV (Figure 54). This pocket of
higher coherence may be related to the low streamwglocities and lowW, near the wall and bed in
this transition area. The ITS coherence in zone llery low (Figure 54), as the flow in this aisa
accelerating, and therefore, there is little coheee In the downstream end of zone IV, the ITS
decreases near the bed surface and increaseheeater surface (Figure 54).
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(& Run1

(b) Run 2

(¢) Run3

(d) Run4

Figure 53. Integral time scale (ITS) in the XZ @aat the channel centerline (y=0.30 m) for Runisraugh 4
using the US probe.

(& Run1

(b) Run 2

(¢) Run3

(d) Run4

Figure 54. Integral time scale (ITS) in the XZ @amear the channel wall (y=0.03 m) for Runs 1 tgtod using
the US probe.
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High coherence in the integral length scale (ILsSjneasured in the start of zone | (Figure 55).sThi
area corresponds to uniform flow and low Reynoldess. The measured ILS is low over zone Il for
all runs, as the flow in this area is acceleratidg the length of zone IV increases, the lengtthef
measured coherence of the ILS increases with theebt peaks existing near the end of zone IV
(Figure 55). The location of this peak correspondth the downstream end of the zone of high
Reynolds stress and parameter, as shown in Figure 44 and Figure 48.

(@ Run1

(b) Run 2

(¢) Run3

(d) Run 4

Figure 55. Integral length scale (ILS) in the Xam at the channel centerline (y=0.30 m) for Rutigdugh 4
using the US probe.

The magnitude of the ILS coherence is lower nearctrannel wall than compared to that in the middle
of the channel (Figure 56). The overall shapeheftontours is the same, with low coherence over
zone Il, and higher coherence in zone | and zone TWe main difference from the centerline data is
that the maximum values are much higher in zonaviién compared to zone I. Near the wall, the
coherence tends to peak early in zone IV and dserdawnstream.
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(d) Run1

(b) Run 2

(¢) Run3

(d) Run4

Figure 56. Integral length scale (ILS) in the XA near the channel wall (y=0.03 m) for Runs augh 4
using the US probe.

&*1. .8+(4

The second variable changed was the riffle length laow it affected the hydrodynamics within the
flume. These results include the data collectedhfRuns 4 to Run 7 (Table 2). Overall, the riffle
length data is largely consistent with the poolglantests. The results will concentrate on the
differences from the results measured over ths testsidering the change in pool length.

&(-&0,(&)8 )* 1):

The overall distribution of the flow is consistaemith that observed in Runs 1 through 4, where the
velocity gradient is decreasing in zone |, incregsn zone lll, and decreasing in zone IV. The key
difference is that the streamwise velocity overedhincreases in magnitude as zone II's length
increases (Figure 57). Higher velocity magnituaiesobserved at the end of zone Il in Run 6 and eve
more so in Run 7, indicating that these increasadths of zone Il cause an acceleration of the #ow
the centerline to higher velocities than previoushserved. Higher velocities near the bed at the
transition from zone |l to zone Il can also bers@eRuns 6 and 7. The streamwise velocity in 28he
increases along the water surface as zone II'sheimgreases, however, the near-bed velocity stayed
relatively similar (Figure 57). The increase interasurface velocity is related to the increase in
velocity leaving zone Il. The overall increasevielocity in Runs 6 and 7 creates steeper velocity
gradients at the end of zone IV.
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(& Run4

(b) Run5

(c) Run6

(d) Run7

Figure 57. Mean streamwise velocity (U) in the XZre at the channel centerline (y=0.30 m) for R4ins
through 7.

(@) Run4

(b) Run5

(¢) Run6

(d) Run7

Figure 58. Mean streamwise velocity (U) in the Xane near the channel wall (y=0.03 m) for Runsrdugh 7.
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Near the channel wall, the overall magnitude ofubkecity in all zones is less than the velocitytta
channel centerline (Figure 58). The velocity exjtizone Il is very similar for all runs despite the
change in riffle length. The velocity in zone Idshsimilar patterns to those observed in Figure 46.

When viewing the pool cross-section, the veloctptours in all runs are different at the start ohe

IV (Figure 59). Run 6 and Run 7 have high velocityes at the beginning of the pool, and very slow
near-bed and near-wall velocities, while the otlves have a slower core and faster near-bed amd nea
wall velocities. As the flow moves toward a morgform state, velocity gradients near the end ef th
pool show a more gradual change compared to didgmning of the pool. Higher velocities near the

water surface are still observed at the end of 2vhér Run 7. The velocity dip phenomenon is
observed in Figure 59c,d, Figure 59ii, and Figudi@.5

(i) 10% of Zone IV (ii) 50% of Zone IV (iif) 80% of Zone IV

(@) Run4

(b) Run5

(¢c) Run6

(d) Run7

Figure 59. Mean streamwise velocity (U) in the MZre for Runs 4 through 7 at 10%, 50%, and 80%©n&4V.

Along the channel centerline at the start of thelpthhe velocity profile near the bed is similarath
runs (Figure 60ai). The velocity profile near thiater surface is different for each run as the aigjo
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exiting zone Il increases with increasing zoneekdth. The transition from the similar profile to
different profiles occurs at zF0.50. Near the channel wall, the velocity profiggshe start of the pool
have similar profiles for all runs except Run 7gflie 60bi). Overall, Run 7 has a slower velocitgro
the entire water depth as compared to the other run

At the channel centerline near the middle and dntieopool, the velocity profile in each run isrfgi
constant (Figure 60ii and Figure 60iii). The shapeach run’s velocity profile remains constantlevh
the magnitude varies slightly between the differamts. These profiles show that the maximum
velocity occurs at the water surface. At the clehmvall, the velocity profile in all runs is verynglar,

as the flow moves downstream of the pool (Figureiicdhd Figure 60biii). These profiles show that
the peak velocity is slightly below the surfacemtba wall in all runs.

(i) 10% of Zone IV (i) 50% of Zone IV (i) 80% of Zone IV

0.30m

@y

0.03m

(b) y=

Figure 60. Velocity (U) profiles for Runs 4 throughat 10%, 50% and 80% of zone IV at y = 0.30 m@03 m.

The shear stress estimated from the velocity grafitreases as the length of zone Il increasesingig
61). This stress corresponds to the increaselatiye over zone Il. The shear stress decreasesigh
zone lll, and is slightly elevated in the middlezmine 1V, but stays near zero along the channdl wal

and at the start of zone IV (Figure 61). Theseltesre similar to that seen for the results aspibol
length increases.
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(@) Run4

(b) Run5

(c) Run6

(d) Run?

Figure 61. Shear stress based on the velocitylersifipe () in the XY plane for Runs 4 through 7.

The parameter increases in zone lll and decreasesnia &/, with the length of zone Il having an
impact on the magnitude of the parameter (Figude @he peak is located near the side wall and its
magnitude increases as the velocity exiting zonedieases. It should be noted that Run 5’s peak
magnitude of is thought to be low in Figure 62 as comparedhédther runs due to an unknown error
that was not resolved in the filtering process.

The parameter returns to near zero much quicker meawall than compared to the centerline as the
length of zone Il increases (Figure 62). This @atles that although the increase in velocity legavin
zone Il did not correspond to an increase in mageitof the wake strength at the centerline, it does
correspond to an increase in distribution of elegtavake strength downstream. Overall, there in an
increasing lateral gradient at the end of zone IV.
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(@) Run4

(b) Run5

(c) Run6

(d) Run7

Figure 62. Coles’ wake parameter) (n the XY plane for Runs 4 through 7.

7)86/-2 &-7,1/(&)8

The vertical velocity measured as the riffle lengiitreases show similar patterns as to those obderv
as the pool length increases. The vertical vetxciire strongly positive in zone | and slightlgatve

in zone 1l (Figure 63). The key difference isttane IlI's negative velocities are strong in Ryrbut

as the length of zone Il increases, the magnitddeeonegative velocities decreases in zone llhe T
vertical velocity along the length of zone Il indies slightly positive velocities towards the ehdane

Il as the zone length increases. At the end oéa¥nthe area of positive vertical velocity nelae bed
increases as the length of zone Il increases.

The vertical velocity near the channel wall showgative velocities in zone 1l (Figure 64), whigh i
similar to the previous results. The vertical gl profiles over zone 1l show slightly negative
vertical movement as compared to the slightly pasitnovement at the channel centerline. The
vertical velocity near the water surface in zonenBar the channel wall is consistently slightlyipes,
while near the bed the velocity is slightly negatiigure 64), which is consistent with the pregiou
results.
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(@) Run4

(b) Run5

(c) Run6

(d) Run?

Figure 63. Mean vertical velocity (W) in the XZ pkat the channel centerline (y=0.30 m) for Ruttwdugh 7.

(& Run4

(b) Run5

(c) Run6

(d) Run?

Figure 64. Mean vertical velocity (W) in the XZ pknear the channel wall (y=0.03 m) for Runs 4ublo7.
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At the start of zone 1V, the vertical velocity il euns has an overall positive trend near the \aald
centerline with a negative trend in between (Figibe At the middle and end of zone IV, the oVeral
vertical trend is positive near the bed and siddswavith a negative trend sloping from the water
surface near the channel centerline to the bedsaimear the channel wall. The magnitude of the
positive vertical velocity near the wall decreaasshe length of zone Il increases.

(i) 10% of Zone IV (ii) 50% of Zone IV (iif) 80% of Zone IV

(8 Run 4

(b) Run 5

(c) Run 6

(d) Run 7

Figure 65. Mean vertical velocity (W) in the YZ pkafor Runs 4 through 7 at 10%, 50%, and 80% oé 29

&(-&0,(&)8)* ,-0,1.87.

Turbulence is generated at the flow expansion imead and along the length of the riffle near tred
(Figure 66). The Reynolds stress in zone Il ingesaalong the bed as the length of zone Il incsgase
however, the stress near the water surface stegrszeeo in all runs. The extent of high Reynolds
stress in zone IV increases to extend the entiigttheof zone IV as the length of zone Il increases,
however, the magnitude of this stress is similalimuns.
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(@ Run4

(b) Run5

(c) Run6

(d) Run?

Figure 66. Reynolds stredwd) in the XZ plane at the channel centerline (y=01§Cor Runs 4 through 7.

(& Run4

(b) Run5

(c) Run6

(d) Run7

Figure 67. Reynolds stredxd) in the XZ plane near the channel wall (y=0.03fon)Runs 4 through 7.
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The extent of the distribution of the Reynolds séranto zone IV is less near the side wall thathat
channel centerline (Figure 67). The distributidnstyess near the wall is similar in all runs, even
though the lengths of zone Il are different. Thagmitude of the Reynolds stress is greater near the
side wall than at the channel centerline. The pragnitude of Reynolds stress in Runs 5 and 6 are
thought to be a low due to an unknown error. Agaaof negative Reynolds stress is observed at the
end of zone IV in all runs.

At the beginning of the pool, the Reynolds streskigh at the near-bed surface in all runs (Figi®e
The peak magnitude decreases as the flow movesgiiraone IV and shifts towards the channel
centerline. By the end of zone 1V, all runs shtw diagonal Reynolds stress cross-section, indgati
that they have all reached a more uniform stateNend Nakawaga, 1993). Runs 6 and 7 still show
relatively high shear stress near the channel damd@é¢han the other runs.

(i) 10% of Zone IV (i) 50% of Zone IV (i) 80% of Zone IV

(& Run4

(b) Run5

(c) Run6

(d) Run7

Figure 68. Reynolds stredwd) in the YZ plane for Runs 4 through 7 at 10%, 5@%d 80% of zone IV.

The Reynolds stress profile shows high values theabed and low values near the water surfacesat th
start of zone IV (Figure 69). Near the centerlites Reynolds stress is similar in all runs, howgve
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near the channel wall, higher levels of Reynoldssst occur, particularly in Run 7. The irregulast
of the Reynolds stress profile near the wall maydbated to the lateral position of the high streslés
for the different channel geometries.

At the channel centerline, the Reynolds stressilpsofit the end of zone IV are slight variations of
convex shapes in all runs (Figure 69aiii). At tloisation, higher overall magnitudes of Reynolaest
are seen in Run 7, with the peak located at thigceémidpoint, while the other runs peak closetite
bed. This indicates that the flow in Run 7 isl stécelerating while the flow in the other runsigser

to uniform flow. The Reynolds stress profile nd@a channel wall indicates a slightly negative eof
near the water surface (Figure 69biii). This negastress is attributed to the uniform flow cross-
section of Reynolds stress observed in Figure.68iii

(i) 10% of Zone IV (i) 50% of Zone IV (i) 80% of Zone IV

=0.30m

@Y

=0.03m

(b)Y

Figure 69. Reynolds stredwd) profiles for Runs 4 through 7 at 10%, 50% and 8@%one IV at y = 0.30 m
and 0.03 m.

The shear stress estimated from the Reynolds stressases along zone Il and Il (Figure 70). The
peak shear stress occurs in zone lll, and corresptm the peak in the Reynolds stress. The shear
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stress in zone |l is related to the increase innBkeg stress observed near the bed. The Reyrindds s
decreases in zone IV, but remains slightly elevéitedughout the entire length of the zone. Overall
the Reynolds stress is low near the wall and hagr the channel centerline in zone IV.

(& Run4

(b) Run5

(¢) Run6

(d) Run7

Figure 70. Shear stress estimated from the Reystidss profile(() in the XY plane for Runs 4 through 7.

Similar to the results from increasing the poolgktn low ITS values are observed at the channel
centerline in all runs, and are not shown in thesailts (see Appendix C). At the channel wall, an
increasing trend of coherence as the riffle lengtireases is found in zone Ill (Figure 71). This
increase is attributed to the slow moving bed vigEx observed in zone Il compared to the faster
moving surface velocities. While the ITS coherealomg zone Il remains very low, higher ITS values
are more common in zone |V as the length of zoimecheases (Figure 71).

Similar ILS results are observed as the riffle lnmcreases as compared to the results of the pool
length increasing (Figure 72). Although the lengthzone Il increases, there is little difference i
magnitude and shape of the elevated coherence idiffierent runs. The peak coherence in zone IV is
generally located near the end of the section. il&magnitudes of coherence are measured over the
length of zone Il for each run even though the flerigcreases. The coherence near the side wall is
very similar to that at the centerline, only withaler magnitudes, and therefore is not shown éseh
results but can be found in Appendix C.
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(& Run4

(b) Run5

(c) Run6

(d) Run7

Figure 71. Integral time scale (ITS) in the XZ @amear the channel wall (y=0.03 m) for Runs 4 tgtot using
the US probe.

(& Run4

(b) Run5

(c) Run6

(d) Run7

Figure 72. Integral length scale (ILS) in the XA at the channel centerline (y=0.30 m) for Rutis@ugh 7
using the US probe.

80



4.- ' A(

To be thorough, two extra parameters were testeithgithe experimental phase, the effect of water
depth and the effect of roughness. Complete detdithese two testing methods and results can be
found in Appendix D and Appendix E. In generaé thsults observed from these two parameters were
expected, as they followed similar patterns as gimgnthe pool and riffle length. There were sorag k
differences, however, which are discussed below.

LA(*)3 4/8+&8+ (4. (.- 5(4

Overall, the streamwise velocity and the Reynotdsss decreases as the water depth increases, which
is expected. The first noticeable difference isestsed in the turbulent coherence. At the channel
centerline, the ILS increases significantly in zahand zone IV as the water depth increases (Eigur
73). These areas correspond to low Reynolds stresslower velocities. Although the ILS coherence
increases near the channel centerline, the cohenealoes remain low near the channel wall (Figure
74).

(@) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 73. Integral length scale (ILS) in the XAm at the channel centerline (y=0.30 m) for faffeent
depths using the US probe.
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(d) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 74. Integral length scale (ILS) in the XA near the channel wall (y=0.03 m) for four défe depths
using the US probe.

At the channel centerline, the ITS becomes moreemit as the water depth increases, especally in
zone |V (Figure 75). There are also some cohdrends observed in zone Il. Both of these areas
previously showed no consistent trend when chanthiegiffle or pool length.

Near the channel wall, the coherence trend neambéttin zone Il decreases as the water depth
increases (Figure 76). This pocket of coherencepnaviously increased in both the increase iteriff
and increase in pool length. The overall ITS cehee seems to slightly increase over zone Il and
decrease in zone |V as the water depth increases.
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(d) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 75. Integral time scale (ITS) in the XZ @aat the channel centerline (y=0.30 m) for foufedént depths
the US probe.

(@) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 76. Integral time scale (ITS) in the XZ mamear the channel wall (y=0.03 m) for four differdepths
using the US probe.
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Overall, the streamwise velocity and Reynolds stiasrease as the roughness factors increase. The
shear stress estimated from the velocity profilghtly decreases in zone Il as the roughness isesga
and increases near the centerline in zone IV (Eid@6). Similar peaks in shear stress in zonandl ¢

be seen at the start of the riffle at x =7 m and=aa8 to 8.5 m.

(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 77. Shear stress estimated from the velpedfile ((,) in the XY plane for different roughness factors.

The parameter increases as the roughness factoragec(Eigure 78). The peakvalue extends the
entire width of the channel as the channel surfaeesme more rough. This peak had previously been
located near the wall in all of the smooth surfames. The value increases in zone Il, and in zone
IV, the value does not return to near zero at the wallnddah the wall and bed are rough.

(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 78. Coles’ wake parameter (n the XY plane for different roughness factors.
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This section discusses the suitability of the expents in the flume for considering the effect that
changing the pool and riffle lengths has on therbggnamics of the flow. The results of the
experiment are then discussed in terms of how éa#dom geometry can push the distribution of flow
and turbulence both away from and towards whakjgeeted in uniform flow. The effect that shear
stress plays on the stability of the bedforms, ab as a discussion on the coherence of the tunbale
in the system, are also presented. Previous fabdratory, and numerical studies are comparedeo
results of this research. The overall fundamecwatrol that scale has on hydrodynamics is outlined
and recommendations for future research due tbrti@tions of this study are discussed.

&(/08&1&(2 )* (4. ;5.-8&3.8(/1 55/-I(,’

The results presented in the previous chapter ladlvdbeen obtained from tests conducted in a
laboratory flume. Conducting the research in anlumakes it possible to reduce the total number of
system variables so that a more controlled experiroen be conducted, however, the appropriateness
of the techniques and results must be considetemhking at both the repeatability of the measured
data upstream of the bedforms, as well as the teffeother more typical conditions has on the
measurements can be used to consider the apper@sat of the techniques used in this thesis.

When only the pool length is varied (Runs 1 to the upstream location includes both the initial
contraction and the riffle, or zones | and Il. the side view orientations both in the center & th

channel and near the wall, it was seen that bothsthreamwise and vertical velocities over these
sections are very similar in Runs 1 through 4. tles riffle length is varied (Runs 4 to 7), the only

consistent upstream location is the contractiortia@ecleading into the riffle. Once again, the

streamwise and vertical velocities at the centeriimd near the wall show that the flow is similar
leading into the riffle in these four runs. Then#arity of the upstream flow demonstrates the
repeatability of the flume conditions, and the ampiateness of using the flume to examine the flow
conditions of a pool-riffle in a straight channatiwnon-deformable boundaries.

The effects that depth and roughness have on tdeotilynamics of the flow were also considered.
Overall, the depth and roughness introduced a ra@anbe between stresses at the centerline and side
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wall, as seen in the turbulence production, tumtulsoherence, and deviation from uniform flow.
These additional factors demonstrate the compleritythe underlying process of convective
acceleration and deceleration in an open chanri&dcause of this complexity, experiments with
geometries that would be more representative ohttaral pool-riffle form would be difficult, it wa
concluded that the effect of bedform length on pdbe hydrodynamics is most clearly observed
when it is isolated in an experimental flume witeraooth straight bedform configuration, as was used
in this research.

)35/-&)8 () -.9&)," (,6&.

The results from this research were compared twique studies in order to determine if the flow
conditions created in the flume were reasonablenwdmmpared to those conditions observed in the
field and in previous laboratory and numerical miogde The streamwise velocity results are simitar
previous studies as it was found that at the peeldhthe flow converged towards the centerline as
previously observed (MacVicar and Roy, 2007a; Gidf and Richards, 1992; MacWilliams et al.,
2006), and by the end of the pool the flow probilcame fuller by extending similar velocities asros
the entire cross-section (MacVicar and Roy, 2007a).

The parameter agreed well with previous studies. Wagnitude of the parameter near the
centerline was within the range ofH3 to 7, which was similar to the results of MacVYiead Rennie

(in review), where H4, however, = 0.41 in the study by Kironoto and Graf (1999he difference
between the results of this research and that peddy Kironto and Graf (1995) can be explained as
the latter used a much milder expansion secti@pést 1%). The magnitude of theparameter near
the channel wall was slightly higher in this studfhere > 9, as compared to the study completed by
MacVicar and Rennie (in review) whereH7.

The profile of turbulence as expressed by the Regngtress followed that of previous researchhas t
peak turbulence occurred at the flow expansion, deateases as it moves downstream. This initial
area of high turbulence corresponds to previoudiesu(MacVicar and Roy, 2007a; Clifford 1993b;
Clifford, 1996). The fact that as the flow decates in the pool, the Reynolds stress occurs at a
distance away from the bed, has also been foupdeivious studies (Simpson, 1989; Yang and Chow,
2008; MacVicar and Rennie, in review).

The shear stress based on the velocity profileeas®s in accelerating flow and decreases in
decelerating flow, which is consistent with presaesults (MacVicar and Rennie, in review; Kironoto
and Graf, 1995; Song and Chiew, 2001; Yang and CI20@8). The increase in shear stress through
the middle of the pool with an increasing latereddjent is similar to the results of MacVicar and
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Rennie (in review). The results of the shear stestimated from the Reynolds stress profile showed
an increase during the flow expansion, which issggiant with previous results (MacVicar and Roy,
2007a; MacVicar and Rennie, in review).

The coherence structures measured in this study@@d to those from previous experiments were
similar for the ITS but different for the ILS. Siar to the ITS results presented in this thesis,
MacVicar and Roy (2007b) found short random pockétd S coherence near the bed in the pool with
no overall trend. However, they found negligibdedls of ILS coherence through the pool, while in
this research the pool was characterized by s@mifilLS coherence.

6<,(3.8( () 8&*)-3 1):

As the flow moves over the bedform, kinetic eneiggfirst generated as the velocity increases dwer t
riffle, and then dissipated as it expands and slioiesthe pool. During this increase and decradse
kinetic energy, non-uniform flow conditions are ated. In order for the flow to recover to a unifor
flow state, a sufficient pool length is require@nce the flow has reached uniform flow, the flowl wi
remain in this state until a new non-uniform floleraeent (riffle) is introduced. In these experingra
transition from non-uniform flow to uniform flow teards the end of the pool was clearly seen as the
pool length increased, as shown in the streamvégmity, , vertical velocity, and the Reynolds stress
results.

When the flow transitions from the riffle to thegbothere is a high velocity core near the watefasie
and centerline in the channel. As the pool lemgtheases, this high velocity core expands to weslo
and fuller cross-section of flow. The fact tha¢ thelocity is nearly the same at all locationsha t
cross-section, even near the side walls and bekeothannel, suggests that the flow is adjusting to
more uniform state by the end of the pool at ineeegpool lengths.

As the pool length increases, theparameter in the pool decreases so that the whluein Run 4 at

the end of the pool is near zero (Figure 79). Nlo& has been smoothed by a running average over

the five nearest points and that the total length been normalized by the different zones. When th

pool length is short, the magnitude ofis still elevated at the end of the pool, as imRuwhere

approximately equals 2 by the end of the pool.sTihdicates that the velocity profile in a shorbbis

still being influenced by the relatively high nearface velocities. As the pool length increases,

near water surface velocities decrease towardsnideof the pool, allowing the velocity profile to

become more logarithmic, and thevalue to return to near zero, like in Run 4. @ileas the value of
decreases the flow uniformity increases, as &egalue is a measure of the deviation of the flow

away from the log-law of uniform flow.
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Contraction Riffle Expansion Pool Contraction
Figure 79. Comparison of the Coles’ Wake Paranieteat the channel centerline for Runs 1 through th wi

normalized zones.

As the pool length increases, the cross-sectiomdilgp of secondary currents in the pool adjustsaito
expected uniform cross-section in an open charmmsaieasured by Nezu and Nakawaga (1993) (Figure
80). Note that the lateral directions have beesragd from the vertical velocities. In uniformvilo

the vertical velocities have positive magnitudeshia pool near the bed and along the side walle Th
adjustment to a uniform cross-section again indg#hat the pool is sufficiently long enough in Run
and 4 to create uniform flow conditions.
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@) (b)

c P2
§_ ‘7{'\'\\

Width
Figure 80 Secondary effects (a) numerically simulated byiNand Nakawaga (1993) with an aspect rati
B/h =2, and (b) measured at 80% of zone IV (pool) in B

As the pool length increases, the Reynolds stnexss-sectional profileadjusts to an expected unifo
crosssection as measured by Nezu and Nakawaga (1Figure 8). A uniform Reynolds stress ha
diagonal transition between negative stress neawtil and surface and the ftive stress at the bel

As the pool length increases, the flow acs from the high Reynolds stress near the bed toitgodal
shape expected in uniform flow.

) (b)

Depth

Width
Figure 81 Reynolds stress (a) measurei Nezu and Nakawaga (1993), and (b) measured at 8@#ne 1V

(pool) in Run 4.

When considering the streamwise veloc, parameter, vertical velocity, and Reynolds stressatds
the end of the pool as the pool length increasesn be concluded that the flow returns to a wumf
state towards the end of the pool if the pool lerigtiong enough. Introducing the re causes non-
uniform flow until a bedform length ratio (width total bedform length) of 1:5.0 is reached and
flow is mostly uniform, or a ratiof 1:6.4 is reached where the flow is completelyfammh. If the pool
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length were to increase past this ratio, the floauld remain uniform, provided that the channel
boundary and roughness remain uniform, until ichea some flow-changing element.

6<,'(3.8( /2 *-)3 8&*)-3 1):

The riffle length was increased in order to asbess the same pool length dynamics changed with new
upstream conditions. As the riffle length incrahdbe flow adjusted away from a uniform flow state
the end of the pool, which is shown in the resoitde streamwise velocity,, and the Reynolds stress.

With an increase in riffle length, the streamwisdoeity profile near the end of the pool adjustair
having a slow near surface velocity when the riffleshort, to having a faster velocity core near th
water surface when the riffle is long. As discuaspeeviously, an increased velocity core with flow
occurring over less of the cross-sectional aregesstg that the flow is adjusting to a less unifetate
by the end of the pool as the riffle length incemsasThe velocity gradient across the channel vatih
changes, as there is a relatively rapid changelocity across the entire cross-section when ffie ri
length is increased. The increase in velocity igridagain suggests the flow is transitioning tess
stable state.

The faster velocity core at the water surface léadiscreasingly higher values observed at the end of
the pool (Figure 82). This change indicates thatftow is moving from a uniform flow at the end of
the pool, like in Run 4 wher&E<«&qt)«E°q6ai»&zae a flow with a non-uniform profile, like in
Run 7 where&E«&q't)-EC°g6ai»&!"As mentioned above, avalue near zero suggests uniform flow,
whereas the flow becomes less uniformé&iacreases, which is what is occurring as the rifélegth
increases. As the riffle length continues to iase the values at the end of the pool are likely to
keep increasing, and the flow will continue to mdeeards a more non-uniform flow, unless the pool
length increases.

It is interesting to note that the riffle has reedta value of zero at the end of the riffle in Run 7,
indicating uniform flow was established at thigleflength. This uniform flow that was achievedlie
riffle is now more concentrated in a high velooityre and therefore farther away from the uniform
flow conditions in the pool. This means that aglendistance is required for the flow to adjustvirthe
uniform conditions of the riffle to the uniform cditions dictated by the pool.
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Contraction Riffle Expansion Pool Contraction
Figure 82. Comparison of the Coles’ Wake Paranietgat the channel centerline for Runs 4 throughth wi

normalized zones.

As the riffle length increases, the area of elavd&eynolds stress extends farther into the pooith W
this increase in elevated Reynolds stress at tHeoethe pool, the flow cannot transition to a onih
state as it could when the riffle length was shorfehe YZ orientation of the Reynolds stress shthes
contours moving from the uniform low stress diadotr@ss-section observed in Run 4, to a cross-
section with a higher peak near the channel cémterds in Run 7. This confirms that the flow @ n
uniform at the end of the pool in the tests wittré@ased riffle length.

The results of the streamwise veloci§gparameter, and Reynolds stress profiles near tdeokthe
pool as the riffle length increases, as discusbedey suggest that uniform flow conditions will pnl
exist in the long pool if the riffle length is slh@nough. Once the bedform length ratio is grethizn
1:7.0, the flow tends towards a non-uniform statiia constant pool length.

)35/-&)8 )* &**.-.8( 4.J- (-.".

In uniform flow, the shear stress estimated from W#elocity profile and from the Reynolds stress
profile should theoretically give similar values i{@éck, 1996). Different values indicate that the
stresses are out of balance. Reynolds stressriigaiip generated at the wall, and is related to the
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gradient of velocity near the wall in a classic haary layer (Dingman, 2009). In decelerating flow,
and in the adjustment of an accelerated flow (comated in a high velocity core) towards uniform
flow, Reynolds stress is generated elsewhere irséiaion due to strong velocity gradients. In this
case, the Reynolds stress peak occurs above tfeceswf the bed (Yang and Chow, 2008). The
opposite occurs in accelerating flow, and in thestchent of a decelerated flow (fuller velocity fie
nearly constant across the cross-section) towandfsrm flow. Reynolds stress in the second case
stays low, even as the near-bed velocity gradiecreases, indicating that stress on the bed is very
high. It takes some distance before the Reyndtdsscan catch up to the shear stress due toityeloc

which occurs when the Reynolds stress is genemtatle bed and diffuses upwards, as occurs in
uniform channels.

In these experiments, the shear stress estimaisdtfre velocity profile increases over the contoarct
and riffle and decreases through the expansiorpanti(Figure 83a). The shear stress estimated from
the Reynolds stress profile remains low over thatreation and start of the riffle, increases oves t
end of the riffle and expansion, and decreasdsdmool. Note that the shear stress has been Bewbot
by a running average over the five nearest points.

(& Run 1 (b) Run 7
‘£ l Small
\f/ Large T Difference
o Difference l
=
0
Contr. Riffle  Expansion Pool  Contr. Contr. Riffle  Expansion Pool  Contr.

Figure 83. Comparison @¢f and(, at the channel centerline (y=0.30 m) for Run 1 BRod 7.

In general, as the pool and riffle length incredise difference in the two estimated shear stresstse
end of the riffle and pool decreases (Figure 83l)e decrease in the shear stress difference sihaivs
the two shear stresses are converging to a commalme,vindicating that a new balance between the
forces acting on the velocity and turbulence hanlreached. In Runs 6 and 7, the riffle length was
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long enough for a more uniform flow to develop, aadnew balance between the two stresses
developed leading to similar values inand . This same balance between the stresses occths in
pool for all runs other than Run 1. As the pooigih increases, a new balance of the shear stresses
occurs, indicating that the flow is moving towatdsformity.

When comparing the total summation(eaind(,, the stress increases over the riffle and decseaser
the pool, with the peak located in the expansidguiie 84). This indicates that riffles can ‘endien a
threshold is exceeded on the way up and scour ®douthe expansion. Pools will ‘end’” when a
threshold is exceeded on the way down and sedimiirdeposit, forming the exit slope from the pool
to the next riffle.

Overall, the level of total shear stress in Runeinains high throughout the entire pool length,
indicating that erosion will be dominant in thisnfiguration. All other runs show smaller total ahe
stress levels at the end of the pool, indicatirag #ediment may deposit in the end of these religtiv
stable areas. The difference between the incostiegr stress observed in zone | and the exitingr she
stress observed in zone V, is due to the factttf@bpproach section consisted of a flat bed wath n
bedforms, and therefore, had very little sheassstessociated to it.

Total Shear (N/nf)

Contraction Riffle Expansion Pool Contraction
Figure 84. Summation ¢f, and(; at the channel centerline (y=0.30 m) for Runsraubh 7.
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Overall, the length of riffles and pools exert aadamental control on the distribution of flow and
turbulence within a channel. In the pool, eneggglissipated both through turbulence and as theifio
redistributed to match uniform flow. In the riffl&inetic energy is generated as the flow velocity
increases, which redistributes the flow towardews unique uniform conditions.

In general, as the pool length increases, the fitothe pool-riffle unit becomes more uniform. Thgs
confirmed as the flow returns to a more unifornmestay the end of the pool in the longer pools, as
observed with the streamwise velocity, verticaloeél, and parameter. The Reynolds stress also
decreases as the pool length increases, causinmg@ase in turbulent coherence downstream of the
high Reynolds stress. At the downstream end ofpih@l, both shear stresses estimated from the
velocity profile and Reynolds stress profile desesto their lowest values. From these resultairitbe
concluded that uniform flow conditions exist at #ed of the pool when the bedform length ratio is
greater than approximately 1:5.0 when the riffleglls was held constant.

In general, as the riffle length increases, thefilo the pool became more non-uniform. This idlent
from the increasing lateral gradients in streamwedecity, , and Reynolds stress. As the riffle length
increases, a faster and more turbulent core isrggtkat the channel centerline, leading to legfeum
flow throughout the entire pool length. As thefleiflength increases, the generated turbulence
increases, leading to non-uniform flow cross-sectibthe end of the pool. From these resultgritle
concluded that uniform flow conditions are no longbserved at the end of the pool when the bedform
length ratio exceeds 1:7.0 when the pool length vedd constant.

Due to the fact that the bedforms were not defotenalnd therefore do not fully represent natural
bedforms, the use of these results in pool-rifsign is highly speculative and more research meist
completed. However, comparing the results foundhis thesis to the summarized hypotheses in
Section 2.6, multiple mechanisms are observed d¢batd influence pool-riffle maintenance. For
instance, increased turbulence at the pool hegubsigthe idea that it may be important for poals¢
and the results support previous observations @t ftonvergence in pools. Using the suggested
bedform scaling range for design is speculativevel§ but turbulence eventually decreases in thd,po
which suggests that it may limit the length of gul, as the material would eventually start toab#p
and a riffle would form. Along with the pool-rifflscales considered in this thesis, more reseansh m
be conducted at the internal scaling parametersthie relative length of the pool and riffle withine
bedform length, as these scaling relations wild afspact the hydrodynamics within a pool-riffle yni
and will change the results found in this thesis.
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The results show the hydrodynamic effects of cotive@cceleration and deceleration over different
bedform lengths of a smooth, low-slope bedform imadli-bounded open channel. The main limitation
of this study is that it was conducted over sinmtifbedforms that lacked sediment transport, téalis
three-dimensional topography (sinuosity), and répgabedforms. Although these parameters were
removed in order to reduce the complexity of th@esxnent and results, these factors must be
considered to determine the role they play in tteegss of pool formation and maintenance in natural
and restored channels

Another limitation of this study is the complexitf pool-riffle scaling. Pool-riffle sequences are
known to scale at a width to total bedform length:6-7. It was this definition of bedform scalitizat
these experiments were based upon. However, #ie Between the length of the pool and the length
of the riffle is not explicitly stated in this deftion. The literature states that the ratio oblp riffle
length is generally around 1:0.9-1.9 in channekh\gss than 2% slope (Carling and Orr, 2000; Wohl
et al.,, 1993). In these experiments, the poolftie ratio varied between each test, with a 1:tlorin
Runs 1 and 7, to a maximum ratio of 1:6 in RurTAis scaling parameter may play a vital role inlpoo
riffle maintenance, and should be considered iarutesearch.

The turbulent structures were measured in thisarebe with some coherence observed in the integral
time scale and the integral length scale. The sladaved interesting results, however, the overafd

in the data was not clear through these findin§arbulent structures may reveal important trends in
coherence in flow over bedforms and should be masw future research.

The results found in this thesis should be comp#oeiture pool-riffle studies to determine if tlees
findings on the flow hydrodynamics are applicableroa wide range of field sites. All future
experiments should measure velocity in high spatistributions to observe the three-dimensional
effects that occur throughout the convective acattn and deceleration processes. The experiments
should also categorize the results based uponiffieeetit bed slopes so that the flow in differeahes

can be easily compared.
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Pool-riffle sequences are used in current rivetorasion practices but their hydrodynamics are st

fully understood, which can lead to unstable redton designs. Using Ultrasonic Velocity Profilers
over movable, simplified bedforms, the effects lwwf and turbulence were measured over seven
different pool-riffle bedform lengths. The desetbexperiments demonstrate that the length of the
pool and riffle exert a fundamental control on thstribution of the flow and turbulence in a channe
These experiments are unique in the literatureiagidate that simplified experiments can be used to
understand the hydrodynamics of convective acaederand deceleration found in natural pool-riffle
bedforms. Other parameters tested show the compleixthe hydrodynamics and confirm the need
for isolating the key parameters, as was completetis thesis, as a means to unlocking the reasons
behind persistent scaling relation between widith lzedform length.

Overall, the length of riffles and pools exert aadamental control on the distribution of flow and
turbulence within a channel. In the pool, eneggglissipated both through turbulence and as theifio
redistributed to uniform flow conditions. In thifle, kinetic energy increases as the flow velgcit
increases, and as the length increases, the flowesndowards a new uniform flow condition.
Therefore, when the flow reaches the pool, theridigion of flow is farther from the uniform flow
conditions in the pool. This means that longetadlises are required to redistribute the flow ingbel

to uniform conditions when the riffle length is tpnit can be concluded from these results thdbumi
flow conditions exist at the end of the pool whiee bedform length ratio is greater than approxiigate
1:5.0 when the riffle length is held constant, &mat uniform flow conditions are no longer obsera¢d
the end of the pool when the bedform length ratimeeds 1:7.0 when the pool length is held constant.

These results should be used only as a preliminaderstanding in restoration design. Multiple
controls are responsible for stable pool-riffle . smaces, and more information is needed to fully
understand pool-riffle hydrodynamics. Future reseahould concentrate on extending the results to
include three-dimensional pool-riffle configuratgmepeating bedform configurations, internal sizpli
parameters, and sediment transport. Ultimatelythashydrodynamics of pool-riffle sequences are
better understood, better bedform designs can belemented in restoration projects.
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Figure 85. Froude number (Fr) in the XY plane fibrans.
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Figure 86. Reynolds number (Re) in the XY planetif@r different runs.
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(@) Run 4

(b) Run 5

(c)Run 6

(d) Run 7

Figure 87. Integral length scale (ILS) in the XA near the channel wall (y=0.03 m) for Runs dugh 7
using the US probe.

(8 Run 4

(b) Run 5

(c)Run 6

(d) Run 7

Figure 88. Integral time scale (ITS) in the XZ @aat the channel centerline (y=0.30 m) for Rurisrdugh 7
using the US probe.
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As a part of the experimental phase of this thelifierent water depths were tested to determire th
effect the water depth had on the hydrodynamicsutiin the pool-riffle sequence. The depths that
were tested were 0.05, 0.06, 0.08, and 0.10 m pwee Il (original depth tested was 0.06 m). The
bedform configuration used was the same as Runabl€T2). In order to keep the bulk velocity
upstream of the bedforms at a constant 0.21 mésflohv rate was changed in each test at different
depths (Table 6). The bulk velocity over the €ffvas different each run, however. The change in
flow rate did affect the Fr and Re numbers slightigwever, they remained in an acceptable range for
the flow to be considered in the same regime.

Table 6. Different flow rates, Froude and Reynaildmbers for the different depths tested.

Depth of Riffle (m) Flow Rate (L/s) Max Fr Max Re (x10)
0.05 14.9 0.84 3.5
0.06 15.4 0.72 3.3
0.08 18.0 0.44 35
0.10 20.6 0.35 3.8

The following figures show the results collecteanfrthe different water depths. The results foltbe
same format as those in the body of the thesisjraiade streamwise velocity,, (., vertical velocity,

(re, (1 ILS, and ITS. These results are not explainedatail and are simply here for the viewing
interest of the reader. No conclusions were maedb on these results in the body of the thesis. |
should be noted that testing was difficult at th@50m depth as the velocities were very high, waves
were starting to form in zone IV (Figure 89), andltmple air bubbles were formed on the UVP probe,

especially in zone Ill. It is for these reasorat tthe results from this depth has many errorsciessal
with it.
(a) (b)

Figure 89. (a)Top view and (b) side view of the wdéarmation in zone IV during 0.05 m testing.
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(@) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 90. Mean streamwise velocity (U) in the XZre at the channel centerline (y=0.30 m) for fdifferent
depths.

(@) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 91. Mean streamwise velocity (U) in the Xdne near the channel wall (y=0.03 m) for four eliént
depths.
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(@) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 92. Shear stress estimated from the velpedfile ((,) in the XY plane for four different depths.

(d) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 93. Coles’ wake parameter) (n the XY plane for four different depths.
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(@) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 94. Mean vertical velocity (W) in the XZ pkat the channel centerline (y=0.30 m) for fodfiedént
depths.

(d) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 95. Mean vertical velocity (W) in the XZ pknear the channel wall (y=0.03 m) for four diffier depths.
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(d 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 96. Reynolds stredwd) in the XZ plane at the channel centerline (y=08Cor four different depths.

(@) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 97. Reynolds stredgd) in the XZ plane near the channel wall (y=0.60fon)four different depths.
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(@) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 98. Shear stress estimated from the Reystidss profile(() in the XY plane for four different depths.
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(@) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 99. Integral length scale (ILS) in the XAm at the channel centerline (y=0.30 m) for faffeent
depths using the US probe.

(@) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 100. Integral length scale (ILS) in the XZme near the channel wall (y=0.03 m) for four &iént depths
using the US probe.
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(a) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 101. Integral time scale (ITS) in the XZn#aat the channel centerline (y=0.30 m) for fofiiedeént depths
the US probe.

(a) 0.05m

(b) 0.06 m

(c) 0.08 m

(d) 0.10 m

Figure 102. Integral time scale (ITS) in the XZm#anear the channel wall (y=0.03 m) for four diéier depths
using the US probe.
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As a part of the experiment phase of this thedfifgerdnt roughness factors were tested to deterhiae
effect channel roughness had on the hydrodynamrosigh the pool-riffle sequence. Three different

trials were conducted using different roughnessofac The first was a smooth PVC bed and smooth

side walls. The second trial used an abrasive negderial along the length of the bed surface, With
side walls remaining smooth. The third trial uieid same rough material along the side walls dk we
as along the bed surface (Figure 103).

(@) (b)

Figure 103. Pictures of the (a) bed roughness(lanided and wall roughness in the flume.

The abrasive tape was classified as 46 grit onrtlughness scale (Esterly, 2010). The bedform
geometry was the same as that of Run7 (Table Z)e Maximum Fr and Re values were in an
acceptable range for the flow to be consideretiénseme regime as previous results (Table 7).

Table 7. Maximum Fr and Re values for the differenighness factors.

Roughness Factor Max Fr Max Re (x10))
Smooth 0.72 3.3
Rough Bed 0.71 3.0
Rough Bed and Wall 0.70 3.2

The following figures are the results collectedhirthese different depths. The results follow thee
format as the results in the body of the thesid,ianlude streamwise velocity,, (,, vertical velocity,
(Re’ (r, ILS, and ITS.
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(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 104. Mean streamwise velocity (U) in the p@ne at the channel centerline (y=0.30 m) foredéht

roughness factors.

(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 105. Mean streamwise velocity (U) in the pZne near the channel wall (y=0.03 m) for diffeéren

roughness factors.
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(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 106. Shear stress estimated from the vglpcdfile () in the XY plane for different roughness factors.

(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 107. Coles’ wake paramete) {n the XY plane for different roughness factors.
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(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 108. Mean vertical velocity (W) in the XZapk at the channel centerline (y=0.30 m) for diffeer

roughness factors.

(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 109. Mean vertical velocity (W) in the XZapk near the channel wall (y=0.03 m) for diffenenighness

factors.
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(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 110. Reynolds stregxd) in the XZ plane at the channel centerline (y=013(or different roughness

factors.

(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 111. Reynolds streggd) in the XZ plane near the channel wall (y=0.03fom)different roughness factors.
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(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 112. Shear stress estimated from the Regratdss profile(f) in the XY plane for different roughness

factors.
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(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 113. Integral length scale (ILS) in the XZne at the channel centerline (y=0.30 m) for fdifferent
depths using the US probe.

(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 114. Integral length scale (ILS) in the XZme near the channel wall (y=0.03 m) for four&iént depths
using the US probe.
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(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 115. Integral time scale (ITS) in the XZr@aat the channel centerline (y=0.30 m) for thriferént
roughness factors using the US probe.

(a) Smooth

(b) Rough
Bed

(c) Rough
bed & wall

Figure 116. Integral time scale (ITS) in the XZm#anear the channel wall (y=0.03 m) for three déffe
roughness factors using the US probe.
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