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Abstract

Hydraulic roughness is a key factor in modelingropkannel flow. The frictional effects
of roughness elements are generally parameterizedabroughness coefficient,
representative for the roughness of a grid celaimodel. Bed roughness can be very
heterogeneous in practical situations. Especiallffaodplains, the roughness height can
differ an order of magnitude over a small distaridas roughness heterogeneity impacts
the shear stress distribution and the effectivetibm exerted on the flow. Previous
research showed that the effective friction was 208te than the theoretically weighted
average value (Jarquin, 2007) in a flume with alpersmooth-to-rough bed. Another
calculation showed even 80% additional effectivetifysn (Jarquin, 2007; Vermaas et al.,
2007). New measurements and a detailed Large Euhdyl&ion model described in this
report were used to investigate the underlying ngxilayer processes and the
corresponding development length scales. This nrayige the basis to parameterize
roughness heterogeneity.

Measurements in a developed flow over a parallebamto-rough bottom show a
secondary circulation in vertical planes across Hlosv. This circulation causes a
transverse momentum transport from the smooth éordugh side. The momentum
transport by this mechanism has nearly the samer @timagnitude as the transverse
momentum exchange by turbulent mixing. The trarsy@nomentum exchange enhances
the effective friction. An example with a 2D mod#lows that this can not explain the
entire increase in effective friction; additionaicfion is probably also caused by extra
turbulence production near the smooth-to-roughriate, and bed shear stress in the
spanwise direction.

In the transition from a uniform flow to a compoufolw over parallel roughness lanes,
transverse volume transport occurs mainly in tihgt # meter (twice the width of the
flume), with a maximum velocity at the start of tparallel roughness section. The
development length of the velocity profiles cansbaled to the depth of flow. The vertical
profiles outside the mixing layer develop in ab@6ttimes the water depth; the mixing
layer at mid depth in about 50 water depths. Tiecers#ary circulation was estimated to be
fully developed after 80 water depths, but hasaalyea significant momentum transport at
half of this distance. Furthermore, the depth ayedatransverse mass transport causes a
gradient in the advected longitudinal momentum Hretefore the water level slope is
even more increased above the start of a parallgihr bottom.

As a typical example of repetitive changing rougimehe flow over a roughness pattern
resembling an elongated checkerboard pattern vessdieThe flow appeared to develop
much slower in each section than over a singlellpai@finitely long) roughness. The
maximum velocity remains close to the smooth-taglointerface and no secondary flow
is observed in this configuration. Turbulent mixirgy neither very effective since the
vortices are changing direction not before 1 mattar a roughness change. Nevertheless,
the effective friction is seriously increased bystkhonfiguration; about 30% additional
friction is observed in comparison with a develogmtallel flow without transverse
interaction. This can be explained by the larggtataon length of the flow relative to the
size of the checkerboard fields. The flow velodgyelatively large over the rough fields,
and slow over the smooth fields, causing the aalubdi drag.



Samenvatting

Bij het modeleren van opperviaktewaterstromingaddmruwheid een bepalende factor.
De weerstand door ruwe bodem wordt geimplementdeod gebruik te maken van een
parameter. Echter, bodemruwheid kan in de praldig heterogeen zijn. Vooral in
uiterwaarden kan de ruwheid gemakkelijk een orde gwotte verschillen op relatief
korte afstand. Deze heterogeniteit heeft een ukiwgrop de schuifspanningen en de
effectieve bodemwrijving. Voorafgaand onderzoek nt® aan dat 20% extra
bodemwrijving werd gemeten ten opzichte van eear#tesch berekende waarde voor een
stroming over een parallel ruwe bodem (Jarquin/20@ndere berekeningen lieten zelfs
een 80% verhoging zien (Jarquin,2007; Vermaas @0&l7). In dit verslag worden deze
resultaten aangevuld met extra laboratoriummetingeneen simulatie (Large Eddy
Simulation). Hiermee kan duidelijk worden verschafter waarde voor de effectieve
wrijving, de processen die daaraan ten grondstagethi en de lengteschalen die gemoeid
zijn met (parallelle) heterogene ruwheid.

Metingen in een ontwikkelde stroming over een peltal ruwheid laat een secondaire
stroming zien in een dwarsdoorsnede. Deze strobr@ggt een zijdelings impulstransport
met zich mee van de gladde naar de ruwe zijdanipulstransport is in dezelfde orde van
grootte (iets groter) dan het impulstransport lmgcte turbulentie in de menglaag. Het
zijdelingse impulstransport heeft weer een extrig/ing tot gevolg. Een simpel 2D model

toont aan dit nog niet alle extra effectieve wngyikan verklaren; waarschijnlijk wordt er

nog extra wrijving gegenereerd door turbulentiepatié nabij de parallelle scheiding en
door wrijving in transversale richting.

Na de overgang van uniforme naar parallel ruwheidd er in de eerste 4 meter
(tweemaal de breedte van de goot) zijwaarts massgiort plaats. Dit is maximaal bij de
start van de parallelle ruwheid. De lengteschalehobend bij de aanpassing van de
snelheidsprofielen zijn voornamelijk te schalendgpdiepte van de stroming. Buiten de
menglaag hebben deze profielen ongeveer 25 wapeedieodig voor aanpassing; in de
menglaag is dit 50 waterdieptes. De secondairengtigp werd rond 80 waterdieptes op
volle sterkte geschat, maar heeft halverwege alsagmficant effect op het zijdelings

impulstransport. Daarnaast zorgt het (dieptegenddidggwaarts massatransport voor een
verandering in de impuls die in de stroomrichtingrdt geadvecteerd. Een extra
verhoging van het verhang in het wateroppervldieisgevolg.

Ook is de stroming bekeken over een ruwheid inwetgerekt schaakbordpatroon, als een
kenmerkend voorbeeld van herhalende ruwheidsveraggs. De stroming blijkt zich in
dit geval veel langzamer aan te passen (in eerkshdan over een (oneindig lange)
parallelle ruwheid. De maximale snelheid blijft lotidoij de parallelle ruwheidsscheiding
en geen secondaire stroming is waargenomen. Hetlstnpnsport door turbulente
menging blijft ook zeer beperkt omdat de menglaagele pas 1 meter na de
ruwheidsverandering van richting zijn veranderdsd@eiettemin is de effectieve wrijving
met 30% verhoogd ten opzichte van een theoretiscd@de gebaseerd op individuele
ruwheden. De combinatie van seriéle en paralleléheidsveranderingen blijken daarmee
een belangrijke invioed te hebben op de effectigrging. Dit moet bij modelering van
stromingen over heterogene ruwe bodems in aanngewkanden genomen.
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Introduction

Estimating flood risks for rivers is a hot topic densely populated areas such as the
Netherlands. Due to a constantly changing urbatsikeape and limited measurements, the
conveyance capacity (for a given water level) caly be modelled. In order to evaluate
accurately river flood risks, the (effective) betttion must be known. While pipe flows
can be considered often as flow over a hydraulicathooth wall, open channel flow
nearly always deals with rough bottoms. As a reguk flow is subject to increased
bottom friction and (as the roughness elementpetuding the viscous sublayer) form
drag. To apply the smooth wall theories (for examible law of the wall) for a rough
environment, roughness parameter are introducecer&eparameters are in use; most
common are the Chézy parameter (C), Nikuradse roagghheight ¢k and the Darcy
friction factor (f).

Friction parameters for main channels can be iatefrom velocity or water level data.

Alternatively, when no detailed measurements aeglave (such as for floodplains), the
friction parameters can be estimated based on #te domposition. However, the

roughness elements differ in size and spacing #&edefore the roughness must be
considered to be heterogeneous. Especially flootplaature large spatial differences in
roughness elements and thus in friction paramefBng interactive effects between
roughness patches are relatively unknown, but @armrhcial for the effective bottom

friction and thus the conveyance capacity. Also shear stress distribution is strongly
affected by the heterogeneity of the bottom rougbne/hich can be important for erosion
and sedimentation in areas with heterogeneousdgghness.

An idealised example of heterogeneous roughnes®é&sl with an abrupt serial or parallel

roughness change. Preliminary research showegbdhnaliel bed roughness caused a 20%
increase in friction factor with respect to a weéeghaverage value (Jarquin, 2007). The
20%-value was disputable since Jarquin also shdhatdthe heterogeneous roughness
caused 35-45% reduction of conveyance capacitysethbly an increase in the effective

friction factor over over 80%. This was confirmegd\ermaas et al (2007). This study can

give certainty about the effective friction facfor a parallel rough bed.

Besides guantitative results, more information altba physical processes in the mixing
layer is needed. Earlier studies report observatioha secondary circulation due to
heterogeneous roughness (e.g. Studerus, 1982; Hif8&). However these studies were
useful, some questions remain unanswered. The qu®vstudies consider mostly
equilibrium conditions; the length scales of adaptato these conditions are not yet
known. Furthermore, the dominant mechanism resptndor momentum exchange
between rough and smooth parts is in discussienwihether a secondary circulation or
horizontal vortices drive the exchange. To answesé questions, this study focuses on
the region close to an abrupt roughness change.

The results of this study are particularly of grealue for floodplain flow. Because of the
patched vegetation, floodplains often consist ¢iighly irregular surface, resulting in a
heterogeneous roughness field. Moreover, measutserirefioodplains are sparse (as the
shallowness makes boat measurements impossiblegh whakes this research extra
useful for flow estimates in floodplains.



Problem definition

This study was initiated to investigate the effegtfieterogeneous roughness. To achieve
useful results within a limited time, this study sveonfined to the situation of parallel
roughness changes (for developed as well undewtldpe) and iteratively repeating
parallel roughness sections. Three goals can lieedifor this research:

« Further analysis on a representative value forfattese friction parameter in a
parallel rough setting. Some indistinctness wasdoin the results for the effective
friction factor (either 20% or over 80% increaseedio heterogeneity). To
determine a representative effective friction factm overview of the differences
in calculation method and extra measurements (wihegded) are required.

« Investigating the flow structures involved in thaxmg layer. Very few flow
mixing layer vortices were seen in the mixing laglering the former experiment
and the transverse profiles of shear stress aferefitt than seen in other mixing
layers (for example Uijttewaal & Booij, 2000). Thkérre the transverse
momentum exchange in the mixing layer has spedigni@on. A secondary
circulation could play a role in this field.

- Determination of characteristic length scales inclwhthe flow is adapting to a
parallel bed roughness situation. These scaleslsrady investigated in case of
sudden roughness changes over the full width geeal roughness changes, for
example by Nezu & Nakagawa, 1991), but are uncieacase of parallel
roughness lanes. The investigation encloses dewelop length scales for the
velocity profiles within and out of the mixing laydurbulent stresses and possibly
the development of a secondary circulation.

To achieve these goals, new experimental databeitiathered to complement the present
data of Jarquin (2007). For an understanding ofrtixéng layer processes, high resolution
3D velocity measurements are required in the mixager. Therefore the area of the
(developing) mixing layer was most intensively meas.

Next to that, an imitation of this experiment byngsa model can show even more spatial
details. The descriptions of the experiments argrttodel can be found in chapter 2. The
results of the three bed configurations can be domnchapters 3, 4 and 5. Chapter 6
finalizes this report with conclusions.



1) Theory

Bottom roughness

Bottom friction and the associated properties efltlbundary layer are basic principles in
fluid dynamics, actually caused by the adhesiowatker to a fixed wall and the viscosity

of water. One can also intuitively depict that robugnd irregular bottoms cause more
friction to a flow. The physical principle for thighenomenon is the enlarged contact
surface and, more importantly, the bottom levetybations.

Several empirical relationships have been propdeedescribe the bottom friction by
using the surface slope and one empirical paranfereexample the Chézy, Manning and
Darcy-Weisbach equations, each with their own patam The Darcy-Weisbach equation
reads (Douglas et al, p.517):

8B[RLY

. (equation 1)

Q=A

In which

Q is the discharge

A is the cross sectional area

S is the water level slope

R is the hydraulic radius

g is the gravitational constant (9.8 A)/s

f is the Darcy friction factor (= 4Fanning friction factor)

The most direct way to derive a value for the ioictfactor is by using water level and
discharge data. Alternatively, the friction fact@n be calculated based on the size of the
roughness elements, expressed in a Nikuradse reagtmeight Kk A common formula for
this calculation is the Colebrook-White equatioro(iflas et al, p.358), assuming a fully
developed flow:

1 k 2.52 )
— =-2[o S+ equation 2
NG 910[14.83]R ReVf J (eq )

In which

ks is the Nikuradse roughness height
Re is the Reynolds number (=velocity:length/kinecnascosity)

The parameterds an effective value since the grain size is new#orm in practice. The
only issue remaining is that (heterogeneous) roeghirelements must be translated into
one value for the Nikuradse roughness height. EEfferelations were found in previous
researches. Camanen et al (2006) reported (basadseries of previous researches) the
relation k = 2-dyp or alternatively k= 2.5-d, for a fixed bed, for grains up to 4 cm. The
rough bed in this experiment can be considerecetéiXed. Bray (1982) has listed more



results for gravel and sand beds; varying frodyo20 3.5dgo. Initially, the k was set to
twice the dg-value. According to the distribution of the rouglss elements used in this
experiment (figure 1,4 = 8.8mm), this leads to a value of ¥ 0.019. This value was
initially used in the Large Eddy Simulation of teperiment.
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Figure 1: Roughness element grading curve, frongJdar (2007). The same roughness elements
were used in this research. From this curve reagdsd.6mm, g, = 8.8mm.

By using equations 1 or 2, an overall friction tactan be derived. The local friction can
be described by the (local) bed shear stress. Bdeshear stress, and thus a friction
parameter, can be inferred from a vertical turbugdrear stress profile of a uniform flow.

This reads according to the theory (Nieuwstadt3199%63):

T=pli'w'=¢g ° [ﬁl—%) (equation 3)

In which

1 is the local shear stress

p is the density of water

c: is the friction coefficient, equal to 1/8-f foritorm flow
z is the vertical coordinate

h is the total water depth

Uis the depth and time averaged horizontal veld@itx-direction)
u'w' is the covariance of the velocities u and w

The bed shear stress can now be obtained by linexilapolating the shear stress profile
to the bottom.

By definition, the x, y and z coordinates are defimespectively towards downstream, left
and upward direction. The velocities corresponding these directions are called
respectively u, v and w.



Another possibility is to infer the bed shear "réom fitting a logarithmic vertical
profile (Nieuwstadt, 1998, p.73) to the mean vdipdiata, resulting in a value for the
friction velocity u*:

u= u*[]1 Dh(zEU j+5} (smooth walls, equation 4)
K v
u= u*[jl [[h[kiJ +8.5} (rough walls, equation 5)
K S
In which

u is the horizontal velocity (in x-direction)
K is the Von Karman constant (=0.41)
v is the kinematic viscosity

The friction velocity is again related by definitigdNieuwstadt, 1998, p.63) to the bed
stress according to:

u*=/1,/p (equation 6)

In whichty, is the bed shear stress.

Serial roughness changes

A serial roughness change is defined here as amp@alchange in bed roughness in
longitudinal direction, over the full width of thehannel. Neglecting the effects due to
adaptation to a new flow regime, the effectivetioic factor could be represented by a
(arithmetic) average of the individual friction facs, i.e.:

f _ fsmooth +f

eff = 2

rough (equation 7)

Several researches have been done for the flow avgkrial roughness change, among
others by Nezu & Nakagawa (1991), Antonia & Lux{@®71, 1972) and Jarquin (2007).
A smooth-to-rough change causes an overshoot irsbhedr stress due to the streamwise
advection of water with a relative high velocitpsé to the bottom. A characteristic length
scale to adapt to the rough bed is about 20 watpthd (Nezu & Nakagawa, 1991,
Antonia & Luxton, 1971) and even larger for thel fikvelopment of the inner boundary
layer height.

1 1

! The equivalent formula for the Chezy paramete:(?—f%) reads: 2 5= >+ 5

eff 'smooth C rough




For the rough-to-smooth transition, studies areidés about the length scale for
adjustment to the new surface conditions. For exampradley (1965, according to
Antonia & Luxton (1972)) and Antonia & Luxton (19/2eport a longer length of
adaptation than in case of a smooth-to-rough chdmgecontrary to this results are those
of Nezu & Nakagawa (1991) and Makita (1968, aceuydbd Antonia & Luxton (1972)),
who claim a similar longitudinal distance as in #mooth-to-rough transition for the
development of the linear shear stress profilesreMmarmonizing is the sequence of
under- and overshoots of bed shear stress aftargh+to-smooth transition; this results on
average in a higher bed shear stress than in @esérving situation over a full smooth

bed.

In conclusion, a serial change in bed roughnesssgrause to extra friction in comparison
to the arithmetic mean friction factor calculated dguation 7. This extra friction for an
isolated serial roughness change will not be qgtiadtisince this was not among the
highest priorities of this research. A combinatadrserial and parallel roughness changes

is involved in the current experiment.

Parallel roughness changes

In channels with parallel roughness, most reseaa$ focused on compound channels.
This situation has a practical application in thase of a relative smooth main channel in
combination with a relative rough floodplain. A darwell known data set in this study
field was obtained in the Flood Channel FacilityCH, where among others the
differences between smooth and rough floodplainkbanmere investigated (Knight &
Brown, 2001; Myers et al, 2001). A secondary catioh can be observed in this
compound channel flow, described by Tominaga & NgA91a) and well modelled by
Sofialidis & Prinos (1999); see figute This secondary circulation, in combination with
turbulent stresses, has a momentum transfer frenmtin channel to the floodplain as a
consequence. Research of Smart (1992) showedhbanbmentum exchange between
main channel and floodplain resulted in a increaseater depth in the order of 15%.
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Figure 2: Velocity vectors in a cross sectionalnqgan a compound channel. From: Tominaga &
Nezu (1991a).

These researches were very useful for improvingetiod of flow in rivers with rougher
floodplains aside. However, this is not applicabléhe effect of heterogeneous roughness
within a floodplain (where the depth of each settie about equal). The effect of
heterogeneous roughness in flow with equally desmgians is much less well known.



Some studies to the net effect of parallel rougbmes flow with uniform depth are done
by Taylor (1961), Studerus (1982) and Jarquin (2081 questions still remain.

Taylor (1961) proposed a simple arithmetic mearthef individual friction factors to
calculate the effective total friction factor; i@&cording to equation 7. One could easily
see that this can not be valid for large roughmiiffsrences; the effective friction factor
would become in that case, according to equatidmalf,of the individual rough friction
factor. This is not realistic. A more physical apgeh is to assume a parallel flow, i.e. the
total discharge is composed of two individual degjes (figure 3, left panel). In that case,
the effective friction factor could be calculateg (Jarquin, 2007; analogue to the parallel
approach in Sieben, 2006):

1 1

2
= +
\/g \/f rough \/f smooth

(equation &)

An important assumption for this equation is negigcmomentum exchange between the
flow over respectively smooth and rough sectionsmdntum exchange is inevitable in

reality, and results in a smooth transverse pradfflehe longitudinal velocity. The area

under influence of this transverse momentum exohasgeferred as the mixing layer.

Figure 3 (right panel) shows a possible mixing fgy@posed by Jarquin (2007). The net
effect on the bed friction, just as the developmienigth of the mixing layer, has a

practical interest and is a main topic of this gtud

A special property of flow over parallel roughnéssnvestigated much more intensive:
secondary circulation (e.g. Studerus, 1982; Tonan&gNezu, 1991b; Wang & Cheng,
2006). A secondary circulation appears to playla irothe momentum exchange between
a parallel smooth and rough section. The next papdgis dedicated to this subject.
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Figure 3: Transverse profiles of longitudinal velygcover a parallel rough bed. Left panel: step
profile, apparent if no momentum is exchanged amgverse direction. Right panel: profile as
measured by Jarquin (2007), with a fitted tanh-fiomc

2 The equivalent formula for the Chezy parameter@B()/ f )reads: C¢ = (Csmooth+ Crougf)/Z




Secondary circulation

Secondary currents are currents perpendicular éonthin flow, such that they do not
contribute to (depth averaged) net horizontal parts A well-known secondary flow
occurs in curved channels due to the centrifugae® and bed friction. These currents are
known as the secondary currents of Prandtl’s kinstl (Nezu & Nakagawa, 1993, p.85).
Next to that, secondary circulation can occur dwuehéterogeneity and anisotropy of
turbulence. This circulation is referred as secopdairrents of Prandtl's second kind
(Nezu & Nakagawa, 1993, p.85).

As already mentioned, a secondary circulation al@oparallel rough bottom is observed
in several studies, first described in detail bydgtus (1982). Figure 4 shows velocity
fields in a cross section of a straight flow, foulmg Studerus (1982) and by Wang &
Cheng (2006). This circulation appears to havewneard component above the rough
side and an upward component above the smooth Aidensequence of this circulation

is that momentum is transported from the smoothth® rough side, assuming an
increasing longitudinal velocity with height. Stude (1982) suggests that this advection
of streamwise momentum is more efficient than tlebumixing and has a stronger

contribution in a higher relative roughness. Howgve measurements validate this
hypothesis.
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Figure 4: Secondary circulation due to parallel ghness heterogeneity as observed by Studerus
(1982) in the left panel and by Wang & Cheng (2CGfiGhe right panel.

The generation of the secondary circulation isrofieked to a balance equation for
streamwise vorticity, assuming uniformity in longiinal direction (Nezu & Nakagawa,
1993). Anisotropy in turbulence would lead, accogdio this equation, to an advection of
vorticity. However, once the circulation is deveddp no advection of vorticity is apparent
anymore. Furthermore, for the start of a paratdeigh flow, this equation can not be used
since the flow is not uniform in longitudinal ditemn.

A better way to describe the secondary curren®rahdtl’'s second kind is to analyze the
turbulence energy balance (Hinze, 1967). The |latakhdy-state balance of the turbulent
kinetic energy (TKE) budgets can be considered as:

advection + diffusion =

production - direct viscous d@isdion - transfer through the energy cascade

Measurements in pipe flows (Laufer (1954) accordmddinze (1967)) showed that the
terms concerning diffusive TKE transport and diredtcous dissipation are relatively



small and can therefore be neglected. Secondlge sanfully developed mixing layer is
uniform in x-direction, the&/ox terms can also be neglected. These assumptiadgdea
simplified equation of this turbulence energy budge

VB‘LK+W£E=—UB/'@—UEW'0—U—£ (equation 9)
oy 0z oy 0z

in which ¢ is the energy dissipation through the energy ais@nd k is the turbulent

kinetic energy, defined as:

k :% u?+v?+ w'z) (equation 10)

The left-hand side of equation 9 represents thee@thn of TKE; the right-hand side
shows the difference between production and digeipaf turbulent energy. At the rough
side of a parallel smooth-rough interface, turbaéeproduction exceeds the dissipation;
resulting in a positive value at the right handesiof equation 9. By making some
additional obvious assumptions, the direction efsecondary circulation can be inferred.

First it can be assumed that in general:

ok ok

— > —
0z oy

Moreoverv and w are of the same order of magnitude, then it folloiat
w G% >0
0z
Then, since the free surface dampens turbulencanibe concluded that

%<0
0z

Combining these last two statements, it implieg tha0 above the rough side of the

interface and in a similar waW >0 above the smooth side. This is qualitatively in
accordance with the secondary circulation as shoviigure 4.

Provided that the secondary circulations have sarajlitudes and develop slowly (like

boundary layers do), long distances can be expéatetfully developed flow. The length

scales for developing the secondary circulationuaanown so far. A dense grid in cross
sections at several streamwise positions is reguoenvestigate the development of the
secondary circulation.



2) Experimental setup

To achieve the research goals as explained in tioblgm definition, laboratory
experiments are executed. To isolate the effectsughness changes, the bed should be
divided into two regions with a distinct compositiresp. smooth and rough), using an
abrupt change.

A requirement to the flume for a developed flowuatton is a large flume length with
uniform conditions in streamwise direction. Furthere, the width of the flume must be
large in order to obtain a flow situation withonfluence of the mixing layer or side walls.
Both lengths are expected to be scaled on the aépkte flow.

Velocity and water level measurements are neededidaving effective friction and
mixing layer processes. General requirements ferabsociated instruments are a high
precision and mobility. Several gauges were usedtie water level measurements,
amongst others an electronic gauge. An Acousticplop/elocimeter (ADV) was mainly
used for the velocity measurements, since thisunmstnt meets the requirement of fairly
accurate, high frequent and 3D sampling. SinceAD¥ was not able to measure the
upper 4 cm of the water column, Particle Trackirgoé¢imetry (PTV) was supplemented
to measure the velocity at the water surface. Comgithese velocity measurements and
using a fine measurement grid, the processes indéeeloping) mixing layer can be
analysed. For an even more detailed velocity fialtljgh-grade model would be a useful
tool. A Large Eddy Simulation (LES) is used for sthpurpose, by mimicking the
experimental conditions.

All these experimental tools and settings will lesatibed below.

Flume geometry

The flume used for the laboratory experiments cohineters in width and almost 30
meter in length. The inlet is provided with strdigipes and a foam plate to homogenise
the flow and reduce waves.

In the first configuration, the bottom of the flunreeinitially smooth (by using wooden
plates) and after several meters split in two pelrakctions; the right side is covered with
stones (to represent a rough part) and the leét siccovered by a 6 mm wooden plate
(polished, to act hydraulically smooth). Figurellbstrates the used configuration. The
start of the rough part was moved once (referrecbafiguration 1a and 1b in figure 5) to
cover a larger measurement range since the measor@arriage could only move over
10 meters.

Smooth bottom
£ Smooth bottom
o

E Rough bottom

Measurement range configuration 1a

IMeasurement range configuration 1b

Figure 5: Top view of experiment setup in first faguration. As the instrument could not move
along the whole flume length, the bottom setup maged once over the length of the flume. The
resulting measurement ranges are indicated by gy configurations 1a and 1b.
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In the second configuration, the rough bed is distadd alternately at the right and left

side of the flume; i.e. the smooth and rough padben an elongated checkerboard. The
length of each patch was 4 meter. See figure GHerillustration. The sections were

chosen 4 meter long because the flow (in casesmof &hd deeper) appeared to be only
partly developed at this length in the first configtion and the LES model. Therefore the
flow in this configuration is dependent on (at kpdawo previous checkerboard sections,
which distinguishes this flow from a developingadbai flow.

rough smooth rough
smooth rough smooth :

4m x=0

measurement range

Figure 6: top view of experiment setup in checkari@onfiguration.

The side walls at the measurement range are made Perspex and can be considered
hydraulically smooth. The seams are filled withgljust as the seams in between the
wooden plates. The flume ends with a sedimentarapan adjustable weir.

The following instruments were used for the measerds:
« Acoustic Doppler Velocimeter (ADV)
« Particle tracking velocity method (PTV)
- Electronic gauge
« Manual gauge
« Acoustic discharge measurement device
The use of these instruments will be briefly expdai.

Water level gauges
Two types of gauges are used: manual gauges agléctronic gauge.

The manual gauges were installed at the mobileaggrrand a fixed one at the beginning
of the smooth-rough lanes. The manual gauge caedakto 0.1 mm accurate and are used,
next to the electronic gauge, for measuring thenlavvel slopes.

The electronic gauge measures the water level basetthe conductivity between two
vertical rods; the higher the water level, the kiglthe conductivity. This method is
insensitive to water adhesion (as it measures therwevel in between the rods) and
because the data is saved digital, (non-standireye® can be filtered out easily by
averaging.

The electronic gauge was installed at the sameleohiriage as the ADV was installed,
above the rough lane, 25 cm from the wall. The tgpelectronic gauge was a GHM
Wave Height Meter from WL Delft, used in combinatiovith an amplifier (+/- 10V) and
A/D converter. The data was saved in DasylLab aif0

11



The water level measurements were done in streamdirection over 9 meters. One
measurement series is done in transverse diredoorr 1.5 m). All water level
measurements are taken with respect to the mocablage and afterwards corrected for
the level course of the carriage itself. This ccticey was made based on the water levels
of still water. The correction magnitude is in treler of 0.2 mm.

All measurements are done at least twice, in op@alrections, to cancel out possible
small, long term fluctuations (see later on). Th#éfetence between the duplo
measurements is about 0.10mm for the manual gandeuaually 0.025mm for the
electronic gauge; some smaller for the still waterasurements and some larger for the
100Ips cases (ca. 0.15mm for the manual and 0.08mmhe electronic gauge). Because
the electronic gauge has more consequent valuese tfesults are mainly used in this
report. The slopes of the manual gauge are veryasim

Acoustic discharge measurement device

The discharge was measured by an acoustic devicatet at the inlet pipe. The device
measures the velocity in between two rings mouatednd the pipe by sending a sound
to and fro. Knowing the pipe area, the discharge lwa calculated. The instrument has
(according to the manufacturer) a 1% systematiorgbyut the error was increased by
small portions of air left in the pipe (resulting 3% extra discharge compared to another
acoustic device, this one in a vertical pipe). Ef@e the absolute discharge may have a
3% overestimation, but since the same device igl fizeall measurements, this is not
inconvenient.

Acoustic Doppler Velocimeter (ADV)

An ADV makes use of the Doppler effect to measuflewa velocity in a small volume. A
central transmitter emits a short sound pulse, lwigcscattered by particles in the water
and receives by receivers (called beams) in fofierént directions, see figure 7. Three
beams are actually enough to calculate the velatitgree dimensions; the fourth one can
be used as a validation for the velocity data. gsiour beams, the velocities in a
Cartesian coordinate system relative to the inséntroan be calculated by:

X 20sin(e/ 2 * 2[coq6/ 3 .
(equation 11)
v =_ V3" Va v :(V3+V4)_(V1+Vz)
Y 2msin(6/ 9 error 4Ltoq6/ I

In which

Vy, Wy and v are velocities in Cartesian coordinates relativthe ADV,
Verror IS @ Measure to validate the velocity data (shbeldlose to 0),
0 is the geometrical beam angle,
V1, Vo, V3 and v are beam velocities (of resp. beam 1,2,3 and 4)
This can be done in a vector calculation, usingiesformation matrix M, by:
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(equation 12)
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: E g Sampling volume

Figure 7: working of an ADV. A pulse is emittednfraghe centre, reflects to scatterers in the
sampling volume and is received in four directionse measured velocity is in the direction of
half the geometrical beam angle (i.e. 15° for a 8@am angle). Velocities in a Cartesian
coordinate system can be obtained by combinindpdiaen velocities.

The ADV used in this experiment was manufactured\loytek, type Vectrino, with a
flexible stem. The ADV was mounted ca. 30° to teetivcal axis (figure 10, left panel).
This angle was chosen as a compromise betweegea dapth range and a low side lobe
distortion. For a large angle to the vertical, &8V can measure closer to the surface but
the signal is harmed in a larger depth range bigatdns of side lobes to the bottom.
These reflections cannot be distinguished fromtthe signal as the echo time can be
exactly the same as to the measurement volumdigsee 8.

W\
Transmitter beam 2
.25
g
£ 20 1 - lower beam | 7~ |
beam | g upper beam
B 15 |
o]
i}
© 10+ -------------- A
=
8
0w 54 =
©
©
g O T 1 T T
=
S 10 20 30 40 50
-5
Angle to vertical (deg)
heam | "'

Figure 8, left: Reflection of side lobe signal hetbottom. Close to the bottom, this track can be
exact as long as for the echo of the sample volamaethus can’t be distinguished by the ADV.
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Right: range from the bottom for which side lob#e&tion can occur, as functions of the vertical
ADV angle. By twisting the ADV 45 degrees arousawn axis, this critical range is smaller.

Apart from the vertical angle, the ADV probe wassted around its axis for ca. 45
degrees to increase the measurable depth rangee(fig, right panel). The probe was
mounted in a construction movable in transverse\antical direction. To minimize the
orientation angle differences between measureméatsiscrews were used to fix this
construction to a horizontal bar (figure 9). Thiassmounted again on a carriage which
could be moved over length of the flume.

Figure 10: orientation and mounting of the ADV. ttaide view, middle: top view, right: front
view.

A key assumption in using acoustic velocimetryh@ttthe scattering particles in the water
have the same velocity as the water itself. Forllsparticles, this is a reasonable
assumption. Furthermore, there must be enoughcfeartin the water to have an accurate
measurement. This is solved in this experimentdiggian electrolyser 70 cm ahead from
the ADV. The electrolyser produces very small wéngbbles (small enough to neglect to
extra upward velocity) which strongly improve th®¥A signal. By using this electrolyser,
the resulting signal-to-noise ratios (SNR) exce@d2d correlations of the received ADV
signal are 90-98%.
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An unwanted result of the electrolysing is the fation of chalk at the electrolyser:

26 + 2H0 () -2 2O0H(aq) + H(9)
Ccd* (aq) + HCQ (aq) + OH(aq) > HO () + CaCQ(s)

The chalk reduces the water bubbles density andteaky the data quality. Therefore,
the electrolyser was cleaned at least within 3 ioumnning.

The ADV was configured to measure at 25 Hz, usisgrapling volume of 4.0 mm and a
transmit length of 1.8 mm. Data was gathered bygughe delivered program of Nortek
(Vectrino 1.06) and was stored in beam coordinatesbe able to filter data with
insufficient quality. For more details about the YADsed, see Nortek AS (2004). Initially
series of 6 minutes were recorded; this was chatgg8dminutes series after performing a
time scale analysis on the first data (see nexgraph).

Time scales

For a good choice of the length of the measurengebtief time scale analysis is done for
velocity and water level data. Figure 11 shows pregentative example of a power
density spectrum for the water levels, using theanae preserving plot method (power
density multiplied with frequency; then the areademthe graph equals the variance
contribution). The peaks in the low-frequency rang¢his spectrum can be explained by
the reflection of shallow waves to the flume bourelg using a wave group velocity of
JgE, the average flow velocity and the flume sizese Bpectrum shows that motions

over more than 100 seconds have hardly any infeienche water level.

Power density spectrum of water level, variance preserving plot

x 103 100lps — 15cm
1 T T
5
2 08f .
=
(72}
S 06- .
o .
5 Reflection up and forth  Reflection to entrance of pefiaction to end pf
flume (total: .39m) .
= the whole flume (58m) flume (total: 19 m)
S 04f
g v
8
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D
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Frequency (Hz)

Figure 11: Power density spectrum, in variance presg plot, of water level data. The data,
measured by the electronic gauge, originates floenli00lps — 15cm case and spans over 4 hours.
Data was windowed in 1.46-hour parts, 50% overlagl & Hamming window function. The
spectrum for high frequencies is smoothed. The pélakt can be explained by reflection of
shallow waves to the flume boundaries are indicated

Despite to this analysis, it appears that very ldatp series of the water level show a
small trend in the water level, outside the fregquyerange of figure 11. Figure 12 shows a
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data series in which this effect is most pronounédthough the flow had already half an
hour before the start of this series to reach dayiiim, the water level is slowly increasing
with ca. 0.5 mm. This trend is probably caused lgfight movement of the weir due to
the weight of the water. The effect is assumedigidg on the velocity (the discharge did
neither have such a long term trend), and to erntbatethis also has no effect on the water
level slopes, the water level measurements have deee at least in duplo, back and
forth.

Water level data series
100Ips, 15cm

15.05

i L

14.9

w

Water level (in cm)

14.85 ' ' '
0 1 2 3 4 5

Time (in hours)

Figure 12: Example of a water level data seriesnfrthe 100Ips — 15cm case, measured by the
electronic gauge. Most other data series are mesh trended.

The spectra of velocity data series are much marging than the water level spectra,
dependent on discharge and depth. Figure 13 shewsspectra (again in a variance
preserving plot), one based on a single 30-minata deries and one based on all velocity
data (6 minutes each) of the 40Ilps — 11cm casdhendlOOlps — 15 cm case. Both spectra
show that frequencies below 0.03Hz have a minotririion to the variance and thus to
turbulence.

Power density spectra of ADV velocities Power density spectra of ADV velocities
x 10 100Ips - 15cm - 30min data x 107 100Ips-15cm & 40ips—11cm; 6min series (231x)

45r

25f

Spectral power density * frequency (mis)?

L G A L L Ol e g | .‘\ Ll L
107 107" 10° 10 107 107! 10 10
Freguency (Hz) Frequency (Hz)

Figure 13: Power density spectra, in variance presg plot, of ADV velocity data. Left: spectra
of a 30-minute series at 100Ips, 15cm depth, aBga8(smooth), z=5cm. Right: spectra based on
all 6-minute series, measured at 100Ips — 15cmdials — 11cm, above smooth as well rough. All
spectra are full-size windowed (Hamming window fiom} and smoothed especially at higher
frequencies.
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Based on the spectra showed above, a 3-minute neeasot interval appears to be
sufficient to cover all variations of importancevalocity and water level. Therefore, the
ADV-data and water level slope measurements arenspg over at least a 3-minute
interval.

Temperature and viscosity

The water temperature has a decreasing trend iwititer period, as a consequence of the
decreasing temperature in the laboratory. Theretbeeviscosity was changed about 15%
over the total measurement set; see figure 14. Merybecause the viscosity is only used
in calculations of the Reynolds number, no coroectis made for this change. The

average value of 1.08L0° m%s is used for the kinematic viscosity in all céétions.

Water temperature and viscosity series X 10-%
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Figure 14: Temperature (solid line) and kinemaigcosity (dashed line) of the water in the flume.
The temperature was measured by the ADV probeyiduosity calculated by an exponential
model.

Particle tracking velocimetry (PTV)

By the particle tracking velocity method, two imagaken shortly after each other are
compared to detect particle movements by usingreeledion in space. Black particles,
having a density just smaller than water, were usdchck. To improve the contrast of the
particles, the bottom was painted white and 12 dibgs were used (4 at each side, 2 in
front and behind the image area). See figure 15tHercamera and lamps setup. The
particle tracking velocity method reveals in relaty few time a 2D velocity field. This
measurement technique is restricted to the upper las the particles float in the upper
layer. Furthermore, small local vortices are somdevestimated as the particles can turn
around their own axis. The average flow field ishout dubiety untouched by this effect
and is very useful.
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Figure 15: Experiment setup for PTV method. Letigm TL-lamps illuminating the PTV area.
Right image: PTV-camera, fixed 2 meter above thiemsurface.

In case of a flow with secondary circulation, orm& @xpect zones of accumulation and
depletion of particles across the flume. By coumtime particles as function of the width,
a rough measure of the cumulative cross flow upstres determined. For this reason, the
camera was mounted at only circa 2 meter abovewater surface for the first
configuration. In the end, the particle countingp@gred to be unreliable since the particle
dispensing was not completely homogeneous. Thexefioe camera was placed at circa 3
meter above the water surface for the last (chécked) configuration to cover a larger
measurement area.

The camera used for PTV measurements was a Meg&3u%.0, at a resolution of
1008*1018 (1.0 megapixel), with an adjustable festpy pulser. The images were saved
by Savant 4.0 software and afterwards processbkththab.

Pre-processing ADV-data

Outliers in ADV data, however sparse, are sometioneated as the scattered sound is not
always strong enough to be correctly measured. d&peclose to the boundaries, some
data was corrupted. Therefore, the ADV data wasrétl for:

« low correlation

« low signal to noise ratio (SNR)

« large deviation in signal amplitude

« large deviation in velocity

- large difference in velocity in subsequent samples

Beside from the data of beam 3, more than 99% efdéta passed the filtering. Beam 3
has a systematic higher signal-to-noise ratio (SNRijte some time even below O.
Therefore, the data from this receiver is regaug@eliable and a three beam solution will
be used (as three beams give also enough datdl fegl@city components). In order to

obtain an accurate result, the calibrated transition matrix is used; in this matrix the
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real beam velocity angles are used in stead ofetitenated 15 degrees. By rewriting
equation 11 and the 4-beam transformation matnixeixact angles can be solved. Table 1
shows the beam signal angles and the correspotigieg beam transformation matrix of
the used ADV.

Table 1: ADV signal angles (i.e. half of the gearndteam angles) solved from calibration matrix.
The shown transformation matrix is used for a tHyveam solution without using beam 3.

ADV signal angles [°] Transformation matrix

beam 1 14.07 Vi Vo Vs, V,

beam 2 13.47 Vy 41130 -2.1253 0 -1.9850
' v, 0  2.0649 0 -2.0737

beam 3 14.37 Vi 0 0.5327 0 0.4976

beam 4 14.44 0 0 0 0

This transformation matrix gives the output in abpates with respect to the instrument.
To transform to a coordinate system of the watew flstreamwise, spanwise and vertical),
a rotation matrix is required. This matrix has ¢éhnariables: the angle to the vertical

(around 30°), the angle due to a skew instrumeati@in (around 0°) and a rotation in the
instrument fixation (around 45°); see figure 10darillustration. Calibrating these angles
such that the plane averaged cross and verticatiiels are minimized, these angles are
found to be respectively 31.9°, 0.0° and 51.1°. [@ketwo values are sensitive to initial

values (there appears to be several local minirttedse values are physically most
reasonable.

A small disadvantage of using this three beam mwlus that the instrument noise is not
equal in the x and y instrument direction. Thisxag really inconvenient as the ADV is
twisted around 45°, so this effect will be equatlhe streamwise and spanwise directions.

Pre-processing PTV-data

The images for the PTV method are read and proddsgsélatLab scripts. For detecting
the particles for PTV, the background has to betragted from all images. The
background images are made before the particles im&oduced in the water. Because
TL-lamps were used for a homogeneous light distigio,l the frequency of the electricity
supply (50Hz) gave a slowly varying interferenceéhwthe sampling frequency (10, 20 or
25Hz). To deal with this effect, the background ges and the measurement images are
both sorted based on light intensity and hencebth&t corresponding background is
subtracted.

Next, the contrast is increased by regarding localima and maxima. This filter was
used to avoid the spatial intensity variations edusy differences in lamp radiation. After
this step, particles are labelled and finally véjogectors can be calculated (based on the
greyscale image). This is done in again in two steme rough estimate based on a Fast
Fourier Transformation (FFT) and a finer calculatioy a search to the (interpolated)
cross-correlation peak. A last check for consistencthe velocity field ensures that all
resulting velocity vectors are trustworthy.
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Table 2: Depth and discharge situations for whigdkasurements were executed

Nr 1 2 3 4 5
Q [Us] 75 40 40 100 100
D [cm] 3.5 8 11 15 22
ke/D 0.54 0.24 0.17 0.13 0.09
Frsmooth 0.21 0.33 0.20 0.32 0.18
R€smooth 4.0 E+3 2.1 E+4 2.1 E+4 5.3 E+4 5.3 E+4

Experimental parameters

All measurements were done in four situations,ediffg in depth and discharge. For a
fifth situation, with the smallest depth involvemhly PTV and water level measurements
were done. Table 2 lists the examined depth andhdige situations. The different
settings were chosen to investigate the effectiféérdnces in relative roughness and
length/depth ratio. The choices were limited by Hreude number (<0.5 to ensure a
smooth water level), the minimum level of the w@ir case of the lower two situations)
and the ADV measurement range (between 1 cm aboitenb and 4 cm below water
surface). This makes that the heterogeneous flaodphlith very large bushes or trees
involved cannot be represented by these experinsntg the relative roughness in the
experiments is 0.54 at maximum. Heterogeneous rofighdplains with smaller
vegetation (grasses to small bushes) have a reladivghness that fits in the range of the
relative roughness in these experiments.

Measurement locations

The grid spacing between the ADV measurements Wwasen smallest in the region were
the mixing layer was expected. A few measuremerdgdarated in the (expected) outer
field, in a coarser grid. Figure 16 shows the hantal positions of the ADV and PTV
measurements. For the developed situation (x = &8,5vertical profiles with at least 6
sample points were measured; most other locati@ne wovered by less measurements in
the vertical. The locations in figure 16 are subgpcmeasurements for the four deepest
depth situations; extra measurement positions, dooealy some depth situations, are not
projected.

The camera used for the PTV was located at appeairisn 2 meter above the water
surface for the first configurations and ca. 3 metbove the water surface for the
checkerboard configuration. Subsequently, the aosared in the PTV-measurements is
larger for the checkerboard configuration, whereigher detail is available for the first
configurations (for an attempt to apply particleietng in the developed configuration).
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Figure 16: Position (in top view) of ADV and PTVasarements. The upper panel shows the
measurement locations of the first configuratioresyy. configuration 1a and 1b), the lower panel
shows the measurement locations in the checkerlamarfiguration.

Large Eddy Simulation (LES)

In the laboratory experiments, the number of meaments and the measurement
precision are restricted due to the instrument gaagd available time. A detailed
simulation is a useful tool in this case for extegdhe understanding of the experiments.
Large Eddy Simulations (LES) can give a good regmm&gion of the actual turbulent open
water flow; rather than Reynolds averaged modedp€P2000, p.558) A LES resolves the
large motions directly by using the spatially fikd Navier-Stokes equations; small
motions (eddies) are solved by using a sub-gritescendel. The Smagorinsky sub-grid
scale model (Pope, 2000, p.587) is prevailing irSL&pplications and also used in this
case. This model accounts for the small eddiesduyng a turbulent viscosity to the
molecular viscosity. The division between large andhll eddies is equal to the grid size.
So all motions larger than the grid size are solwedpplying the Navier-Stokes equations,
all smaller motions are handled by the Smagorimskyel.

For this experiment, two situations have been d¢aled by using LES:
« fully developed flow subjected to parallel bottooughness (configuration 1b)
- flow over roughness in a checkerboard pattern (garetion 2)
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The LES algorithm used for these cases was adafpted Wim van Balen. An
introduction to this algorithm is given by Boersrfiaternet, 2007). This model has a
staggered grid and makes use of a constant preggadéent, with a correction for
pressure deviations afterwards. The effect of tbioln (and side wall) boundaries are
modelled by making use of the logarithmic law o€ ttvall; the friction velocity is
calculated by applying this law on the lowest gral. This might introduce an error for
non-uniform flow, since the logarithmic law is nglid in that case. Due to the limiting
available time, this error is accepted.

The grid cell size used in the simulation variexhir0.175 to 1 cm, dependent on the case.
The Smagorinsky constant was set to 0.1. The ragghheight (§ was by default set to
19mm for the rough parts and hydraulically smoaththe smooth part. At the interface
between the smooth and rough section, an interneecbaghness height (respectively 1/3
and 2/3 of 19mm) was assigned to the two grid ¢elksvoid unrealistic gradients. At least
400000 time steps were calculated in order to nbtpresentative statistics for a steady
flow.
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3) Results of developed parallel flow

Longitudinal velocity

A mixing layer evolves around the interface of fherallel smooth and rough sections.
The measured longitudinal velocity does not obey tdngent hyperbolic mixing layer
profile as proposed by Van Prooijen (2004). Figliteshows transverse profiles of the
streamwise velocity (u) resulting from ADV measuests, split out for several heights.
Those transverse profiles have an asymmetricaleshegpecially closer to the bottom.
Above the smooth lane, equilibrium in longitudinalocity (i.e.ou/oy=0) is reached at a
transversal distance of ca. 2—4 times the watethdaway from the interface, whereas
above the rough lane the equilibrium is reacheal distance of 1-2 times the water depth.
Results from the LES are in accordance to the mmeasents; see figure 18. Apparently,
the momentum exchange occurs over a longer widtheathe smooth side than above the
rough side. In the following paragraphs, the twochamisms for momentum exchange
(mixing layer shear stresses and secondary ciroajedre investigated.
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0.35g—— N T 0.450 —>— 1.25cm
. .
Ow.‘,‘.‘O\\( —<— 1.25cm {0 2.25cm
Q- 2.25cm| | 0dfe _ - ¢~ 3.5em
0.3 0% O ~ —H—5.5cm
Q) — @& —3.25cm 0.
v <>~ 8.5cm
0.35f
0.25¢
@
. E 03
0.2t O N - - >
----------- 0.25}
0.15F
0.2}
0-1 1 1 1 1 1 015 1 1 1 1 1
150 125 100 75 50 150 125 100 75 50
y [em] y [em]
SMOOTH | ROUGH SMOOTH | ROUGH

Figure 17: Transverse profiles of mean longitudinelocity, at several depths, measured by using
the ADV. Left: data from the 8cm case; right: 15zamse.
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Figure 18: Transverse profiles of longitudinal vely, at several depths, resulting from the LES.
Left: 3.5cm case; right: 15cm case.

Some bulges in the data of figure 17 can be seempared to a smooth profile. Most
consequent are the dip at y = 98 cm for the pofi®sest to the bottom and a subtle
positive bulge at all depths at y = 108 cm. The raotmm exchange (see later in this
chapter) gives more clarity about these effect® [akter of the deviations with respect to
a smooth profile are most likely the result of aroein the vertical position of the ADV.
The velocity at the surface seems to be smoothenare symmetrical; see figure 19 for
surface velocities from PTV measurements.

This figure also shows that the velocity differerbsgween the smooth and rough side is
relatively larger for small depths, a logical campsence of the higher relative roughness.
Not only the surface velocity, but also the deptieraged data or fixed level data (by
ADV) agrees in this observation. Theoretically, th&o in velocity outside the influence
of the mixing layer should be inversely proportibt@ the square root of the friction
coefficients ¢ This follows from the equation of motion by assagnequilibrium and no
transverse momentum exchange:

¢ (W% —glhB= C (equation 13)

Since S is equal at both the rough and smooth #ideg can be stated:

2 _ 2 .
Ct smooth Y smooth = € f,roughd rougt (equation 14)

Usmooth - N Ct,rough
u rough \/ Ct ,Smooth

(equation 15)
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Furthermore, the surface velocity profiles in figur9 show that the highest velocity of the
22cm case is very close to the smooth-rough interfavhich points out that the mixing
layer is not yet developed at the surface. The Ada¥a showed a more distinct mixing
layer for this case, indicating that the mixingdays more developed at lower depths. The
development lengths will be further discussed iaptér 4.

Normalized surface velocity profiles, by PTV
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Figure 19: Surface velocity measured by PTV, noizedlon the width-averaged surface velocity.

Secondary circulation

ADV measurements are done on a dense grid in @ sexgional plane for the developed
parallel roughness flow in order to get certairdyd secondary circulation. Thanks to this
fine detail, a secondary circulation can be recogphin all cases; see figure 20.

Figure 20 shows that low velocity magnitudes amlved in the secondary circulation;
only 1 to 2% of the velocity in streamwise direatidLocal effects or a very small
deviation in the ADV angle has a major effect floe tvelocities in this cross plane. For
that reason, some vectors (close to the bottoriijume 20 are inconsistent. Nevertheless,
most vectors clearly show a clockwise circulatiothwhe centre of rotation above the
smooth bed side. The total horizontal size of theutation cell appears to be about twice
the water depth; the horizontal distance from thetre of rotation to the smooth-rough
interface is almost equal to the water depth. HBhidt of the centre of rotation wasn’t
visible in preliminary research to similar circutats (Studerus, 1983; Wang & Cheng,
2006) since the parallel sections in these experisneere too narrow. Something that
was mentioned in there, in agreement with theseltsess the vertical position of this
centre of rotation: somewhat below the middle depth
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Figure 20: Velocity vectors in a vertical cross péa(view in flow direction) for developed flow,
for all cases measured by ADV. All axes and altorscare equally scaled.

The LES produces similar secondary flows for th@esaepth situations (figure 21, left
panel), only with the centre of rotation slightligher located. For the shallowest depth
(3.5cm), the flow structure is somewhat distortad the secondary circulation cell seems
to split into two cells. Either the circulation tgets a too large width/depth ratio; either
the secondary circulation is not fixed at one posit

Velocities in cross section, LES 0.100m3/s, 15cm
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Figure 21: Velocity vectors in a vertical cross péa(view in flow direction) for developed flow,
for a 3.5cm depth case (upper panel) and for a 16ase (lower panel)
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In order to explain the horizontal location of ttentre of the secondary circulation, the
distribution of TKE production in the LES resultsanalysed in detail. Figure 23 shows
the individual production terms from equation 9 d@hd sum of those. The bottom-shear
TKE production term~uTw'@u/dz, is shown to be largest. The maximum values are
found just above the rough side of the interface @ much more pronounced than the
dip at the smooth side. This is explained by the-imear dependency of turbulence
production on the velocity (gradient). An increasezelocity above the rough side of the
interface (compared to the velocity in the middfetlee rough lane) has quantitatively
more effect on the turbulence production than teerease of velocity (compared to the
velocity in the middle of the smooth section) abdlkie smooth side of the interface.
Figure 22 illustrates this situation.

p=¢ p<& pP>>& p=¢€
<_ _____ N N
7N 7’
d=Tmm Y OAAATIAUNNYS ¢ 0 =7 Gmm
smooth rough

Figure 22: lllustration of balance between prodoctiand dissipation along the width. Above:
schematic profile of longitudinal velocity

The other production ternsu 'B/'[af;/ay, is representing for the mixing layer turbulence

and causes a slight shift of the total TKE produttmaximum towards the smooth side.
Due to this shift and the non-linearity in the ffif&E production terms, the maximum in
total TKE production is located very close to thaosth-to-rough interface. This
maximum (thus a local TKE production excess) is Immeore pronounced than the
minimum above the smooth lane. Hence the regiahssipation excess is spread out over
a larger area above the smooth side (figure 233réfare, the local excess of turbulence
production nearby the interface is, following edqoat9, the main driver for the observed
secondary circulation. This local turbulence exasssses downwelling around y=95-100
cm whereas the remainder of the circulation is ireguo satisfy continuity. In conclusion,
equation 9 explains the existence of the secondargulation and also helps
understanding the asymmetry of the secondary aiiou cell as observed in figure 20.

One might argue that these results could not explea origin of the secondary circulation
since they are obtained from a flow situation inakha secondary circulation was already
present. However, the phenomena that explain thétsein figure 23 (the non-linearity in
TKE production and the mixing layer turbulence prciibn) are even expected in the
absence of a secondary circulation cell.
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Figure 23: Turbulence production (in’s’) computed by using a LES. Top left: contributidn o
—u'W'@y/az Top right: contribution of-u'fw'[@u/dz. Lower panel: sum of both turbulence

production terms

Shear stresses

The turbulent shear stresses determine the flavetstre and are therefore very important
for a good understanding of the flow over heteregeis beds. The turbulent shear stress
—plli'v' is important for direct momentum transport betwebka rough and smooth

section. The other turbulent shear stresses, imgu'w' andv'w’, are induced by
bottom friction. The bed shear stress is determimeéxtrapolating thei'w' profiles to
the bed (ADV measured, figure 24) and using equaicsee figure 25. This figure clearly
shows a maximum in bed shear stress at the rowghddi the smooth-rough interface
(y=98cm ). At the smooth side near the interfaaglliygaor no reduction in bed shear stress
is visible, in agreement with figure 23. A noteth® values in figure 25 is that the bed
shear stress is probably overestimated at y=1021&ddcm, while underestimated at
y=92-100 cm. This is deduced from the convex vakfixofiles ofu'w" at y=102-104 cm
and the concave profiles at y=92-100 cm (figure 24)

Vertical profiles of w'w’, ADV, 0.100n%/s, 15cm
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Figure 24: Vertical profiles of covariance'lW', measured by ADV, case 0.108m15 cm depth.
The width coordinate is labelled to each profilefiles are shifted 0.002 7.
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Figure 25: Bed shear stress versus width, deriveohfu TW'-profiles, measured by using an ADV,
for several depth-cases.

Figure 25 also shows that the bed shear stress5& ig somewhat higher than at y=150
cm. This indicates that there is still net transeemomentum exchange at 50 cm from the
interface. After all, an equal pressure gradienba@th sides means an equal bed shear
stress at both sides. This is also shown in the pasagraph. Apparently the flume is
somewhat too narrow for the presence of a regigsiadrithe influence of the mixing layer
or side wall.

The covariance term'v' is especially important for momentum exchangeha mixing
layer. The next paragraph will address that topigure 26 shows that this term is at
maximum close to the bottom and near the smootpkranterface. Moreover, this figure
illustrates that at higher levels the maximumuity' can be found above the rough side.
This can be understood in combination with the eigygprofiles from figure 17 and figure
18; the maximum velocity gradient (i.eu/dy) at higher levels can be found above the
rough side.
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Figure 26: Velocity covariance W'lV', resulting from ADV-measurements (upper panel,
measurement locations indicated) and LES (loweepdor the case of 15cm depth.

A remark on the shear stresses as depicted irefigéiris that the turbulent stresses from
the LES, are systematically lowar;v' is ca. 4x smaller in the LES results,w' about
3x smaller andv'w' about 10x. In appendix B, where the local frictimmefficients are
compared to the overall friction factors, it seetihat the effect is due to both results:
stresses measured by using the ADV are too hightrandtresses resulting from the LES
are underestimated. Reasons for this hypothesis are

« ADV turbulence results are biased due to aliasing @eceiver-dependent noise.
The aliasing is shown by the cross spectral derfgippendix B). A bias due to
noise is enhanced due to the use of only 3 ADVivece (the fourth one had
unacceptable high signal-to-noise ratios). By usatigfour receivers, the shear
stresses become approximately 30% smaller (notshow

« Too low stresses in the LES can be due to the hgsipal (parameterised)
implementation of roughness in models. One musliseedhat form drag and
roughness effects near the bottom are not implezdgpitysically in a flow model.
Form drag can be parameterized by thokrepresenting average flow properties,
except for two effects:

o form drag is dependent of the velocity, spik also dependent of the
velocity

0 increased spatial flow fluctuations at the paralalooth-to-rough interface
due to the irregularity of the interface. The rongés elements result in an
irregular interface in stead of a very strict lifédhat causes the flow just
above the interface to meander, with consequertha éurbulence and bed
shear stress.

As a consequence of the underestimated shear BirgssLES, the pressure gradient was
too small. Nevertheless, the patterns of distrdoutdf shear stress and turbulence from
LES and ADV-measurements are in rather good agneembis is explained in appendix
B.

The roughness parameters in the LES were incraaded= 80mm for the rough side and
ks = 0.55mm for the smooth side to better approaemikasurements. Unfortunately, this
had a negative effect on the agreement in timeageel velocities. In a follow-up research,
the calculation of the bed friction (now based doglaw for the lowest velocity grid cell)
must be revised. The results presented for thelolese parallel flow are obtained with
the original roughness parameters (respedgn= 19mm and hydraulically smooth).
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Momentum exchange

For the contribution to effective friction, the mentum transfer over the smooth-rough
boundary is of particular interest. The depth-agedamomentum exchange between the
smooth and rough sides of the flume can be eskeduliby advection due to secondary
circulation and by turbulent mixing (vortices with vertical axis). The transverse
momentum exchange associated to these mechanismsecquantified respectively by
the terms in respectively equation 16 and 17:

h _(_ h_
Ty :%l[ﬂ [Ev——i_[vdz}]dz

T =%E(—ﬁ')dz

(advective momentum transport, equation 16)

and

(turbulent momentum transport, equation 17)

The advection of momentum across the smooth-tokrantgrface can only be calculated
in a depth averaged way, since water is advectedrts the rough side in the upper layer
and towards the smooth side near the bottom. Miglitton of the transverse velocity
profile with the longitudinal velocity profile leadfor a depth averaged approach to a net
momentum transport from the smooth to the rougk.sldhis is applied to ADV data in
figure 27 (third panel). The most right panel ajuiie 27 shows that the transverse
momentum exchange by turbulent mixing is positivalldepths and is strongest close to
the bottom.

In equation 16 a correction is made for depth-ayedatransverse mass transport. In
theory, this mass transport should not be appdsamte the flow is developed). Though,
the measurements showed a very small depth-avetemyesl/erse mass transport, which
can be due to a limiting development or a subtlsatignment of the ADV. This very
small mass transport would result in a significafiience in momentum exchange, while
this is not realistic. Therefore a correction isd@an equation 16. The momentum
exchange by depth-averaged mass transport isdreathapter 4.
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Figure 27: vertical profiles of longitudinal veldgi (most left), transverse velocity (second left),
momentum exchange by advection (third left) and entum exchange by turbulent mixing (most

right); all measured were taken with an ADV in @f/s - 15cm. Data is extrapolated using a
cubic extrapolation up to the water surface.
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Momentum exchange [mzlsz]
depth averaged

Figure 28 compares the transverse momentum exchforgboth mechanisms as a
function of the lateral position. First of all, #eeresults show that the contribution to the
momentum exchange is for both mechanisms in thee sater of magnitude. Secondly,
the advection of momentum slightly dominates abtwe smooth side of the flume;
whereas the momentum exchange by turbulent mix@adp right above the interface and
is therefore the dominant mechanism above the reiggh

Transverse momentum exchange, by two mechanisms
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Figure 28: Momentum exchange by advection vs. séteess, based on ADV measurements. Data
was extrapolated to the surface and corrected taialzontinuity (according to equation 16).

All momentum exchange over the smooth-to-roughriate supports extra effective
friction of the flow as a whole. Considering the mentum exchange at y=100 cm, the
advection appears to become more important at gsosnasing larger depths, with a

maximum around 15 cm depth (bA& 8). This relation is illustrated in the left gdrof
figure 29.

This ADV data suggests that for a depth of 22 cenriative contribution of advective
transport decreases again. However, it is very \pelsible that the flow was not
completely developed for this case (explained ia thscussion) and it is therefore
expected that this advective momentum exchangedsrestimated. Based on theory, an
increasing contribution can be expected since tarhumixing is at maximum close to the
bottom (Nezu & Nakagawa, 1993 and figure 26). Redubm the LES (with much longer
development length) give ground for this explamatifigure 29, right panel); the relative
importance of advective momentum exchange is lamges 22 cm situation according to
the LES results.

The overall higher ratio in figure 29 in the LESu#s compared to the ADV results is
partly caused by the not fully developed flow sitoia in the flume experiment. Besides
that, the direct shear stress is systematicallyetom LES compared to the ADV-
measurements. As said, this is due to two factbesu'v' is measured too high by using
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Q (ms)

the ADV and underestimated in the LES. Consequetitly advective transport has a
smaller contribution in momentum exchange basetherADV-measurements than based
on the LES. The actual situation will be in betwéegse results.

In conclusion it can be said that the transversenemum transport by advection is
generally somewhat larger (but in the same ordenagnitude) as by turbulent mixing
(u'v'). Figure 29 suggest an increased relative impoetanf transverse momentum
transport by advection for larger depths (i.e. $enatelative roughness) and smaller
velocity (gradients). This is in contrast with goyhesis stated by Studerus (1982).

Ratio of momentum transport mechanisms Ratio of momentum transport mechanisms
ADV results, y=100 cm LES results, y=100

EIS 16 1‘5 2|O 0 é 1IO 1‘5 2‘0
h (incm) h (in cm)
Figure 29: Ratio of advective momentum exchangén waspect to turbulent shear stress
momentum exchange, as measured by using the AID¥ sinooth-to-rough interface.

Effective friction

Effective friction is important for the implementat of bed friction in case of
heterogeneous roughness (such as in floodplaims)edt the approach of equation 8, the
actual effective friction is calculated based om wWater level slope.

Figure 30 shows the water level profiles for akrsarios. The water level is decreasing
fairly linearly, only the most downstream measuretadabout 10 meters before the weir)
is increasing in some cases, probably influenced lyackwater effect. This was also
observed in earlier research in the same experifhene (Jarquin, 2007). For the slope
calculation, done by linear regression, the measents after 8 meters are not taken into
account.

Table 3 shows the slopes of the fitted lines aBgare 30. The estimated errors of the
fitted slopes are quite small, as the 95% confiderange is small compared with the
slopes itself. Using the average slopes, the aeevafpcity and the hydraulic radius, the
effective friction factors are calculated accorditgy the Darcy-Weisbach equation
(equation 1); see table 3.

Table 3: Water level slopes and correspondingifsitcfactor for all parallel measured setups.

h (cm, at a(m/s) é (mm/m) 95% confidence

e feff meas ks, measured
x=3 m) range (mm/m)

0.0075 3.5 0.110 0.266 0.015 3436 0.056 0.0017

0.040 8.2 0.244 0.549 0.029 17514 0.055 0.0063
0.040 11.0 0.182 0.197 0.014 17072 0.046 0.0049
0.100 151 0.331 0.437 0.021 41160 0.041 0.0051
0.100 22.1 0.219 0.126 0.018 38579 0.038 0.0055

33



h [em]

h [em]

h [em]

Water level profile, 0.0075m3/s, 3.5cm

3.7 T T T T T T T
T
3.65 TE ]
T
36 = 8
~3
3.55 g N
35 =F T
345 L L 1 L 1 1 L 1 \1
6 7 8 9 10 11 12 13 14 15
X [m]
Water level profile, 0 O4Om3/s, 8cm Water level profile, 0 O4Dm3/s, 11em
T T T T T T T T 1 1 05 T T T T T
84+ e 4 .
= T
83l I i "r I 1
- == = =
8.2+ TE 4 G 1095} T E e e
e < T
81 = . 7 109} T T _ /
i s s s . . ‘ s e 10.85 s s ‘ ‘ ‘ ‘ B
5 6 7 8 9 10 1 12 13 14 5 8 9 10 11 12 13 14
x [m] x[m]
Water level profile, 0.100m"/s, 15cm Water level profile, 0.100m7s, 22cm
T T T T T T T
E
15.1 TE B 2 :EL;:.:,EE
TE T I —
T 1z TR
149 . 1= 2195 e
e I\
14.8 =~
L 1 L L L L L L 1 21 g 1 1 1 1 1 L L L
6 7 8 9 10 11 12 13 14 15 5 6 7 8 9 10 11 12 13 14 15
x [m] x[m]

Figure 30: Water level profiles as measured witk #ectronic gauge for all scenarios for a
developed parallel flow (x = Om at the start of tparallel split). The solid line represent
measurements, the broken line is a linear fit. Enm@r bars, added to the fitted water level
profiles, are composed of standard deviations endhplo measurements, those in the duplo’s of
the correction measurements and the estimated efrtre fit.

An assumption for the effective roughness calcoihais that the slopes are equal at the
rough and smooth part (in the full developed repidine electronic gauge was measuring
the water level above the rough part; the manuabgaabove the smooth part. These
slopes were similar, but to further check that remsverse slopes exist, this slope is
measured by using the manual gauge. Figure 31 shmvsorrected result. There’s no
clear pattern and the changes are within the meamnt accuracy (0.1mm). So, with a
measurement uncertainty of 0.1mm it is concluded tlo significant transverse slope is
apparent.

Water level across flume, 0.040rrF’/s, 8cm
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Figure 31: Water level across the flume, measured manual gauge at the carriage, for 40lps —
8cm depth, in a developed flow (x=12.5m). The exfee profile for the gauge is based on still
water.
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The theoretical effective friction factor can béccdated by using equation 8 based on the
individual friction factors for the rough and smbqiart. To anticipate several discharge
and depth situations, the individual friction fastavere derived by using the Nikuradse
roughness height {kfor the individual bed compositions. The values s were in turn
determined by using homogeneous cases with settephs. Measurements of Jarquin
(2007) were used for the calculation @fdk the rough part; the smooth part was assumed
hydraulically smooth. Appendix C shows the caldolatand values for k In this
calculation a correction was applied for the rafeeelevel of the carriage, which enhances
the outcome for & This correction was not applied by Jarquin (2007)

Hence, table 4 shows the theoretical effectivetifnc factor in comparison with the
measured effective friction factor. These valueswsiihat the actual effective friction
factor is 16-29% higher than its theoretical eqlamg except for the very shallow (3.5cm)
case. The absence of a pronounced secondary tiocuia this shallowest case (and
hence less momentum exchange) explains that thalddttion is relatively lower than in
the other cases. However, it is unexpected thaatbeal friction is even lower than the
theoretical. This phenomenon could be explainedrbgverestimating ofskwhich is only
plausible for this shallow case since the homogesemugh measurements were all
executed in water depths of at least 13.5cm. Hémeendividual value for kis a strong
extrapolation for the case of 3.5cm depth and thezeless reliable than for the other
depth situations.

Except for the shallowest case, the increase ect¥e friction is not significant related to
the depth and the Reynolds number (and hence atsdearly dependent on the relative
roughness and friction factor itself).

Table 4: comparison of friction factors based omghness properties of individual sectiong, (f
theory) @Nd Measured equivalentsy(fieasurel

Q h  (cm, | Theoretical values, based on individual sections fett, measured !

(mS/S) at X=8m) ks, rough frough fsmooth feff, theory feﬁ measured feff, theory
0.0075 35 0.018 0.139 0.042 0.070 0.056 0.88
0.040 8.2 0.015 0.078 0.027 0.043 0.055 1.29
0.040 11.0 0.014 0.066 0.027 0.040 0.046 1.16
0.100 15.1 0.011 0.054 0.022 0.033 0.041 1.26
0.100 22.4 0.008 0.041 0.022 0.029 0.038 1.23

The LES results show also a larger effective foictthan its theoretical equivalent, but
only in a 8% difference (in case of 0.10%sn 15cm depth). This discrepancy can have
three reasons:

« Overestimating the friction coefficient in the l|abtry experiment due to
acceleration of the flowThe bottom of the experimental flume is horizontal
whereas the water level is slightly decreasing.réioee the flow accelerates and
enhances the water level slope even more. To estatiie importance of this
effect, the equation of motion is studied. For sfesction integrated, steady
conditions, this equation reads:
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g Bg—h—;?:“ uBg—u =0 (equation 18)
X X

In which the last term (on the LHS) representsabeeleration. For small changes
in depth, this term can be rewritten (due to cantinof mass):

I ALGLC e AL (equation 19)

This demonstrates that the water level slope iseased due to the acceleration
term. The relative importance of the acceleratemmtwith respect to the pressure
gradient term can be expressed as:

5

h) grh
(g axj

Using the overall Froude numbers of each caseatkeleration effect increases
the water level slope about 3% (for the 3.5cm, 1ked 22cm cases) up to 8%
(for the 8cm and 15cm cases).

=Fr? (equation 20)

On the other hand, the effect of acceleration atsmrred during the measurement
of the individual friction factors (in the homogens situations). Therefore the
effect is expected to be very small, probably mgle on the average ratio
between the measured and theoretical effectivéidricfactor. So, this can not
explain the difference between the average incredseffective friction in the
measurements (over 20%) and the equivalent refsoitsthe LES (8%). However,
this effect can be recognized in the individualesaghe cases with the highest
Froude number (8cm and 15cm) have the largestaserm effective friction.

Underestimating the transverse momentum exchangiéransverse bed friction in
the LES very close to the bottofithe turbulent transverse momentum exchange
(Tmix) is much smaller than measured in the experimepdstly due to the
underestimation of the shear stresses in the LE@tse(see appendix B). Also the
shear stress in transverse directiep (V'w") is highly underestimated in the LES
since the roughness effect on the turbulence pofire not properly incorporated
in the LES. Therefore the effective friction faciara flow over a parallel rough
bottom can be underestimated in the LES.

Measurement errors in the laboratory experimeAtis.measurements are subject
to some measurement errors. The errors in the vatel slopes for the parallel
cases are rather small; table 3 shows that the@s#tdence interval is reached at
ca. 5% deviation of S. The measurement error innteidual friction factor for
the rough section are probably larger (a smalleasueement section was used),
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but is reduced again by taking an average valué chses. Finally, the smooth
section could be locally rough (at the seams) amddctherefore have a higher
friction factor than calculated. This effect is satered largest of all measurement
errors; using &0.00055m (average value from literature for wood)stead of
k<=0 the theoretical effective friction factor is reased by 5-10%.

In conclusion: small errors, in the measured a$ ageln the modelled results, provide an
explanation for the discrepancy between the medsamel modelled effective friction
factor. The actual values for the increase in éffedriction due to the mixing layer are in
between the results from ADV and LES. Therefore liest estimate will be that the
mixing layer in the case with parallel roughneseesponsible for an increase in effective
friction of 15-20%.

Based on the uncorrected data of Jarquin even héglieal effective friction was reported
(20-80% by Jarquin, 2007; 80% by Vermaas et al320Chese preliminary outcomes can
be qualified now to be less reliable due to unate® measurement errors in the water
level slopes.

Recommendations for 1D and 2D modelling

The LES mimics the laboratory experiments reasgnaill. For a practical situation of a
large scale river, it would be impossible to sinil¢éhe flow with such detail; both by
computational limits as well by unknown boundaryditions. Therefore, the effects of
heterogeneous roughness must be parameterizedhateimented in 1D and 2D models.

For a 1D model, the most straightforward methoddoount for heterogeneous roughness
is to increase the effective friction factor by 28% in comparison to the value expected
based on the individual friction factors. The ladiory experiments were consistent in
these results fordt ratios between 0.09 and 0.24 (following a camiska= 19mm). This
relation is unclear for very large/k ratio, but it seems that no significant increase
effective friction with respect to equation 8 octor this situation.

A horizontal 2D (xy) model (such as WAQUA) couldpresent the depth averaged
velocity profile in transverse direction. As an ex#de, a simple model, initiated by Bram
van Prooijen, was used to iteratively calculate ¢hess velocity profile using a distinct
bed roughness and using a turbulent viscosity lier ttansverse momentum exchange.
Figure 33 schematizes the algorithm for this caltah. Initially, an abrupt change (step
profile) in roughness was set by means of theidriccoefficient (¢) 3. The turbulent
viscosity was calculated by an approximation agested Van Prooijen (2004), based on
a bottom turbulence part (Nezu & Nakagawa, 1993)) pghd a contribution due to
transverse shear:

Vi = % Qfc; UTh+B23° [‘J%‘ (equation 21)

% The friction coefficient can be converted to a@aand Chezy friction parameter bg; = f/8 = g/ C2
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In which B is a constant (chosen to be 0.10 for this casgpas the mixing layer width,
defined as twice the width between the 75%- and-28Pes of the longitudinal velocity
in the mixing layer; see figure 32.

Figure 32: Definition of mixing layer width based the 75%
and 25% values in the longitudinal velocity praofil€he
mixing layer is defined twice the lateral distarmetween the

intersections of khyand Usss 0 = 2 Y750, = Yasec)

150 100 50
y [em]

The values forcand water slope gradient are copied from the mreasents of the 15cm
case. The depth was adjusted such that to resudiniinitial discharge of 0.100%s
(therefore slightly different from 15cm since thgdhaulic radius was used in the
Colebrook-White equation).

Set c(y):

8

. e 8
and initial values <,
2

Calculate transverse - K U
; o i _ 2 %2
profile of longitudinal For given number Viurb = E El/a Uh+p“[d [‘J(S—y‘

velocity of iterations

\ Calculate transverse /

momentum exchange

by Vturb mZU/ayZ

Calculate turbulent viscosity by

Figure 33: algorithm for calculating a depth aveesj velocity profile in flow over parallel
roughness

Figure 34 shows the results. In the first time steptransverse momentum exchange has
occurred. In this case, the effective roughneggvisn by equation 8. After sufficient time
steps, a mixing layer has been established andisicharge is reduced due to transverse
momentum exchange. The velocity profile is in ratheod agreement with the profiles
deduced from the measurements. However, figure [83ws that the reduction of
discharge after transverse momentum exchange ysatwolut 0.8%, i.e. much milder than
shown by the experiments (9.5% decrease in disehair@0% extra friction). One could
increase the values for the turbulent viscosityd@tronger decrease in the discharge after
iterations, but to reduce the discharge with 9.8%,turbulent viscosity must be strongly
increased. Consequently, this would lead to in@brreslocity profiles. Therefore, to
understand the deficiency of this model, the furdi for the friction coefficient and
turbulent viscosity must be revised.
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Figure 35 shows the profiles for as derived from the ADV-data and modelled by the
LES. It appears that especially the experimentatidn coefficient is slightly larger
around the smooth-rough interface with respect svep profile. This is implemented in
the depth averaged model by adding a Gaussianidunict the step profile, such that the
pattern of the derived from ADV-results are well represented.

Figure 36 shows values for the viscosity that patamzes the transverse momentum
transport. First of all, these values are an oafemagnitude larger than estimated by
equation 21. Secondly, the viscosity as shown gyré 36 has minimum values at the
interface (y=100cm) and higher values 10-20 cm rexthe interface. The secondary

circulation can explain the higher turbulent visgoat the smooth side; the length scale
involved in this secondary circulation is largeanfthat in turbulent mixing layer vortices.

As consequence, the effective turbulent viscostyncreased at the smooth side of the
interface. The high effective turbulent viscosity the other side can be caused by a
dispersion of mixing layer vortices, which would@lcontribute to the observed minimum
above the interface. The new turbulent viscositgfilg (pattern and values) can be

enforced in the depth averaged model.

05 Transverse profile of U, before iterating 05 Transverse profile of U, after 80000 iterations
0.45 I 0.45
w 04 7 04
E E
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Figure 34: Resulting velocity profiles (upper pa)ebefore and after iterating. The lower panel
shows the discharge as function of the numbeeddtibns, approaching an equilibrium value.
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Figure 35: Transverse profiles of friction coeféint, for ADV-measurements (left) and LES-
results (right). Both derived from data of in tHecin-case.
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Figure 36: effective viscosity for transverse momenexchange, derived by dividing the total
transverse momentum transport by the shdydy. This shear was slightly smoothened by a

linear loess filter to avoid extreme values in oisty. The left panel shows the ADV-results, the
right panel the LES-results, both from the 15cmecas

Figure 37 shows the results with new functionsgaandvy,,. Both profiles are fixed, so
the iterative calculation ofy,, can be skipped. Although the discharge is moreiced
(almost 5%) in comparison with the initial calcudex, it is still less than in the
experimental result. Moreover, the mixing layertive resulting velocity profile is too
wide compared to the measurements. Apparently anotimechanism is left out of
consideration in the depth averaging. For instative,secondary circulation and extra
turbulence production at the interface producesdbedr stress in transverse direction and
thus extra effective friction. This extra transwelsed shear stress was not apparent in the
homogeneous case since no secondary circulatiorparadlel interface was involved in
that case.
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Figure 37: Left upper panels: enforced functions édpand vy, Upper right panel: resulting
velocity profile after iterating. The lower pandiosvs the discharge as function of the number of
iterations, approaching an equilibrium value. Theegsure gradient was kept equal to the first
situation, so the discharge was eventually reduogdlmost 5% compared to the initial block
velocity profile.

The only conclusion suitable after this analysithat the depth averaged velocity can not
represent the velocity profile as well the discleawngthout adding extra stress to the flow.
So, the best way to model a flow over parallel robgttoms in a 2D (xy) model is to
increase the values for the friction coefficientittw10-15%) on top of the existing
function for ¢. This extra stress will reduce the total dischaegel gives a better
agreement with the actual situation.

In conclusion, this analysis leads to the followitlyee recommendations for 2D
modelling:

« For the pattern of the bed friction parameter: @ddiaon to a step function, the
friction parameter must be increased around thallphimterface.

« The overall magnitude of the friction parameteridtide increased by 10-15%.

« The effective turbulent viscosity is an order ofgnéude larger than calculated by
equation 21 and must have a maximum at about 1rwiageth next the parallel
interface. If no spatial function for the turbulenscosity can be enforced (as in
WAQUA), an average value for the effective turbaleiscosity is acceptable.
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4) Results of developing parallel flow

In the last chapter it was shown that a developed bver a parallel rough bed has
distinct characteristics from a uniform flow. It svalso shown that at the deepest situation
(22cm), the flow was not fully developed yet. Iragtical situations, parallel roughness
sections are not infinitely long. An undevelopealflover a parallel rough bed is probably
more usual than its developed situation and isefoee of great importance. In this
chapter, the length scales of development, fortithe-averaged flow and shear stresses
are investigated. This case is not modelled byl&8; only flume measurements are
performed.

Development of velocity profiles

In the change from a uniform to a parallel bed fmegs, three processes can be
distinguished:

+ the volume transport from the rough to the smodath s

- the adaptation of the vertical profiles of velociyd stress to the new bed
roughness (i.e. a serial bed roughness change)

- the development of a mixing layer and its accompanygecondary circulation
around the smooth-rough interface (a parallel lnedhness change)

These three processes are of course related tootfaeh but will be treated individual in
three paragraphs below.

Transverse volume transport

The transverse velocity over the interface can tgily scaled on the width of the

flume, not on the depth. This is because the ti@meg volume is linearly increasing with

the width of the smooth and rough section. Indlyettte depth plays a role since a lower
depth gives a higher relative roughness, with geladifference in longitudinal velocity as

a consequence. It follows from this effect that @creasing depth has even a
consequential slightly decreasing length scalé¢Hertransverse volume transport.

Figure 38 shows the depth averaged transverseitye(ed/) as function of x, in which it
can be seen that the transverse flow is indeed webkly dependent on the depth (and
strongest at shallowest depth). The transversen®liansport has already a maximum at
the start of the parallel rough setting. At x=4ne. itwice the width, most of the water
appears to be redistributed over the smooth anghreaction.
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Developement of transverse velocity (scaled), measured by ADV
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Figure 38: Development of V, scaled on the avetaggitudinal velocity U. Data was gathered
by using the ADV (measuring 4 points in verticalll dinear extrapolated towards the surface.

A two-dimensional (xy) image of the transverse e#les confirms this observation
(figure 39): The bulk of the water is transporteghsversally within 4 meters. This figure
also shows again that the transverse volume transplarger for shallow depth cases.

The transverse transport has a maximum at the sfathe parallel smooth-rough
configuration. One could conclude that a transvevater level slope must be present at
the start of the parallel bed. This effect is coadl to less than 1 flume width in upstream
direction, since no transverse transport was medsatrx=-1.5m.
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Figure 39: Transverse velocities (v) around middépth for two cases. The crosses indicate the
ADV-measurement locations. Linear interpolationdise
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Velocity profile development outside mixing layer

At the start of the parallel rough bed, the flowttsg rough side of the flume is subject to
an increased friction. A serial roughness changer adhe full width is thoroughly
investigated, but in this case the bed roughnesslischanged for one side of the flume.
The arising volume transport as explained aboveesthe discharge to be redistributed
over the width. The depth averaged velocity abdvesmooth side is accelerated; above
the rough side decelerated. This might have arctefie the development length scale for
the velocity compared to a serial roughness charmgethe full width.

The direct influence of the mixing layer is lefttaaf consideration in this paragraph; only
the streamwise development of the flow propertiesva the rough side is studied. To
give a good indication of the development lengiilescvertical profiles of velocity as well
as the turbulent shear stress at y=50cm are exdmifi@s length scale concerns the
measurement range of the ADV, the velocity at thefage will require a longer
development length.

Figure 40 shows the turbulent shear stress proéiles/e the rough section. The shear
stress profiles become fairly linear after aboutites the water depth. The profile might
have deviations again further downstream, but ¢hatbe due to local irregularities. This
length scale is very similar to cases with a sudaeighness change over the full width
(e.g. Nezu & Nakagawa, 1991).

Development of turbulent covariance (u'w’) profiles
ADV, 0.100n%/s, 22cm
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Development of turbulent covariance (u'w’) profiles
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Figure 40: Vertical profiles of turbulent covariamat y=50cm, ADV measurements of two cases
are shown. Corresponding labels refer to the x-dowate [m]. Profiles are shifted B0* (upper
panel) and 1@0* nf/s* (lower panel) to each other. The profiles for 8am case (lower panel)
become fairly linear at x=1.5m, for the 22cm caseeuarlier than at x=6m.

When studying the time-averaged velocity profilass length scale can be confirmed. All
profiles above the rough bed are found to be logaic (with R>0.98), see figure 41.
Only a slight deformation is visible in the pro§leshifting slowly to the surface with
increasing x. As an objective measure for the dmrakent length the parameters for the
logarithmic profile are studied as function of xglire 42 shows these functions. The
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characteristic parametersy(@nd u*) increase just after the start of the rosghtion to
subsequently meet a lower and more or less stablee vit appears that the length scale
for development is not clearly dependent of theewatepth. The scaling on the depth
might be cancelled out by the fact that the ret@atiwughness change is smaller for larger
water depths (Townsend, 1966). The parameter vaaiesg out that the best estimate for
a length scale of adaptation is 4-6 meter (15-4@ma@epths), i.e. 200-300 times k

Velocity profles ADV, 0. 100n:?/s 15cm, y 50cm
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Figure 41: Vertical profiles of longitudinal veldgi above rough side (y=50cm), measured by
using the ADV (crosses) and fitted to the law ef whall (solid line). The labels refer to the x-
coordinate [m]. Logarithmic scale in vertical; cagrsutive profiles are shifted 0.3m/s.
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Figure 42: Parameter values from the logarithmit fneasured by using the ADV, above the
rough side (y=50cm). The parallel bed roughnesgsta x=0m.

In addition to the former analysis, the turbuleimtekic energy k can be analyzed. Figure
43 shows the distribution of k above the rough wettgped side. This figure clearly
illustrates the growth of the boundary layer cqumesling to the rough bed. After 4 meter,
the turbulent kinetic energy profile is in balawa¢h the rough bed up to the measurement
range (10cm).
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Figure 43: Development of turbulent kinetic eneagyy=50cm, based on ADV-measurements,
positioned at locations of black crosses.

Mixing layer development

The development of the mixing layer starts as sa®ra velocity difference is apparent
between the rough and the smooth section (i.e. éefare the start of the parallel

roughness), but keeps adjusting as long as théatige redistributes over the smooth and
rough section. The length scale for the fully depeld mixing layer must be longer than
the length scale for the transverse volume transpbe length scale for the mixing layer

development is strongly dependent on the depthirdid9 already showed that a larger
depth causes a less well developed mixing layen FReooijen (2004) showed that the
development of mixing layers as a result of anahitelocity difference can be scaled on
h/f. The width of such mixing layers was also sdale h/f (Van Prooijen, 2004, p.30).

Development of transverse profiles of u
ADV, 0.040m°’/s, 8cm total depth, data from 3.5cm
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Development of transverse profiles of u
ADV, 0.100n13/s, 15cm total depth, data from 6.5cm
X x X X X

150} X X X X
-1.5 0 . 0.5 1 1.5 25 4 6 12,5 -
X X smooth X X X X X % X
—_ X X X X X X X X X
e X X X X X X X X X
G 100+ X T ¥ U+
> x rough
X I x X X X X X X X
| ‘
|
00 x x| X | X X 4 X [ L X B ! I
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
u [m/s]

Figure 44: Development of u in transverse profila®V measurement of 2 cases shown. Data
from only 1 depth is used since the developmenrttisqual at all depths. The labels refer to the x-
coordinate [m]. Subsequent profiles are shiftedr/&.
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Figure 44 shows consecutive transverse profilesongitudinal velocity, measured by
using an ADV. Despite the formation of a distindiximg layer at x=4m, the profiles at
x=6 and x=12.5m are still significantly differemt absolute values for all cases. It is hard
to define a strict length scale for developmentpagh estimate would be that after 50
water depths from the start (e.g. 4 m for 8cm defth for 11cm) the mixing layer is
reasonably well developed.

For another check on the development length ofntingng layer, the bed shear stress
development is shown in figure 45. The peak in §leelr stress seams to be larger in the
developed profile, but at this y-coordinate wasdata available for the other profiles. The
comparable data points show that the bed sheassitex=4m is similar to the developed
situation (x=12.5m). This seems to be rather inddpat of the total depth, however too
few cross sections are made to prove this statement

Physically it would make sense that the flow inimity of the bottom adapts rather
independent of the total depth. The length scaledéveloping the mixing layer consists
of a width dependent part (due to the transversenve transport) and a depth dependent
part (for adopting velocity to new roughness). 8itiece flow is first adapted to this new
roughness near the bottom, the depth dependenispatatively small close to the bottom.
The velocity at higher levels will have a largepttedependency, as for instance shown in
figure 19.

Bed shear stress, ADV, 0.040n’?/s, 8cm

Bed shear stress, ADV, 0.100m”/s, 15¢cm
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Figure 45: Bed shear stress in consecutive crosficses, measured by using an ADV for two
cases. The bed shear stress was determined byljirfigséing vertical profiles ofu'lW'.

This also has its resemblance in the developmelttteobecondary circulation. Figure 46
shows two cross sections at x=4m as measured byg tise ADV; a (weak) secondary
circulation is already present in these quiver $ldit x=1.5m the transverse volume
transport is by far dominant over the secondargutation. After subtracting the average
transverse flow, some very weak traces of a seegraeculation could be seen even at
this stage (not shown).

Although the secondary circulation is already pn¢se x=4m, the circulation is not fully
developed yet. Figure 47 shows the transverse wglatcthe smooth-rough interface. The
contour lines of equal velocity (isotachs) are get horizontally at between x=6 and
x=12.5m, which indicates that the transverse voluraasport still occurs and therefore
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the secondary circulation is still developing betwe6 and 12.5 meter. Moreover, as
mentioned before, the secondary circulation is @bbpnot at full strength at x=12.5m in

the case of 22cm depth. By supposing the secordiaylation in the 15cm case as fully
developed after 12.5 meter (based on figure 29figudle 19) the secondary circulation

requires about 80 times the water depth for adellelopment, counting from the start of
the parallel bed.

Velocities in cross plane, ADV, 0.100n’?/s, 22cm, x=4
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Figure 46: Velocity vectors in a cross section \(ie flow direction) at x =4m for two cases.

Transverse velocity (mm/s) at y=100cm
ADV, 0.100ms, 15cm

Transverse velcotiy (mm/s) at y =100cm 15
ADV, 0.040n¥/s, 8 cm

0 2 4 6 8 10 12
x [m] x [m]

Figure 47: Transverse velocity at smooth-rough riigiee (y=100cm) for two cases. The dotted
lines indicate the measurement positions. Linegrpolation used.

Development of momentum exchange

In the developed case, at x=12.5m, the turbulexingi(u'v') appeared to account for
about half of the net momentum exchange in thengixayer. The secondary circulation
was responsible for the other half of the momenéxchange. In a undeveloped situation,
a third mechanism can be distinguished: momenturchange by depth-averaged
transverse mass transport. This momentum flux cargumntified by considering two
control volumes, one covering the left (smoothesathd one at the right side of the flume;
see figure 48. A momentum balance for both of thesdrol volumes can be made. The
momentum that is advected (per unit of time) ingitudinal direction by depth-averaged
mass transport can now be quantified by the trameganass times its velocity. For an
uniform flow, this can be written as:

M g =MV =pA LU =pA L2 (equation 22)
in which

MgamtiS the momentum flux in x-direction causedd®spthaveragedmasstransport
m is the mass of the depth-averaged transport

v is the velocity vector
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Figure 48:Definition of two control volumes (dasHetkd) in top view. The corresponding mass
and momentum fluxes are assigned. The parametgran@ G account for the non-uniform
velocity in the mixing layer. See appendix D foremetails.
Since the velocity is squared in equation 22, iblwious that Mam: Changes when a
uniform flow is divided into two sections with algeity difference. The fluxes of Mm¢in
figure 48 could be derived from measurements, utesthe number of measurement
points in a cross sectional plane is limited, thigoing velocities (Y and W) are not
known accurate enough for calculating a reliablee/dor the change in momentum flux.

A theoretical analysis is more successful, baseda anass balance and the measured
transverse velocities. Since the incoming and antgonass must give a balance in the
control volume, the outgoing velocities, land & can be derived from {Jand V.
Furthermore, the profile of the transverse velocy can be scaled on U
V(x) =U, ¥(x) - Measurements of this normalised velocity werealy shown in figure
38. Hence, the net momentum deficit at the smowolh san be derived. This elaboration

is done in appendix D and shows that the imbalafcenomentum due to the depth-
averaged transverse mass transport equals:

AM o =p U, E@Cz EKZ—K) (equation 23)
with
L o~
K=1+ J Vdx (equation 24)
-1.5

The parameter £accounts for the non-uniformity of the velocityople in the mixing
layer and has a value of approximately 1.01. Nbtd this approach assumes that the
advected momentum is not influenced by changesdm wall friction or changes in the
vertical velocity profile.

A similar derivation can be made for the controlwoe at the right side of the flume,
with the only difference that a minus-sign replaties plus-sign in equation 24. Hence,
the gradient in total advected momentum, due tdhdaperaged transverse mass transport,
can be approximated by (see appendix D for thevaéon):

L
_2 o~ ~ .
Tyamt = 20Ch0U; D\/EEC3— C,—(Cy+ cgmj Vdx (equation 25)
-1.5
Since Tjame< 0, @ momentum deficit occurs at the transitimmf a uniform flow to a flow
over a parallel rough bottom. As a result, the sues gradient is increased to realise the
required balance of momentum. The transition tadoum flow again would cause an
equal momentum excess, which reduces the pressadieqgt.
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Figure 49 shows the gradients in advected momeifiturthe flume as a whole {In).
See appendix D for the individual control volum&gak, lefr@Nd Tgamt, righy-

profiles of Tdamt along the x—coordinate, measured by ADV
0.1 T T T
_e
o ~
&£ ~
J e e T _ === |
A N AR O @ RO e = S A
o~
3
£
g‘: -0.1} — Ty 8€M
g Qe Ty 11em
= — & —T, . 15em
—=— Tdamt, 22cm
-0.2 1 1 1 |
-2 0 2 4 6 8 10 12

x [m]
Figure 49: T.m Versus the longitudinal distanceg.d; represents the gradient in advected
momentum (sum of both sides, i.e. for the flum® &hole). For these graphs, a depth-averaged
approach is used. Differences in side wall fricteond vertical profile shapes are neglected.

The other mechanisms of momentum exchangg, @d Tnx) can be calculated in the

same way as for the developed situation (equatighend 17). One might expect the
turbulent mixing to be dominant over secondaryutation in an undeveloped situation
since the secondary circulation needs about 80stittne water depth to develop. To test
this surmise, the development of the turbulent ngxayer vortices is shown first.

Figure 50 shows the shear stress at mid-deptwimicases, measured by using the ADV.
It appears that this shear stress requires a laigal distance of about 30 water depths
for an effect at mid-depth. This length scale igydarat the surface, motivated by an
absence of mixing layer vortices in PTV measuremémi$ shown) within the first 2
meters, even for the shallow case of 3.5cm.

Ty [Pa] at z=3.5cm, ADV, O.O4Om3/s, 8cm Ty [Pa] at z=6.5cm, ADV, OﬂOOm”/s, 15cm
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Figure 50: Shear stress in horizontal plane (irg, = —p'v') around mid-depth for two cases.

The crosses indicate locations of ADV-measuremekintsar interpolation used.
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According to figure 50, the highest shear stressesbe found initially above the rough
side of the flume. Further downstream, this areaoisfined to the (rough side of) the
mixing layer. One might postulate that the ‘overhadn shear stress in case of 15cm
depth at x=6m is due to insufficient momentum exgjeaby the not yet developed
secondary circulation at this point (causing a dargu/dy and hence higheu'v').

However, the measured transverse gradients of tladigal velocity (@u/dy) are not

notably larger at this location than at x=12.5me(8gure 44), so this maximum in shear
stress is probably just a local effect.

The profile of momentum exchange at the parallela@moough boundary (y=100cm) is
shown in figure 51 for the deepest cases. The shatloases show more irregular results.
Figure 51 suggests that the transverse momentuimapege by secondary circulation is
already larger than the momentum exchange by tembunixing from the start on.
However, this does not match with the physicalrprietation. Before x=4m hardly any
secondary circulation was observed and the trassveolume transport dominates the
transverse velocity profile. Figure 47 already sbdwhat the transverse volume transport
is largest close to the bottom, due to the simpta that the longitudinal velocities are
lower and hence the transverse pressure gradisnhbee time to act on the water parcels
close to the bottom. For the calculation of the rantum exchange due to secondary
circulation, the depth averaged transverse tramsp@ubtracted (see equation 16). This
contributes erroneously to the momentum transpbdecondary circulation. Therefore,
TadviS Overestimated at x<4m. Nevertheless figuretiinvs that the momentum exchange
by advection from the start of the secondary catah (around x=4m) is of the same
order of magnitude or slightly larger than the eae by turbulent mixing.

Momentum exchange by two mechanisms, Momentum exchange by two mechanisms,
x10™ ADV, 0.100n¥/s, 15cm, y=100 %107 ADV, 0.100n¥/s, 22cm y=100

15} ‘_,.I-O

2o 2 4 6 & 10 12 14 2 o 2 4 6 8 10 12 14
x [m] x [m]

Figure 51: Transverse momentum exchange by adwveetinl turbulent mixing, as function of

longitudinal distance, measured by using the AD\Aluds for Tq, at low x-values are

overestimated due to transverse volume transpat thee bottom. as explained in the text.

The gradient in advected momentum (figure 49), aé agethe momentum exchange by
turbulent mixing and advection due to secondargudation (figure 51), contribute to the
shear stress exerting on the water and must badeldy an increase in pressure gradient.
The shear stress corresponding to these three msgigais in the order of magnitude of
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10" Pa. Hence, the effect on the water level sloje ise order of 18 (divided byp-g-h).
Therefore these contributions are all significantsithe measured water level slopes are
in the order of 17 - 10°.

Water level profiles

The water level profiles are measured again by aotreinic and manual gauge. The
results of both instruments can be found in figb®e The data from the electronic gauge
show a local elevation at x=0m since the electrgaigge was installed at y=30 (i.e. above
the rough side). Above the smooth side, where theual gauge was installed, the water
level is always lower at x=0m. This explains why tin@nsverse volume transport is
already at maximum around x=0m. The local elevaitioine water level extends up to ca.
1 meter upstream. The water level becomes fairlyaliragain after 2.5 meter from the
start of the parallel bed roughness.

Since the water level profile is locally affecteg the change to a parallel rough bottom,
the result of the undeveloped flow on the effecfivetion can not be deduced from the
water level slopes. The bed shear stresses showaethéhfriction outside the mixing layer

is higher for an undeveloped flow than for the deped flow. This is obvious since the
velocity is initially larger. As a consequence #féective friction of an undeveloped flow

over a parallel rough bottom is somewhat highen ihaa developed flow.

Water level profile, 0.00TSW?/S, 3.5cm Water level profile, D.DAOmafs, 8cm
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Figure 52: Water level profiles for all cases, maa&sl by using an electronic gauge (mounted at
the rough side) and a manual gauge (mounted atstneoth side). The measurements are
corrected for the carriage reference by using H st@ter measurement
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5) Results for checkerboard configuration

The checkerboard configuration was measured intelysimeasurements in four cross
sectional planes were required to study the flowhiree dimensions. Next to that these
experimental measurements, LES results are available

The results from the checkerboard configuration presented in the following five
properties:

- Consecutive transverse profiles of longitudinabegly
- Transverse volume transport
« Transverse momentum exchange in the mixing layer
- Consecutive profiles of bed shear stress
+ Effective friction
Each of these aspects will be treated in a paradrajaiw.

Longitudinal velocity

Whereas the parallel roughness evolves in a phfile situation with an intermediate
mixing layer, the longitudinal velocity profileseawvery different over a roughness pattern
in checkerboard configuration. Figure 53 shows gusace of longitudinal velocity in
transverse profiles at two different depths, frod\Ameasurements. In contrast to the
parallel flow situation, the maximum longitudinalacity can be found very close to the
parallel smooth-rough interface. At lower depthg profile tends to develop somewhat
more towards the profiles known from the paraliéhation but the profiles at middle
depth are hardly changed over a 4-meter long chiecked section. This is remarkable
since figure 44 showed a more developed velocitfilpr at mid-depth in this case.
Apparently the length scale of adaptation to the/ meughness situation requires more
than 50 water depths (as was found in the parfilel situation) in case the upstream
condition is non-uniform.

Development of u-profiles at z=1.5cm, ADV, 0.100n¥/s, 15cm
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Development of u—profiles at z=7cm, ADV, 0.100rr?’/s, 15cm

>3 T X ™)X

150 150

y [em]

02 025 03 035 04 045 05 055 06 065 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
u [m/s] u [m/s]

Figure 53: Consecutive transverse profiles of lbudinal velocity, close to the bottom (left panel)
and around middle depth (right panel). Both are mwgad by using an ADV in the 15cm-case.
Profiles are shifted 0.1 m/s to each other.

For a more general overview, figure 54 shows secpiasf depth averaged velocity
profiles for ADV-measurements. This sequence shbnasthe maximum (depth averaged)
velocity is measured always at 5 or 10 cm fromitierface. At the start of a new section
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(x=0m), the maximum velocity is still at the sidktlbe upstream smooth section. After 1
meter, the maximum has switched side. Again 1 nugemstream (x=2m), the maximum
in depth averaged velocity is shifted little mooevards the new smooth side. Furthermore,
the difference in velocity between both sides igeramplified with respect to one meter
upstream. One meter before the start of a newase¢t=-1m), the picture is similar to
that at x=2, except that the velocities are ovesalhewhat lower. The total discharge
should be equal at all sections, so this velocitget is probably due to a level offset in
the ADV carriage. The carriage level could be a fem lower at this section, such that
the ADV measurements are taken closer to the botjoeiding a systematically lower
velocity.

Consecutive transverse profiles of U, ADV, O.O40n3f/s, 8cm Consecutive transverse profiles of U, ADV, 0.100n§/s, 15cm
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Figure 54: Consecutive transverse profiles of degéeraged longitudinal velocities, based on
ADV-measurements for two cases. Data was extragmblatthe surface before depth averaging.

The cumulative effect of a full checkerboard repatif{(so 8 meter length) on the velocity
can be shown by averaging the velocity data in itadgal direction. Figure 55 shows
those sectional averaged velocities for ADV dasauaction of the width coordinate. This
illustrates the net result of bed roughness inexkérboard pattern: the maximum velocity
is located above the parallel smooth-rough intexrféw the largest depth case (22cm), the
sectional averaged velocity above the interfacalimsost 6% higher than the average
velocity; this maximum becomes less distinct asdiyeth decreases. This is obvious since
the maximum longitudinal velocity moves furtherrfrahe parallel interface at shallow
depths (see for example figure 53).

The very shallow case of 3.5cm seems to be morelajga (at the surface) towards a
parallel flow. Figure 56 shows the longitudinal a@ty at the surface in two cases, from
PTV measurements. The 8cm-case shows the maximunoityelefore the switch at
y=90cm, while this is at y=75cm for the 3.5cm cd@eminding the surface velocities in
the developed parallel flow (figure 19), the 3.5case is already better developed than the
22cm case in a parallel flow after 12.5m, but ifl siot completely developed (the
velocity ratio between the smooth and rough sidggeificant smaller than that in figure
19). From this comparison, one could roughly stttat for the roughness under
consideration the development of longitudinal veles (at middle depth) to a new
parallel roughness in a checkerboard configuraaées about 100 water depths.
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At the roughness reversion, the velocity at théaser at the right side (where the bed is
changing from smooth to rough) becomes even high@s can be understood from the
notion that the water is decelerated close to it and needs to be accelerated (due to
continuity) at the surface.

The transverse velocity at the surface around x=Ohigher at the 3.5cm-case than for the
8cm-case while the longitudinal velocity are largerthe 8cm-case. This is due to the
higher relative roughness in the shallowest casss€quently, water particles are faster
transversely advected and hence the maximum latigatvelocities (or the isotachs) at

the surface are much more inclined at the shall®er-case than at the 8cm case.
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Figure 55: Transverse profiles of longitudinal vely, averaged in depth and in longitudinal
direction (=Usecion, NOrmalized to average (in all directions) veldes (=Uayeraged-
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Figure 56: Velocity measurements at the surfaceauded from PTV-technique, for longitudinal
velocity (upper panels) and transverse velocity@o panels), for the 8cm case (left panels) and
3.5cm case (right panels).The shaded areas indit@eough beds.

Transverse velocity

The ADV-and LES-measurements show that the transwveilseity is at maximum above
the smooth-rough reversion (x=0m, see figure 57)apstordance with the PTV-
measurements in figure 56. The magnitude of the maxi transverse velocity is larger
than those in the undeveloped situation (figure g shift of the longitudinal velocity
maximum gives reason for a higher (maximum) trarsvevelocity. However, the
transverse volume transport is mainly limited te tinst meter after a roughness reversion,
so the total transverse volume transport is natisagint larger in this configuration when
compared to the developing flow (figure 47). A namform (reverse) upstream condition
would give reason for more transverse volume trarisghis is not the case, so this
illustrates once again that the flow over the cleelokard configuration is slower
developing (within 4 meters) than in the start plaaallel flow from a uniform situation.

v [m/s] at y=100, ADV, 0.100n13/s, 15cm
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v [m/s] at y=100, ADV, 0.040r’r‘?/s, 8cm
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Figure 57: Transverse velocities at parallel interé (y=100cm), from ADV-measurements in two
cases. The measurement positions are indicateddsges.

Figure 58 shows the velocities in 4 subsequenscestions, measured by using the ADV.
The cross sectional velocities at x=-1m show a ptesstart of a secondary circulation,
however no upward flow is measured. Upflow mightwcin the region of 50<y<80, in
that case a weak secondary circulation can be need) at x=-1m. The circulation is
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anyway much weaker than in the developed situatiod even less clear than in the
undeveloped flow after 4 meter (figure 46).

Figure 58 furthermore shows that, especially aroxm@m, an upward flow is occurring
above the serial smooth-rough change, whereas daxdnflow is present at the other side.
This is in agreement with the acceleration at thiéasa velocity as was observed in figure
56.
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Figure 58: Velocities in cross plane (yz), at famoss sections. Data gathered by using an ADV,
here for the 15cm-case. All vectors are equallyesta

Momentum exchange

Just as in the undeveloped parallel flow, momenexohange can be achieved by
secondary circulation advection, turbulent mixing depth averaged transverse mass
transport. The last mechanism is not further elabdrdue to its complex nature (due to
its constantly chaning velocity profiles). Fortuelgt the effect is assumed smaller than in
the developing flow described in chapter 4 sineudlocity profiles are less developed in
a checkerboard configuration. Nevertheless, a éurdtudy on the momentum changes
induced by depth averaged transverse flow is recemaed for a full overview of the
momentum exchanges in flow over a heterogeneowghrbattom.

The distribution of depth averaged turbulent mixifiggm ADV- and LES-results, is
shown in figure 59. This involves a very interestipgenomenon; the anti-clockwise
eddies (in a top view) at x=-1m produce a positive'. At the roughness inversion at
x=0m, these eddies are advected towards the bt due to the volume transport to the
smooth (left) side. Because the velocity gradi¢rtha parallel interface changes sign after
x=0m, eddies with an opposite directiam'¢'<0) are produced around the interface. This
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is exactly seen in figure 59. As a consequencedages of the last section are dominantly
advected towards the downstream smooth side. Ifctiezkerboard sections are rather
short, these eddies are advected again towardsntegace and can stimulate the
momentum exchange in an early stage of a new rasghsection.
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Figure 59: Covarianceu'lV', depth averaged, from ADV results (left panel) a5 (right
panel). The bed roughness for the LES was setdokehboard sections of 5 meter long; for the
experiment (ADV) 4 meter long. The shaded areasatelrough bed areas.

However, the advection of eddies is not very steddyanalysis of the vorticity in time
based on LES-results (not shown) makes clear thdiedre irregularly shedded to the
smooth side from x=0m. The distribution ofv' in vertical cross sections agrees with
this analysis (see figure 60); the areas of higradance can not be linked directly in the
sequence from x=0 to x=1 to x=2m. Figure 60 fumh@ne suggests that the advected
eddies above the smooth side are slowly shiftimgatds the surface in their downstream
follow-up.

The momentum exchange by advection is extremelgutes (since the — depth dependent
— transverse volume transport is overwhelming tlessiple secondary circulation).
Moreover, the secondary circulation was shown todyg weak or absent, So momentum
exchange by this mechanism can be neglected. Theentam exchange by turbulent
mixing (equation 17) as function of longitudinals@@ince is given by figure 61. The
momentum transfer over the parallel interface blgulent mixing is at maximum at x=0m.
It takes about 1 meter after the roughness reversmil the shear stress has switched its
sign. Although the magnitude of the momentum tranbketween x=0 and x=1m is quite
small, this transfer slightly supports the invensas the velocity gradient at the interface.
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Figure 60: Covarianceu'lV', in depth and width for four cross sections. Lama of ADV-
measurements are indicated by crosses. All plots legual scales.
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Figure 61: Depth averaged values faflV' (i.e. T.), at the parallel interface (y=100cm), from
ADV- and LES-results. The LES results are multiplig 3 for a better scaling.

Bed shear stress

Figure 62 shows the bed shear stress in 4 congeaurbss sections, measured by using
the ADV for two cases. The magnitude of the stressomewhat larger above the rough
side compared to the (un)developed flow. The bedrssieess above the smooth side is
similar to the former configurations. Therefore thierence in stress between the smooth
and rough side is larger; typical for an undevetbfarallel) flow. It is also obvious that
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the rough side has an even higher bed shear $ig@ssn the undeveloped flow in chapter
4 since the upstream conditions are not uniformitrting. A consequence of this bed
shear stress pattern is that the checkerboardgrwafion induces extra bed friction and
(alternately switching) transverse water level slp

Transverse profiles of bed shear stress, ADV, 0.040n:i/s, 8cm Transverse profiles of bed shear stress, ADV, 0.100n:?/s, 15cm

150 100 50 150 100 50

I I 05
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Figure 62: Bed shear stress, derived by fittingticat profiles of u'lW', obtained by using the
ADV, for two depth cases.

Figure 63 shows that the bed shear stress hagla suiximum just after a smooth-rough
reversion when derived by fitting the logarithmawl of the wall. This is not clear by
figure 62, probably because the profilesudfv' are more sensitive to the non-uniform
effects (non-linear vertical profiles) than the doighmic law of the wall. Nevertheless, it
can be said that a high bed shear stress is masiEtr the full rough section. This is
typical for a moderate development which was atngn the time-averaged velocities.
As a consequence, the (width averaged) frictionffiobent is almost constant in

longitudinal direction; see figure 64.

Bed shear stress [Pal], derived by log-law Bed shear stress [Pa], derived by log-law
ADV, 0.100n%s, 15cm LES, 0.100m’s, 15cm
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Figure 63: Bed shear stress in two dimensions,veeriby fitting vertical profiles ofu'lW' from
the LES.
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-3 Evolution of S measured by ADV, derived by two methods

. —>— 0.100m%s, 15cm, by uw’
O - ' -O - 0.100m¥s, 15cm, by log-law
h | ) — ® —0.100m%s, 22cm, by Uw’
e —HE— 0.100m%s, 22cm, by log-law
7.5, I B0) I I I 17
-1 -0.5 0 0.5 1 15 2
x [m]

G width averaged
(03]
(9]
T
|

Figure 64: Friction coefficient £ as function of x along a checkerboard sectionly@esults for
the 0.100ris cases are shown, derived from ADV-data. Theegafar ¢ are calculated in two

ways; by fitting the velocity profile to the logdminic law and by fitting thel'TW' profiles.

Effective friction

The water level profiles are shown in figure 65.dCle visible are the shoulders in the
water level at a roughness reversion, especialyaiie from smooth to rough (x=0m).
Except for this backwater effect, the water leveésrather linear.
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Figure 65: Water level profiles for all cases, ma@sl by using the electronic gauge. The
measurements are corrected for the carriage refezdyy using a still water measurement.

The water level slopes are calculated based on #iervlevels at x=-1.5 and x=6.5m,
since these locations are both at the same positi@anroughness section (both above a
smooth bed, 2.5m after a reversion). Hence, thect¥k friction can be calculated again
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from the water level slopes and compared to thdinpreary (homogeneous case)
theoretical equivalents. Table 5 shows that thecetife friction factor is increased by
about 40% compared to a theoretical parallel amgbr@athout interaction.

Table 5: Water level slopes and correspondingifisitfactors of checkerboard configuration.

Q h  (cm, | Theoretical values, based on individual sections fett measured !

(mS/S) at X=8m) ks, ruw (m) fruw fsmooth feff, theory feﬁ measured feff, theory
0.0075 35 0.018 0.139 0.042 0.070 0.103 1.47
0.040 8.0 0.015 0.078 0.027 0.043 0.060 1.42
0.040 11.0 0.014 0.066 0.027 0.040 0.058 1.46
0.100 15.0 0.011 0.055 0.022 0.033 0.043 1.33
0.100 22.0 0.008 0.042 0.022 0.029 0.040 1.36

The results from the LES show again smaller effectiction factors; the checkerboard
configuration had 17% extra friction compared te talculation of equation 8. For the
same reasons as for the developed parallel sitydtie actual results will be in between;
the effective friction can best be estimated aual30% extra with respect to the results of
equation 8.

The higher friction compared to the developed parakses can be explained by the extra
bed shear stress above the rough side (see fi@urdgis serial roughness change causes
significant extra bed friction. Although the traesse momentum exchange is small, the
parallel roughness change has indirect also a leogéribution to the effective friction
factor. The parallel roughness change introducesnauniform upstream flow condition
and a longer development length. So, the combinaifathese roughness changes is the
most effective way to increase the effective bextiém.

Recommendations for 1D and 2D modelling

Again, a flow over a rough bed in checkerboardgratmight be approximated by a 1D or
2D model (in order to reduce calculation power @inte). Some recommendations for
such models can be given based on the experimanthis configuration. An exact
checkerboard pattern in roughness will not occuerofin practical situations. This
checkerboard configuration is rather a typical eplenfor roughness variations in serial
and parallel direction. Different variants with cimed serial and parallel roughness may
give different quantitative results, but the prpieiis probably equal to this case.

A 1D model must account for the surplus in bedtifsit compared to the friction factor
calculated by equation 8. The experiments on a @rbolrd pattern with 4 meter sections
showed that about 40% extra friction should benakéo account, in a range of kugih
between 0.09 (22cm case) and 0.54 (3.5cm casethEahallow flow (3.5cm case), the
theoretical value appeared to be uncertain in theldped parallel flow (see table 4), so
also for this configuration a larger uncertaintpsld be taken into account for this highest
relative roughness.

A horizontal 2D (xy) model allows to impose the wmdtspatial roughness distribution.
However, two effects are not taken into accounafdepth averaged flow:

- the transverse interaction due to turbulent mixaygr vortices
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visc,

- the extra roughness at a serial smooth-to-rougmgshalue to a non-adapted
velocity profile in vertical direction

The first effect was also involved in the develogedallel flow situation. An effective
turbulent viscosity was rather effective there tonm the measured velocity profiles. No
secondary circulation occurs in this configuratisa,the turbulent viscosity parameterizes
only the turbulent mixing §'v'). Results in two dimensions based on ADV- and LES-
data are shown in figure 66 (left and middle pan&lthough the distributions of turbulent
viscosity are peaky, the differences between tiverae depth cases are relatively small
(not shown); all cases show a pattern with the dsglalues close to the parallel interface,
and following the velocity maximum. Negative valuean be found regularly in the
middle above the rough side and is due to advecti@ddies from the last section (while
the velocity gradient already switched sign). Thioeity and covariance magnitudes are
small in this section, so this is only a minor efféA physically based estimate, such as in
equation 21, also shows the highest values fotuH®milent viscosity around the parallel
smooth-to-rough interface (figure 66, right pan@his motivates the hypothesis that the
secondary circulation (in the developed paralledswesponsible for the different pattern
in the effective turbulent viscosity. For this cigofration, the pattern defined by equation
21 can be used for the effective turbulent visgosita 2D model, although the measured
and simulated results differ considerably to thénested values in some areas. The
magnitude of the measured turbulent viscosity il simewhat larger than compared to
equation 21, especially around the parallel inta&xfarhis magnitude better matches the
measured and simulated results (for this configomaby modifying equation 21 to:

Vi = % Qfc; UTh+p23° [‘J?Tl;| (equation 26)

With g = 0.25 in stead of 0.1.

0.5p

oo (= UV / (du/dy) ) [rPis], ADV, 0.100n?/s, 15cm visg, , [mAs], smoothed, LES, 0.100ms, 15em 10° \ V, ¢, estimated by eq.26 and LES-data
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Figure 66: Distribution of turbulent viscosity foransverse direction. Left panel: based on ADV
measurements. Middle panel: based on the LES sefRiljht panel: estimates from equation 26.
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The second effect can be included in a model bynarease in the friction parameter.
Since the flow develops very slowly in a checkerdoaonfiguration, the friction
parameter only slightly changes over a roughnesisose see figure 67. The values for c
are at maximum in the middle (in some cases atb#ginning) of a rough section.
Apparently the velocity adapts just as fast tortee bed roughness as the bed shear stress;
possibly due to an upstream water level effect ithfiiences the velocities already before
the roughness reverses. A step function can be tosieadplement the bed roughness in a
2D model for a proper representation of a checlandpattern.

c, ADV, 0.100nm/s, 15cn Cf, based on log-law Cf‘ based on shear stresses
f » Ve s
LES, 0.100m3/s, 15cm

LES, 0.100m%s, 15cm <107

N

k ‘xx'

40.01

+10.008

X [m]
x[m]

+10.006

160 5IO 1450 100 50 1A50 - 100 50
y [em] y [em] y [em]

Figure 67: Distribution of friction coefficient ovex checkerboard section. Left panel: based on
shear stresses as measured by the ADV (crossestiedineasurement locations); right panel:
based on the LES; shear stress and log-law.

Furthermore the total effective friction should4@% higher than based on a parallel flow
without any momentum exchange. Probably this isacbieved by the given distributions
of ¢ andvwp (just as in the parallel flow case). An additioshkar stress is required in
that case to achieve a 40% increase in effecticédin. A check in a 2D model (such as
WAQUA) is required to determine the value for tiigligional bed friction to reach 40%

in comparison with the theoretical friction paraerst

Furthermore the development of the velocity prefg@ould be investigated in a 2D model.
The development lengths as estimated in this res€&fcwater depths for a mixing layer
with uniform upstream conditions, about 100 watepttdis with non-uniform upstream
conditions) should be obeyed in a 2D model. Sincdepth averaged model can not
include the development of vertical profiles, tsult can be unsatisfying by using the
current spatial function oficln that case, sectional averaged values can ée msa
model with bed roughness in a checkerboard cordigur; the resulting velocity profile
should be equivalent to that in figure 55.

A final remark is that the spatial functions fgrand the turbulent viscosity are rather
uniform within a checkerboard section (figure 63, 66 and 64). That suggests that this
approach is also valid for shorter and longer lardinal sections of parallel roughness.
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6) Conclusions

There is relatively little known about the practiedfects of heterogeneous roughness.
Many researches have been done to compound chiémmekome to transitions in serial
roughness changes and some to secondary flow algdaough beds. This research adds
to these previous ones values for the effectiveidm of flows over parallel rough beds,
the corresponding length scales and explanatiothefmixing layer processes. For that
purpose a comprehensive set of measurements inzohial flume was done, with focus
on the mixing layer, using an ADV, PTV and gaugesitiermore a LES was used to
simulate the flow under the same conditions.

The results from the developed parallel flow showaaymmetrical transverse profile of
the longitudinal velocity; with a longer spanwisength to reach a constant velocity
(0u/oy=0) above the smooth side than above the rough Sige.shown presence of a

clear secondary circulation has a role in these.CEm¢re of the secondary circulation was
located above the smooth side, explained by amajy#he turbulence kinetic energy
balance.

The secondary circulation gives rise to momenturmhaxge in transverse direction, in
addition to the turbulent mixing. The advective matoen exchange due to the secondary
circulation appears to be in the same order of nadm as (or little larger than) the direct
turbulent momentum exchange. The results from the IdBSw that the relative
contribution of advective momentum exchange becola&er when the depth is larger
(smaller relative roughness) or the velocity is éow

Due to this mixing layer effects, the effectivectron is increased by 15-20%. Therefore,
in 1D or 2D models, an additional stress is regliceaccount for this extra friction.

In the development of the flow over parallel rougbes lanes, the transverse volume
transport is initially most striking. This flow cdoe scaled on the width of the flume and is
important in the first 4 meters (twice the widtfihe development length for the velocity
profiles (vertical profiles above the rough lammansverse profiles in the mixing layer) can
be scaled mainly on the depth of the flow. The ealtprofiles outside the mixing layer
develop in about 25 times the water depth; the myixayer at middle depth in about 50
water depths.

The transverse momentum transport due to a secordatyation was according to the
calculations also larger in the undeveloped floantlthe transport by turbulent mixing.
However, the momentum transport due to a secoraemylation is overestimated due to
a contribution of transverse mass transport andofnbe trusted after twice the width of
the flume. Nevertheless, it shows that the adveatnomentum transport can be also an
important mechanism in a developing mixing layer.

The depth averaged transverse mass transport plattsea role in the momentum balance;
this transverse mass transport causes acceleeattbdeceleration of the flow and hence a
changing amount of advected momentum in longitudiiraction. Considering the flume
over its total width, this effect demands extra meotam during the transition from a
uniform to a parallel flow, which must be balandsdan increased water level slope. All
three described mechanisms have a significantanfia on the water level slope.

The water level slopes are locally affected by taet ®f a parallel rough bed. Furthermore,
the effective friction will increase even more htst serial smooth-to-rough transition
deduced from the bed shear stress profiles.

65



The flow over a bed roughness organised in an etedgeheckerboard pattern (with 4
meter sections) has a remarkable different diginbu The maximum velocity remains
close to the smooth-rough interface and developsstowly towards a flow over parallel
rough beds (about 100 water depths for velocitieniddle depth), with as a consequence
that the bed shear stress is even more pronouridbé aough side of the interface. No
secondary flow is observed in this configuration.rbillent mixing is neither very
effective since the vortices are changing direction before 1 meter after a roughness
change. Although, the effective friction is serigusicreased by this configuration; about
30% extra friction is observed in comparison wittdeveloped parallel flow without
transverse interaction. The combination of a semal parallel roughness change, as is set
in this checkerboard configuration, appears to gilage increase to the effective friction.
This is again an important issue to implement inahid 2D models.

Further research is recommended in the line of thndesimilar flows. The LES gave
very good resemblance of the time averaged vedsgitiut failed to represent the shear
stresses correctly. The bottom boundary conditidraulsl be revised and more flow
configurations can be tested. Besides that, fronpractical point of view the
implementation in 1D or 2D models can be descriipechore detail. By examining the
possibilities of implementation in prevailing mogelckages, the effects of heterogeneous
roughness can be optimal represented.
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Appendix A: List of used symbols

Greek symbols:

a T O R M

Vturb

Dissipation of turbulent kinetic energy trough the energy cascade
Von Karman constant (=0.41)

Angle of ADV beam

Water density

Shear stress

Bed shear stress (in longitudinal direction)

Molecular kinematic viscosity

Turbulent viscosity

Latin symbols:

A

Cr

(N
dso
doo

f

fotr
frough

fsmooth

Fr

Fox o=

=

Mdamt

Re

Tadv

Tdamt
Tmix

Cross sectional area

Friction coefficient (= /8)

Coefficients correcting in momentum balance for non-uniformity
Median diameter of roughness elements

90% percentile diameter of roughness elements

Friction factor (Darcy)

Effective friction factor

Friction factor of rough bed

Friction factor of smooth bed

Froude number

Gravitational constant (=9.81 m/ sz)

Total water depth

Turbulent kinetic energy

Nikuradse roughness height

Mass of water volume

Momentum flux in x direction, caused by depth averaged mass transport
Hydraulic radius

Reynolds number

Discharge

Water level slope

Transverse momentum exchange by secondary circulation advection
Momentum flux gradient due to depth averaged mass transport
Transverse momentum exchange by turbulent mixing
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Vx, Vy, Vz
Vi, V2, V3, Vg
w

X

y

Local velocity in longitudinal (x) direction
Depth averaged velocity in longitudinal (x) direction
Depth averaged longitudinal velocities in a control volume

Normalized functions of U, U, and V

Friction velocity

Local velocity in transverse (y) direction

Depth averaged transverse velocity

Velocities in a Cartesian coordinate system relative to the ADV
Velocities in the direction of respectively ADV beam 1, 2, 3 and 4

Local velocity in vertical (z) direction

Coordinate for longitudinal direction, increasing in downstream direction

Coordinate for transverse direction, increasing towards left side (with respect
to x-direction)

Coordinate for longitudinal direction, increasing in upward direction
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Appendix B: Quantitative differences in turbulence
between ADV and LES results

The time-averaged velocities from the LES are in very good agreement with the ADV-
measurements. The shear stresses and turbulence quantities however, appeared to be
systematically lower. This appendix compares these values and its distribution.

Figure B.1 shows the shear stresses of ADV-measurements of the developed flow in case of
15cm depth. Figure B.2 shows the equivalents from the LES-results. The magnitude of the
stresses in the LES-case is much smaller than in the ADV-measurements, respectively 4x, 3x
and 10x smaller in the LES-results. However, the distributions of u'v' and u'w' are rather
similar in the LES- and ADV-results.

Note that the lowest data grid cell has a very small value for u'w' in the LES, while the
maximum value can be found in the ADV-data for this depth level.
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Figure B.1: Covariance terms 'y (upper panel), y'. " (middle panel) and .y (lower panel)
deduced from ADV-measurements. Measurement locations are indicated by crosses. Linear
interpolation used. Scales are not equal.
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Figure B.2: Covariance terms 'y (upper panel), 'y (middle panel) and y'.y' (lower panel)
deduced from LES-results. Scales are not equal.

To decide whether the discrepancy in magnitude is due to the LES or the ADV-measurements,
the local friction coefficients can be compared. Figure B.3 shows these transverse profiles. An
overall friction coefficient could be deduced from the roughness height (using the Colebrook
equation and c¢ = f/8). This would lead to values of cf = 0.0067 for the rough side and 0.0027
for the smooth side. The local values derived from the ADV are exceeding these overall
values; the LES underestimates the local cr. A similar discrepancy can be found for the 8cm
and 11cm case. From this result can be concluded that the covariance term u'w' is measured
too high in case of the ADV-measurements and estimated too low in the LES. This suggests
that the actual shear stress is in between the values obtained by ADV-measurements and LES-
results.
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A possible explanation for the too high values in u'w' can be an aliasing effect or (non-
independent) instrument noise in several velocity components. The noise can indeed be
expected non-independent since (especially in a 3-beam solution) the instrument noise in one
beam leads to a deviation in several Cartesian velocity components. An analysis on cross-
spectra of the velocity data would give certainty of the aliasing effect; this is waived due to
the limiting time of this research.
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Figure B.3: Transverse profiles of friction coefficient, for ADV-measurements (upper left) and LES-
results (upper right). Both derived from data of in the 15cm-case. Lower panels are for the 8cm case
(left) and 11cm (right). Overall expected values (based on Colebrook equation) are indicated for all

profiles,

To further investigate the origin of the differences between the LES- and ADV-results, the
turbulent kinetic energy and turbulent fluctuations for individual components are studied.
Figure B.4 shows the turbulent kinetic energy k. The distributions of k show again a similar
pattern, but again the turbulent kinetic energy is larger in magnitude (3x) in the ADV-
measurements with respect to the LES-results. The difference is some smaller above the
smooth bed. It appears from this figure that the magnitude of turbulent fluctuations are
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smaller in the LES-results (especially above the rough bed) and thus the correlation between
u’, v’ and w’ is similar in case of ADV- and LES-results. This can be understood by realizing
that the LES does not include the roughness effects on the turbulent fluctuations (Nezu &
Nakagawa, 1991, p.). The effect of roughness on the turbulent fluctuations of individual
components is most markedly close to the bottom. This can explain the low value in k and
u'w' close to the bottom.

k [m%s?, ADV, 0.100n%s, 15cm %107
15 T T T T T T T T T T T 5
4

0
150 140 130 120 110 100 90 80 70 60 50
y [em]
k [m%s?, LES, 0.100m%s, 15¢m

z [em]

| 1 1 | | I I 1
150 140 130 120 110 100 90 80 70 60 50
y [em]
Figure B.4: Turbulent kinetic energy (k) deduced from ADV-measurements (upper panel) and LES
(lower panel). Scales are not equal.

A last check to compare the distribution of turbulence quantities is given by figure B.5. These
normalized profiles match moderately; in general the normalized turbulent fluctuations are
some larger for the LES-results, except at low depth for the transverse and vertical direction.
This is in accordance to literature results (Nezu & Nakagawa, 1993). This motivates the
hypotheses that the turbulence intensities at the bottom are estimated too small in the LES,
causing smaller turbulent stresses and smaller u*, but resulting in a similar distribution as
measured by using the ADV. In conclusion, the turbulent shear stresses differ between the
LES and ADV results. The ADV seriously overestimates the turbulent shear stresses, the LES
underestimates is still a useful tool to understand flow processes, but the stress and turbulence
magnitudes are not reliable. An improvement of the boundary condition at the bed in the LES
is recommended for a follow-up research.
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Normalized turbulence profiles
ADV and LES, O.1OOm3/s, 15cm
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Figure B.5: Turbulent fluctuations of individual components, deduced from ADV-measurements and
LES above the rough side (y=50). Profiles are normalized on (local) friction velocity. Profiles at

different width coordinates are very similar.
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Appendix C: Determination of individual roughness heights

To calculate a theoretical effective friction in a parallel rough flow situation, the roughness
parameters for the individual (rough) bed compositions are required. The Darcy friction factor
is not convenient for this purpose, since this parameter is dependent on the depth and
Reynolds number. The Nikuradse roughness height (k) is better applicable, since this
parameter is only a property of the bed composition. The derivation of the Nikuradse
roughness height for respectively the rough and smooth bed is shown below.

Homogeneous rough case

Measurements over a homogeneous rough bed were done by Jarquin (2007). The bed was
covered over the complete width with the same stones used for the parallel cases. In the
longitudinal direction, the rough section spanned over 7 meter. The water level slope was
calculated only based on the middle part of this rough section, since the edges had a non-
linear water level course (figure C.6)
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| | | | | | |
0254 T ¥ - h=016m 1’”””
L | | | Y =-0.0457x +0.3577 |
| | | | |
2 =
0.20 - l " l ‘ l R?=09808 l
| | | | | | |
| | | | | | |
—~ | | [ ] | | " I [l
=] | | | | ' '
S 015 | r ; " ; ; h=0.175m
3 | | | ‘ ! y =-0.0303x  0.2343
! ! ! ! R? = 0.9895
| + ° | | | :
0.10 4 | | [ ] | | |
| | | | |
| | | |
l l l l l
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Figure C.6: Water level course for three depth cases, total discharge of 0.120m3/s, measured by
electronic gauge. From: Jarquin (2007).

However, Jarquin (2007) neglected the slope in the reference level of the gauge; the moving
carriage had a slight slope in longitudinal direction (figure C.7). The magnitude of the change
in reference level is larger than 10% of the water level slope itself, so a correction was
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actually required. Based on figure C.7, the water level slopes as measured by Jarquin (2007)
are increased by 0.00014 m/m.

Reference water level (still water)
1878 T T T T T T T T

18.76

18.74

Water level (cm)

18.72

18.7
0

Figure C.7: Reference water level course, based on (almost) still water, twice up and forth, measured
by electronic gauge.

Based on the corrected water level slopes, the friction factors could be calculated by using the
Darcy-Weisbach formula. Hence, the Nikuradse roughness height can be calculated by using
the Colebrook-White formula:

1 k b
—=—c-lo S 4 equation C.1
Jf g(a-R Rex/fj (e :

For the values of the parameters a, b and c, several sets of values are used, listed in table C.1:

Table C.1, parameters values for equation C.1, copied from by McGahey (2006).

Published by: a b c

Colebrook (1937), for pipe flow 14.83 2.52 2.00
Keulegan (1938), for rough beds 12.62 2.98 2.00
Rouse (1946), for wide channels 10.95 1.70 2.03
Graf (1971), for wide channels 12.90 2.77 2.00

The resulting Nikuradse height as function of the hydraulic radius is shown in figure C.8. The
Nikuradse height is decreasing with larger hydraulic radius, explained by the higher relative
importance of the (smooth) side walls. A trendline for the data using the parameters of Graf
(1971) reads the equation:

k, =-0.0733-R +0.0209 (equation C.2)
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This relation between k, and R was used for a calculation of the theoretical effective friction
factor. This result compares well with the Nikuradse height that was based on the stone
diameter (ks = 19 mm based on 2-dy).

0.02 - | | |
| | |
l l l
0016 L -~ o e .
| | |
8 Q l
| ! |
0012 - ‘ Q . . . o
é _’\w\g
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=4 0.008 1 ! | g ; |
« Colebrook-White (1937) V='0-g733><+ 0.0209
0.004 m Keulegan rough (1938) R*= 0"2276
“7% 7| A Rouse (wide channels, 1946) T
o Graf (wide channels, 1971) |
O 1 T T 1 1
0.110 0.120 0.130 0.140 0.150 0.160 0.170
R (m)

Figure C.8: Nikuradse roughness height for a homogeneous rough bed as function of hydraulic radius.
Water level slopes measured by Jarquin (2007), and treated as explained in text.

Homogeneous smooth case

A hydraulically smooth wall should obey the same Colebrook-White formula with a value for
ke=0. This could be validated by water level slope measurements. In contrast to the rough case,
there was no homogeneous smooth case to validate this assumption. The longest section that
could be used for determining the Nikuradse roughness height for the smooth bed was prior to
configuration la (used to investigate the developing parallel flow). In this case, the bed was
smooth for 6.5 meter in front of the smooth-rough split (see figure 4 of main report). The
difference between the gauges at x=-5.3 and x=-1.5 could be used to calculate the water level
slope and hence the corresponding Nikuradse roughness height.

However measurement errors seems to have a large influence in this case (since the water
level slopes over this smooth part were very small and only two measurement points were
possible), the results are scattered around k=0 with an outlier for the 22cm case. The water
level measurements in this 22cm case have relatively the largest errors of all cases, so this
outlier is held to be a measurement error. In conclusion, these measurement give no reason to
reject the assumption of k=0 for the smooth section.
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Figure C.9: Nikuradse roughness height for a homogeneous smooth bed as function of the hydraulic
radius. Water level slopes measured in from of configuration la.
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Appendix D: Momentum changes due to depth averaged
mass transport

A depth-averaged transverse mass transport brings momentum as well as mass from one to
another side. The transverse mass transport causes acceleration of the (depth-averaged) flow
on one side and deceleration of the flow on the other side of the flume. Therefore not only the
velocities at the interface must be studied, but an approach with considering a control volume
is required.

# pAU; Left control volume pAU, Eg_ﬂ
'# pAU,* pAC, Uy’ — mass

: transport

e e '-'-'-'-'-'-'-'-'-'-'-'-'-'-E .I.I.I.I.I.I.I.I.I.I.I.I.I.I.I.I.I.I.I.I.I.IE

2 IL H = momen-
‘ =>pAU

: pAU12 ph J. Vdx  ph I WAL ROV 2 tum transp.
‘ pAU; s 15 -!—>pAC3U3

Right control volume - :

Figure D.1: Definition of two control volumes in top view. The corresponding mass and momentum
fluxes are assigned.

Figure D.1 shows the control volumes that were defined in the main text. The value for the
(depth- and width-averaged) velocity u; is accurately known, since this equals the discharge
divided by the cross sectional area. The values for U, and Us; are less well known, since the
velocity profiles next to the side walls are relatively unknown. The transverse velocity is
monitored in a denser grid, which enables us to calculate the (depth- and width-averaged) U,
and Us based on the transverse velocity and a mass balance. This mass balance reads:

L
App Uy =Apg -Up+h- j Vdx (equation D.1)
L
Aight Uz = Aigne - Uy —h- I Vdx (equation D.2)
in which

L is the x-coordinate of the downstream end of the control volume.
Ajeri and Ayigne are the cross-sectional areas of the left and right control volume (=b-h)

The net transverse velocity is zero in a uniform flow, which is the case at a large distance of
the roughness split. At x=-1.5, the transverse flow was close to zero. Therefore, the integrals
in equation D.1 and D.2 can be started from x=1.5m in stead of -oo. Then the measured profile
of V in x-direction can be used to calculate u, and us.

Initially, consider a situation in which the velocity profiles U;, U, and Uj are uniform. The
momentum advected by the water can simply be calculated by the mass times the velocity.
This results for the left control volume in:
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L
Mipin =P A-U;-U +p-h _[ Vdx-U, (equation D.3)
s

2
L
Miegou =P-A-U, U, = P'b-h~(U1 +% I de} (equation D.4)
-15
in which b is the width of one control volume (i.e. 1 meter).

Note that the transverse momentum flux (last term in equation D.3) makes use of the velocity
U, since the longitudinal velocity at the interface is approximately equal to the average
velocity Uj;. The last equation can be rewritten by normalizing the function for V:

V(x)=U, ~{7(x) , in which ivf(x) is a normalized function for V as is shown in figure 38 of
the main text, copied in figure D.2.

Developement of transverse velocity (scaled), measured by ADV
0.08 T T T T T T T

0.06

0.04-

Vi/uU

0.021-

-0.02 | | | | | | |

X [m]
Figure D.2: Depth averaged transverse velocity (V) at y=100cm, normalised on the average
longitudinal velocity (U,;)

The change in advected momentum for the left control volume can now be written as:

2
L L
AMleftZP-h'Ulz[bJr f ivfdx}_p-b.h.mz[u% I \N’dXJ

-15 -15
:p-b-h-Ulz (K—Kz) (equation D.5)
in which
(I
K= 1+B .[ Vdx (equation D.6)
-15
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A similar derivation can be made for the right control, resulting in:

AM g =p-b-h- U12 ‘(N - Nz) (equation D.7)
in which
(e
N=1 Y J. Vdx (equation D.8)
-15

Since K>1 and N<I, it follows that AMix < 0 and AMye > 0. Therefore the pressure
gradients are increased at the left side and reduced at the right side by this effect. However,
these quantities are not exactly compensating each other. The total change in advected
momentum equals:

AM gy =p-b-h-U” (K =K” + N- N’

=p-b-h-U; -(1+IV—1—(IV)2—ZIV+1—IV—1—(IV)2+21V)

=—2p-b-h- U12 ~IV2 (equation D.9)
in which
(I
I, :B I Vdx (equation D.10)
-15

The depth dependency is not evident since I, appeared to be larger in smaller depth cases (due
to the higher relative roughness, shown in the main text). The dependency on the transverse

. 1 . . . . .
velocity (note: Ul2 -IV2 Z—IVZdX) is undisputed. This underlines the importance of

b2
accurate (transverse) velocity measurements.
For the contribution on the pressure gradient, the change advected momentum per unit area
must be analyzed, i.e. the gradient of equation D.9. The derivative of equation D.9 to x (and
using in b=1) reads:

20-h-U2.12 2
Tdamtza( » haXUl b )=—2p.h.U12.a(;; )=—4p-h-U12-\7-IV

L
=—4p-h-Uz2-V. J' Vdx (equation D.11)
“15

This clearly shows that transverse mass transport at the end of the undeveloped region causes
much more momentum deficit than an equal mass transport at the start of the transition (due
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to the integral part). This can be understood by realising that the momentum flux is dependent
on the longitudinal velocity squared; for example an increase in U from 0.2 to 0.3 m/s creates
less change in momentum than an increase from 0.3 to 0.4 m/s.

An important assumption for this derivation was that the velocity fields U;, U, and Uj; are
individually uniform. This is not the case for three reasons:

e Dbottom friction leads to a vertical changing velocity
o side wall friction leads to a boundary layer close to the side walls

o a distinct velocity above the rough and the smooth side creates a mixing layer with a
gradually changing velocity profile

The first and second effect occur before the influence of the parallel rough bottom as well as
in the developed flow. Although these effects might cause a change in advected momentum
(due to the changing bottom roughness and velocity magnitudes), the changes for the
momentum are expected to be minor compared to AMg.m. The last effect only occurs at the
(partly) developed flow. Therefore a correction must be applied to account for the non-
uniformity of the velocity in the mixing layer. That can be done by normalising U, and Us to

its average values, i.e. U,(x)=U,-U,(x) and Uy(x)=U; -U,(x), in which U,(x) and
U ,(x) are dimensionless velocity profiles with an average value of 1. Now, the average value
for the velocity squared can be given by:

Uz2 :U—zz‘ﬁzz :U22-C2 (equation D.12)

Ul = U_32 .632 =U,"-C, (equation D.13)

The parameters C, and Cs are slightly larger than 1 since the average values of ﬁz(x) and

I~J3 (x) are by definition exactly 1 (and every non-uniformity gives an increase for the average

squared value). Measured data from the developed situation (x=12.5m) reveal that C,~1.01
and C3=1.001. C, is larger than Cj since the mixing layer is wider above the smooth side than
above the rough side. Finally, the momentum change and its gradients can be written by:

AM g, =p-h .UIZ .(2—C2 .(1 +IV)2 -G, ~(1—IV)2) (equation D.14)
— ~ 1 L ~
Thamt et =—2p-h-U, ‘V'[Cz _§+C2 .[ VdXJ (equation D.15)
-15
—_ ~ 1 L
Tamt right = —2p-h-U, 'V'L—Q +E+C3 I de} (equation D.16)
-15
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L
Tdamtzzp'h'Ulz',\v/' C;—C,—(Cy+GCy)- _[ Vdx (equation D.17)
15

Applying the measured transverse velocities, the profiles of Ty, along the x-coordinate can
be calculated. Figure D.3 and D.4 shows the result.

Tdamta[ong X, for individual control volumes
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Figure D.3: Ty for individual (left and right) control volumes against x, based on measured
transverse velocities applying equations D.15 and D.16

profiles of T _ . along the x—coordinate, measured by ADV
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Figure D.4: Ty, against x, based on measured transverse velocities applying equations D.17. This
result can be derived by summing the graphs of the individual control volume (figure D.3)
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