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AbstratThis thesis fouses on hydrodynami proesses above and within granular beds suh as ingravel bed streams, rivers and man-made anals. As a ore of the work, laboratory �umeexperiments were performed. The interation between turbulent �ow and three di�erentkinds of porous beds was investigated. A 2D Partile Image Veloimetry system measuringin streamwise vertial or horizontal planes above the bed was used, synhronized with asensor array of 16 miniaturized piezometri pressure sensors within and slightly abovethe bed. This setup enabled the 2D-visualization and quanti�ation of instantaneoussimultaneous veloity and pressure �elds in the near-bed region. Results under stable bedonditions showed alternating large-sale wedge-like strutures of uniform momentum,inlined downstream at an angle of 10− 20° to the bed. Aompanying this, a signi�antpressure drop was observed in regions where �uid with high veloity interated with slowermoving �uid in the sense of a sweep event. Conditional sampling tehniques showed thatthis �ow-pressure interation is a harateristi pattern. The deay in pressure an lead tothe initial lift needed for the entrainment of single grains. Furthermore, it an be seen asthe fundamental promoter for the exhange of mass and momentum from the free streamto the hyporrhei interstie � a vitally important fator for the eologial equilibriumof the whole aquati system. Finally, the experimental �ndings were used to develop a'sediment leaner' formula. This relation predits the depth within a porous bed fromwhih �ne sediment of a given size an be removed by turbulene. Thus, a tool is givento estimate the morphologial and in turn eologial e�ieny of �ash �oods downstreamof water power plants.



KurzfassungThema dieser Arbeit ist die Erforshung hydrodynamisher Prozesse oberhalb und in-nerhalb eines überströmten Kiesbettes. Laborexperimente bilden dabei den Shwerpunktzur Untersuhung der Interaktion zwishen der turbulenten Gerinneströmung und dreiVarianten einer porösen Sohle. Ein 2D Partile Image Veloimetry System wurde einge-setzt zur Messung in einer vertikal in Strömungsrihtung aufgespannten Ebene sowie inmehreren horizontalen Ebenen über dem Kiesbett. Jeweils synhron dazu kam eine aus16 miniaturisierten piezometrishen Druksensoren bestehende Anordnung innerhalb undleiht oberhalb der porösen Sohle zum Einsatz. Dieser messtehnishe Aufbau ermöglih-te die zweidimensionale Visualisierung und Quanti�zierung von instantanen, simultanenGeshwindigkeits- und Drukfeldern. Ergebnisse bei unbewegter Sohle zeigen kohärente,alternierende, groÿskalige und keilförmige Strömungsstrukturen. Sie weisen einen typi-shen, in Strömungsrihtung zur Horizontalen geneigten Winkel von 10 − 20° auf. Be-gleitend hierzu tritt ein signi�kanter Drukabfall in Regionen auf, in denen Fluidballengeringer Geshwindigkeit im Sinne eines sweep Ereignisses von Zonen hoher Geshwin-digkeit 'überrollt' werden. Mit Hilfe einer onditional sampling Methode konnte gezeigtwerden, dass diese Geshwindkeits-Druk Interaktion einem wiederkehrenden, harakte-ristishen Muster folgt. Die wirkenden Kräfte sind ausreihend für die initiale Bewegungeines Einzelkornes. Sie können als fundamentaler Motor für den Transport von Masseund Impuls von der Aussenströmung hin zum hyporheishen Interstitial gesehen wer-den � letztendlih ein lebenswihtiger und entsheidender Faktor für das Gleihgewihtdes gesamten aquatishen Ökosystems. Mit den experimentellen Ergebnissen wurde eine'Sediment-Reinigungs'-Formulierung entwikelt. Diese Beziehung shätzt in einem gra-nularen Bett die Tiefe, bis zu der feines Sediment in Folge von Turbulenzeinwirkungausgetragen wird. Damit kann z.B. bei Spül�uten durh Wasserkraftwerke vorab eine Be-urteilung der morphologishen � und damit auh der ökologishen � Wirksamkeit erfolgen.
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1 Introdution1.1 BakgroundHydrodynamis plays an important role in most of the physial proesses at riverbeds. Itontrols the mehanisms of erosion and sedimentation, as well as the exhange of massand momentum between the main �ow and the hyporrhei interstie, i.e. the void volumein a gravel bed. In this, hydrodynami proesses in�uene deisively the quality of thehabitat for miro-organisms like insets, larvae and �sh spawn. Moreover, the hydrauliexhange regulates the reative proesses of the mirobial biomass in the form of algae,bateriae and fungi, as well as the inlusion or mobilization of pollutants and persistentsubstanes like heavy metals or dioxin. Fig. 1.1 gives a shemati illustration on howhydrodynamis in�uenes the physial and biologial proesses at a streambed.

Figure 1.1: Shemati illustration of turbulene-related phenomena suh as sedimenttransport, �ow-biota interations and pollutant spreading.The adequate knowledge of sediment transport is one of the main hallenges in hydrauliengineering. In the idealized ase of undisturbed intat river dynamis, the bed loadtransport is balaned by both erosion and sedimentation proesses. The bed texture isre-ordered from time to time, mainly due to �ood events. Olusion e�ets are seldom anda broad biologial diversity is predominant. However, in most European rivers the e�etsof bed load feeding are atually strongly attenuated by barrages in the upper reahes aswell as regulation works and urban developments in the on�uenes. The result is a de�itin bed load. For instane, the Elbe River deepens by 1-2 cm/year in a length of 110 kmbetween Torgau and Wittenberg. Consequently, a dereased water level auses − besidethe problems for navigation − negative e�ets on the ground water level and in turn onthe whole eosystem of the �oodplain. 1



1 IntrodutionPrediting the morphodynami development of a river bed depends essentially on theadequate modeling of small-sale proesses in the order of milliseonds and sub-millimetersto get aggregate information on the river evolution over muh larger time and spae sales.Over the last 100 years muh researh work has been done to obtain insight into thebakground of bed stability. Shields (1936) developed the onept of a ritial shear stressto estimate the boundary between a stable and a moving bed, established by averagedparameters of �ow and granular material. Until the present day, the majority of preditiontehniques have been based on this lassial work or empirial modi�ations thereof, andhighly time dependent �ow dynamis are not expliitly taken into onsideration. Thereason is trivial: the understanding of hydrodynamial proesses and their interation witha porous bed is not developed far enough. Consequently, a onsiderable satter betweenpredited and atual morphodynami development is inevitable. To minimize this satter,a thorough understanding of the physial mehanisms is needed. For a derivation of aphysially-founded desription of the �ow-indued, �utuating fores ating on the bed,information on both the dynamial struture of the open-hannel �ow and the interstitialpore �ow, as well as their interation, is neessary.Kline et al. (1967) showed that turbulent �ow is not simply haoti, but inludes well-organized oherent strutures. Inspired by these �ndings, various studies on turbulentoherent �ow strutures were arried out thereafter, for both smooth walls (e.g. Head &Bandyopadhyay, 1981; Zhou et al., 1996; Adrian et al., 2000b) and also for rough beds(e.g. Grass et al., 1991; Shvidhenko & Pender, 2001; Stösser et al., 2005). Maro-turbulent oherent strutures in natural rivers, similar to those reported for laboratoryexperiments, were revealed to be elongated in shape and sale with the �ow depth (Royet al., 2004). Sutherland (1967) and Jakson (1976) pioneered the relations between o-herent strutures and sediment erosion and transport. Experimental results show thatthese strutures play an important role at the inipient point of grain motion (e.g. Drakeet al., 1988; Sehet & Le Guenne, 1999; Ho�and & Booij, 2004). Thereby, progress inthe way of studying oherent strutures depends essentially on the development of om-puter power for data proessing and numerial simulations as well as on re�nements inmeasurement and data analyzing tehniques, espeially for �ow visualization.Most of the above mentioned studies foused on the veloity �eld in a vertial stream-wise plane, disregarding its lateral extension as well as the bed permeability. Pressuremeasurements were onduted with muh less intensity in the past, mainly due to theirredued appliability in water �ume experiments. However, sine reent developments inmeasurement tehniques overame their shortomings, high-resolution pressure measure-ments an be onduted also in rough bed �ows (e.g. Ho�and et al., 2005).A omprehensive measurement ampaign has to be onduted to develop a synoptiunderstanding of the individual hydrodynami proesses and espeially their intera-tion with a porous river bed. Not until then an a detailed knowledge about thehydrodynami proesses serve both engineers and biologists as a tool to understand, topredit, and to improve the eologial development of the whole aquati habitat of a river.
2



1.2 Researh Objetives and Overview1.2 Researh Objetives and OverviewThis thesis fouses on the hydrodynamial proesses that our in the main �ow andwithin rough porous beds. Laboratory measurements and their detailed analysis are theore of this work. The hydrodynamis of open-hannel �ow, interstitial pore �ow, andespeially their interation are investigated in a physial �ume experiment.The �rst aim of this thesis is a re�ned understanding of the hydrodynamis of �ow andpressure above and within a porous river bed. To do so, simultaneous measurements ofthe physial loads due to both veloity �elds and pressure �elds � respetively on top andwithin the porous bed as well as in the turbulent open-hannel �ow � will be performed.To this end, miniaturized pressure sensors have to be developed, alibrated and tested.A partile image veloimetry (PIV) system has to be adapted to the �ume onditions.Rough-bed �ow measurements will then be based, for the �rst time, on the simultaneoususe of an array of pressure sensors and an image veloimetry tehnique. A synopti viewof instantaneous pressure �elds and veloity �elds will be realized by analysis tehniquesapplied to the data sets obtained. Key topis are the identi�ation and the quanti�ationof relationships between instantaneous �ow �elds (inluding the region below roughnesstops) and resulting bed-pressure �elds. The bed-pressure is losely onneted to theveloity �eld and gives a diret insight into the turbulent �ow regime as well as to dragand lift fores.The seond aim is to signi�antly improve the understanding of the physial proessesinvolved in erosion and near-bed transport of sediments. The �ndings onerning typialpressure-�elds and losely onneted �ow strutures provides a useful basis for on�rmingand supplementing existing entrainment models. The prinipal �ndings will be involved inthese models. The attainment of this objetive will provide a basis for future developmentof an advaned oneptual framework for designing better relationships for preditingsediment entrainment.The thesis ontains the following elements:� The governing proesses are eluidated by a literature review (Chapter 2).� A desription is presented of the arrangement and instrumentation of the experimen-tal �ume. An image veloimetry system was installed and alibrated for measuringnear-bed �ow strutures, highly resolved in time and spae. Miniaturized pressuresensors were developed, tested and inserted (Chapter 3).� The experimental results are analyzed and presented in omparison with the stateof researh elaborated in Chapter 2. Data analysis tehniques are spatial �ltering,spetral analysis and spetral separation tehniques, FIR-�ltering, ross- and au-toorrelation, and vortex identi�ation tehniques. Taylor's hypothesis is used totransform time series of pressure to spatial pressure �elds. Data analysis tehniqueslike spliing methods of vetor �elds and onditional sampling tehniques help toidentify the essential physial proesses. In this, the mehanisms of interation be-tween the outer �ow and the hyporrhei interstitial �ow are desribed. The resultsare disussed (Chapter 4). 3



1 Introdution� As an example, a pratial approah is developed to predit the wash-out e�etof �ne sediment in a stable porous bed, based on the prinipal �ndings of theexperimental study (Chapter 5).� A summary re�ets the essential �ndings of this thesis. Reommendations onern-ing open questions and forthoming researh projets are given (Chapter 6).

4



2 Governing ProessesAbstrat. A literature review onerning the hydrodynami proesses above and withinporous beds underlying open-hannel �ow is given. The governing equations are presented,inluding double averaging methodology. In turbulent open-hannel �ow, the momentumtransfer within the �uid domain is diretly linked to the drag at the bed-wall perimeter.Shear essentially dominates the veloity distribution. A �ow layer onept is introduedfor mean veloities, based on harateristi length and time sales. A distintion is madebetween the free �ow, the �ow in the roughness layer and the subsurfae �ow in a porousbed. Then, the properties of turbulene are handled. Turbulene is realized at the ex-pense of mean-�ow energy, where turbulent energy is transferred in a asading proess ofeddies and �nally is dissipated at the smallest sales. Turbulene intensity distributionsare given for open-hannel �ow as well as for porous bed �ow. However, turbulent �owsare not simply haoti and random: related and self-sustaining �ow patterns an be ob-served repeatedly, so-alled oherent strutures. A �uid domain is haraterized by both�ow veloities and pressure. Fluid pressure, turbulent wall pressure �utuations, and theresulting fores on single grains are treated subsequently. Several approahes to sedimententrainment are presented.2.1 Fundamental EquationsFluid motions are desribed by the mass onservation equation,
∂ρ

∂t
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∂ρuı

∂xı
= 0 , (2.1)and by the Navier1-Stokes2 momentum onservation equations, respetively,
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, (2.2)where ı,  = [1, 2, 3] following the Einstein3-notation. The spatial oordinates are xı, and tdenotes time. uı = ıth omponent of the veloity vetor, p = pressure, gı = ıth omponentof gravitational aeleration, ρ = �uid density and ν = kinemati visosity. Unfortunately,exat analytial solutions are only available for a few exeptions, like laminar �ow withsimple geometrial boundaries. The remaining analytially unsolvable �ow problems anbe approximated by numerial methods, however.1Claude Louis Marie Henri Navier: * 1785 in Dijon (F); � 1836 in Paris (F)2Sir George Gabriel Stokes: * 1819 in Skreen (IRL); � 1903 in Cambridge(UK)3Albert Einstein: * 1879 in Ulm (D); � 1955 in Prineton (USA) 5



2 Governing Proesses
Figure 2.1: Flow in�uened by the heterogenity of a rough permeable bed and de�nitionof the roughness geometry funtion φ.To desribe the turbulent �ow above and within a rough and porous bed, some mod-i�ations of eqs 2.1 and 2.2 have to be arried out as additional drag fores have to beonsidered. Fig. 2.1 gives a sketh of the �ow situation. Nikora et al. (2001) suggestedto use a double averaging methodology (DAM) to desribe the hydraulis in the near-bed region. In DAM, the porosity of the near-bed region is onsidered by the roughnessgeometry funtion. It is de�ned as

φ = Vf/Vo with 1 ≥ φ ≥ 0 , (2.3)where Vf is the volume of �uid within the total volume Vo. The spatial averaging is arriedout over thin layers parallel to the mean bed. The instantaneous veloity is temporallyand spatially deomposed as
uı = uı + uı

′ (2.4a)
= (〈uı〉 + ũı) + uı

′ . (2.4b)Here, the straight overbar and angle brakets denote the temporal and spatial average of�ow variables, respetively. The prime denotes temporal �utuations, the tilde denotesspatial �utuations in the time-averaged �ow variable. Eq. 2.4a is also alled a Reynolds4-deomposition. If �ow over a �xed bed, 〈φ(t)〉 = 0, is onsidered, the double-averaged(i.e. in time and spae) versions of eqs 2.1 and 2.2 an now be written as (Nikora et al.,2007a)
ρ
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∂t
+ ρ

∂φ〈uı〉
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= 0 (2.5)and4Osborne Reynolds: * 1842 in Belfast (UK); � 1912 in Wathet (UK)6



2.2 Shear Stresses in Open-Channel Flow
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︸ ︷︷ ︸visous drag term , (2.6)where ρ〈u′
ıu

′
〉 and ρ〈ũıũ〉 are respetively alled the spatially averaged Reynolds (orturbulent) stresses and the form-indued (or dispersive) stresses, while ν∂〈uı〉/∂x denotesthe visous stresses. Note that the visous term sometimes is negleted for speial ases(e.g. Coleman et al., 2007). This may not be valid between gravel partiles, however.Further on, the two terms on the right hand side respet to the pressure drag and thevisous drag. Sint is the roughness-�uid surfae interfae within the averaging volume, nıis the ıth omponent of the unit vetor normal to the surfae element dS and diretedinto the �uid. For the inompressible �uid phase ρ = onst., thus ∂ρ/∂t = 0 holds, andfor steady water �ow ∂(..)/∂t = 0 is valid in general. Consequently, eqs 2.5 and 2.6 anbe made less omplex (not shown here).2.2 Shear Stresses in Open-Channel FlowIn turbulent open-hannel �ow, the momentum transfer within the �uid domain is diretlylinked to the drag at the bed-wall perimeter and also dominates the veloity distribution.Thus, an in-depth understanding of the �ow is based on the knowledge of the momentum�ux. In the following, the distribution of the di�erent stress terms in 2D and 3D �ow aswell as in uniform and non-uniform �ow will be worked out. A right-handed oordinatesystem is implied as illustrated in �g. 2.2, where x is orientated positive in global, stream-wise �ow diretion, y in upwards vertial and z in transverse diretion. x = 0 holds at atypial point of interest, e.g. the mid of a measurement area. y = 0 de�nes a notional walllevel. Hereinafter, the mean bed level gives the zero-plane, as found by a log-�t of the

Figure 2.2: De�nition of a right-handed oordinate system and the orresponding veloityomponents, as used hereinafter. The transverse axis is direted out of theplane. 7



2 Governing Proessesmean streamwise 〈u〉 to zero. z = 0 is loated in the enterline of the �ow (river, hannel,or �ume). The veloity omponents u, v and w orrespond to x, y and z, respetively.2D Uniform Flow (Wide Channels). In ase of a steady, uniform 2D �ow, the �uidmotion is independent of the lateral dimension z and only di�erenes in vertial diretion,
y, are of interest, thus ∂(..)/∂x = 0. Consequently, eq. 2.6 an be simpli�ed. Afterintegration along the streamwise axis the result reads

ρgSb(h − y)
︸ ︷︷ ︸gravity term = −ρ〈u′v′〉 − ρ〈ũṽ〉 + ν

∂〈u〉
∂y

︸ ︷︷ ︸�uid stresses 〈τ〉(y)

, (2.7)where h is the water depth, and Sb is the mean bed slope with dx/dy = tan α = Sb ≈ sin α.Note that eq. 2.7 holds for the �ow above the roughness tops. Below, two drag terms(visous and pressure) will appear in this equation serving as momentum sinks. The righthand side of eq. 2.7 depits the omponents of the double-averaged �uid stresses, 〈τ〉(y),the left hand side is the gravity term. Fig. 2.3 gives an illustration of the distribution ofthe partiular stresses. The vertial distribution is linear, from zero at the water surfaeto a maximum at the theoretial (notional) wall level, as balaned by the right hand sideterms.In a 2D approah where no side wall frition is possible, τo ≡ 〈τ〉(y=0) is given perde�nition. Consequently, the stress that ats on the boundary follows from eq. 2.7 to be
τo = ρgSbh . (2.8)Eq. 2.8 represents a simple fore balane between the gravity omponent of the �uid mass(right hand side) and the reation of the bed (left hand side).As the form indued stress and the visous stress are of minor importane at a ertaindistane from the bed, the vertial distribution of the Reynolds stresses beomes linearin the far bed region. As diret measurements of shear stresses are di�ult, this linearityis often used to extrapolate to the total �uid stress that ats on the perimeter P .

Figure 2.3: Uniform, turbulent 2D open-hannel �ow. Vertial distribution of stresses andveloities.8



2.2 Shear Stresses in Open-Channel Flow3D Uniform Flow (Narrow Channels with Wall E�ets). The aforementioned elab-orations onsidered the �ow from a 2D view, independent of the lateral extension z. Thein�uene of side walls was not taken into onsideration. Let the side walls in a 3D �ow befritionless, then eq. 2.8 would be valid. However, in real �ows this is never the ase. Tosatisfy the fore balane eq. 2.8 has to be modi�ed: The water depth h in eq. 2.8 has to bereplaed by the hydrauli radius, Rh = A/P , with A being the area of the ross setion.Then the boundary shear, τo ≡ 〈τ o〉P , as a spatial average over the wetted perimeter Preads
τo = ρgSbRh . (2.9)Fig. 2.4 shows the shear stress distribution at the perimeter of a retangular �ume withan aspet ratio of B/h = 2, where B is the �ume breadth. Within a rude approah theaveraged shear stresses at the bed, 〈τ o〉b, and at the sidewalls, 〈τ o〉s, are approximately ofthe same magnitude. However, this approah is misleading, as the observed shear distri-bution is indeed non-even. Assoiated with this, seondary urrents beome prominent:Superposed on the dominating streamwise main �ow, near-wall �uid is transported up-wards to the water surfae and there, the �ow goes in diretion to the �ume enterline.As a onsequene, the loation of the maximum veloity, δh, is shifted from the watersurfae towards the bed. Typially, the maximum �ow veloity in the seondary urrentsis < 5% ompared to the main �ow veloity.

Figure 2.4: 3D open-hannel �ow. Idealized distribution of boundary shear and assoiatedseondary urrents in a retangular, straight-lined �ume (B/h = 2). Shearstress distribution estimated after Chow (1959), �ow data taken from Nezu &Nakagawa (1993).In open-hannel �ows, even if they are straight, the lari�ation of 3D motions in formof seondary urrents is essential to understand the shear stress distribution. Nezu & Nak-agawa (1993) gave a desription to the primary Reynolds stresses, −ρu′v′, for a 3D view.In relation to time averaged properties (here: not the double-averaged harateristis),9



2 Governing Proessesand by negleting visous stresses at a ertain distane from the bed, they derived
−ρu′v′(y) = ρgSb(h − y) − ρ

h∫

ŷ

v
∂u

∂y
dy − ρ

h∫

ŷ

w
∂u

∂z
dy − ρ

h∫

ŷ

∂u′w′

∂z
dy

︸ ︷︷ ︸terms due to seondary urrents . (2.10)
As the additional terms on the right hand side annot be negleted, an estimation of τoby a linear extrapolation of −ρu′v′ � as in 2D �ows (eq. 2.8) � may lead to misinterpreta-tion, sine the Reynolds stress is di�erent from the value due to the gravity omponent.However, experimental data indiate that the sum of the additional terms on the righthand side is almost onstant over a wide region of both the water depth and hannelwidth (Nezu & Nakagawa, 1993; Song, 1994; Yang et al., 2004). Fig. 2.5 shows data ofthe vertial distribution of the primary Reynolds stresses for the ase of B/h = 2. In fat,the value of −ρu′v′ approximately maintains its linear distribution in the mid region, butin the viinity of the water-surfae it beomes negative. This feature is onneted to theveloity-dip phenomenon, where the maximum veloity, umax at ∂u/∂y = 0 (fator in theseond term on the right hand side of eq. 2.10), appears not at the free surfae, but belowat y = δh. Its magnitude depends on the hannel harateristis (e.g. ross setion geom-etry, bed/wall roughness, hannel aspet ratio) and the spatio-temporal �ow variations.It is loated in the region between 0.5h < δh < h, as between idealized 3D losed hannel�ow in a square dut and 2D-�ow, respetively.
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Figure 2.5: Measured vertial distributions of −ρu′v′ in a smooth retangular hannel(B/h = 2), where δh/h ≃ 0.65 and τo ≈ 〈τ o〉b. Referene is given to a(hypothetial) 2D-ase with fritionless sidewalls (eq. 2.8). Data from Nezu& Nakagawa (1993, p. 108).10



2.2 Shear Stresses in Open-Channel FlowYang et al. (2004) gave an appliable formula to desribe the veloity dip phenomenonin retangular hannels. They �tted experimental data from six papers and their ownexperiments. The following eq. 2.11 is dedued from their results. (Reall that in thepresent report z = 0 is loated in the enterline of the �ume.)
δh/h =

(

1 + 1.3 exp
( |z| − B/2

h

))-1
. (2.11)For pratial purposes in streams or man made hannels it is of interest, to whatportions the total �uid fore, Fo, is arried out by respetively the bed and the side-walls.To approah the problem, a subdivision of frition fores is rearranged to

τo · dxP = 〈τ o〉b · dxPb + 〈τ o〉s · dxPs (2.12a)
⇔ Fo = Fb + Fs (2.12b)where the averaged bed frition is denoted as 〈τ o〉b and the averaged side-wall fritionis 〈τ o〉s, with the orresponding perimeter lengths of Pb and Ps, and the orrespondingfrition fores Fb and Fs, respetively. Knight et al. (1984) presented an empirial formulato predit the ratio Fs/Fo for retangular open-hannels as a funtion of B/h. Nezu &Nakagawa (1993, p. 95) extended the relation to both B/h and the relative roughness

ks,b/ks,s, with ks,i being the equivalent sand roughness for the bed and the side wall.Surprisingly, the relative roughness revealed to have only a marginal e�et on the fritionrelation Fs/Fo. However, Fs has to be taken into onsideration for rough bed open-hannel �ows, even if the side walls are smooth: for a rough bed and smooth walls, e.g.
ks,b/ks,s = 103, and B/h = 5, a ratio of Fs/Fo = 0.19 holds. Consequently, a rudeassumption of ks,b/ks,s→∞ would lead to an overestimation of the real bed shear 〈τ o〉b,here by 23%, whereas ks,b/ks,s→1 would underestimate 〈τ o〉b by 18%. Several sidewallorretion methods to ompute the e�etive bed shear are reviewed in Cheng & Chua(2005). In addition to these orretion methods, Guo & Julien (2005) presented a semi-analytial solution for smooth retangular open-hannel �ows, whih showed to be in goodagreement with experimental data.3D Non-Uniform Flow. Eq. 2.8 is stritly speaking only valid for dh/dx = 0. Anextension to non-uniform �ow an be made by following the momentum equation. Inthis, τo(x) ≡ 〈τ o〉P (x) is determined by

τo(x) = ρgSbRh − ρ

(

gRh + βU2 Rh

h

) dhdx . (2.13)In eq. 2.13,
β = (U2h)−1

∫

(u2 + u′2)dh (2.14)is the momentum non-uniformity parameter (Fenton, 2005) and U is the bulk veloity. Fora 2D, uniform �ow with dh/dx = 0, eq. 2.13 again redues to the simpler relation givenin eq. 2.8. Reynolds-stresses at rough beds underlying non-uniform �ow were intensively11



2 Governing Proessesstudied by Song (1994). He showed that an aelerated �ow auses a onave form,whereas an deelerated non-uniform �ow gives a onvex shape. Lately, Dey & Lambert(2005) theoretially developed equations for the Reynolds-stress distributions in 2D non-uniform �ow and veri�ed them by experimental data. Their results on�rm the �ndingsof Song (1994) onerning respetively a onave and onvex shape of the turbulent stressdistributions, orrelated to the relative non-uniformity ase.
2.3 Veloity DistributionsDepending on the signi�ane of the �uid stress omponents, as well as on harateristilength, and veloity sales, several vertial layers an be distinguished in open-hannel�ows (e.g. Monin & Yaglom, 1971; Nezu & Nakagawa, 1993). Following the onept ofNikora et al. (2001), �ve di�erent layers for rough permeable bed �ow an be de�ned.These are from top to bottom: (1) the outer layer, (2) the logarithmi layer, (3) theform-indued sublayer (4) the interfaial sublayer, and (5) the subsurfae layer. Fig. 2.6likewise depits these layers. They will be worked out in detail in the following. For thepurpose of this report, a summary is hosen as free �ow (1,2), roughness layer (3,4) andsubsurfae layer (5).

Figure 2.6: Flow layers for 2D open-hannel �ow with a rough permeable bed (after:Nikora et al., 2001).The following elaborations onsider double-averaged 2D-�ow onditions, although mostof them also hold for 3D-�ow underlying seondary urrents. In ase of the outer layer,some di�erenes will be addressed.12



2.3 Veloity Distributions2.3.1 Free �owThe outer layer and the logarithmi layer are regions where the visous and formindued stresses are negligible. Typial length sales are h (or δh), the representative(medium) grain size as a measure of the geometrial roughness height d, and the shearstress τo, that has to be arried by the bed/side-wall boundaries. In its kinemati formthe latter is alled shear (stress) veloity or frition veloity, as it appears with units of
[length/time]. It is de�ned as

u∗ =
√

τo/ρ . (2.15)The shear veloity u∗ is a universal veloity sale for the whole �ow regime. However, as τovaries around the perimeter and depends on the zero-plane de�nitions, the determinationof u∗ is often di�ult. Pokraja et al. (2006) worked out how di�erent de�nitions of u∗signi�antly a�et data interpretation. They denoted that there is no general onsensusin literature on the appropriate hoie of u∗ for rough beds. Thus, omparisons between
u∗ from di�erent experimental data have to be handled arefully. Typially, it reahesvalues of (0.05 - 0.10) U in natural �ows.Following Prandtl's5 mixing length approah, the vertial veloity pro�le in the loga-rithmi layer, the log-law, reads after integration for uniform, hydraulially rough �ow

〈u〉(y)

u∗
=

1

κ
ln y

ks
+ C . (2.16)The empirial universal von Kármán6onstant is κ ≃ 0.41 for high submergene �ow,

ks ≪ h. The integration onstant for turbulent rough bed �ow is typially C ≃ 8.5±0.2(Song, 1994).For a rough, porous bed several de�nitions of the referene horizon (y = 0) are available.Generally, it is set to a position below the top of the roughness elements. One approahis found by a best data �t to eq. 2.16 and then extrapolating to u(y) = 0. A simpli�edapproah to the zero plane being below 0.25 d of the roughness rest was made by vanRijn (1984). Referring to Nezu & Nakagawa (1993, pp. 26), for sand-grain roughnessesthe range of (0.15 - 0.3) ks is a gross standard for this vertial shift towards the bed. Adetailed literature review to this is given in Dittrih (1998).Experimental data has shown that Prandtl's mixing length approah is only valid in anear-bed region of less than 0.2 h, i.e. the logarithmi layer. Consequently, eq. 2.16 hasto be modi�ed for the outer layer. In analogy of boundary layer �ow to shear �ow in awake, Coles (1956) introdued an empirial wake funtion ω. Nezu & Rodi (1986) showedthat the wake funtion written as
ω =

2Π

κ
sin2

(π

2

y

h

)

, (2.17)is suitable for open-hannel �ow. It has to be superposed on the right hand side of thelog law in eq. 2.16 to give a more preise desription of the outer layer �ow. Coles'5Ludwig Prandtl: * 1875 in Freising (D); � 1953 in Göttingen (D)6Theodore von Kármán: * 1881 in Budapest (H) as Tódor Kármán; � 1963 in Aahen (D) 13



2 Governing Proesseswake strength parameter Π = 0.15-0.30 has a large variation for open-hannel �ows, as itdepends on the �ow onditions and the bulk Reynolds-number Reh = Uh/ν .In ase seondary urrents are present, several authors propose to apply eq. 2.17 withthe dip position δh instead of h (e.g. Song, 1994; Bezzola, 2002; Guo & Julien, 2008).Another approah was made by Yang et al. (2004). They found for the outer region thatthe veloity deviation from the log-law is proportional to ln(1 − y/h).In ase of smooth walls, the logarithmi layer is dominated by visosity e�ets insteadof roughness e�ets. The equivalent of the roughness length sale, ks, is the visous lengthsale ν/u∗, with ν being the kinemati visosity. Yang (2005) proposed to use ν/u∗b(z)alternatively, as also ks depends loally on the boundary parameter, whereas he statedthat the left hand side in eq. 2.16 is still ruled by the global u∗. Conerning the outerlayer, eq. 2.17 is appliable for rough and smooth wall �ow.2.3.2 Roughness LayerThe form-indued sublayer and the interfaial sublayer an be summarized as theroughness layers. The main harateristi sales of both are u∗ and a set of sales thatdistinguishes the bed topography (ks, d, φ, grain size distribution, grain shape). Theform-indued sublayer oupies the region above the roughness rest, i.e. φ(y) = 1 (seealso �g. 2.1), and is in�uened by �ow separation from the roughness elements thatause form indued stresses. The interfaial sublayer oupies the region between theroughness rests and troughs, φmin < φ(y) < 1. For rough bed �ow, like on sedimentbeds, Nikora et al. (2004) suggest a linear veloity distribution, where the form-induedsublayer with its transition funtion between logarithmi layer and the interfaial sublayeris negleted. Consequently, the interfaial sublayer beomes the thikness of the wholeroughness layer, δR. Typial values are δR = (0.5 − 2) ks. For rough impermeable bedsthe veloity distribution an now be written as (Nikora et al., 2001)
〈u〉(y)

u∗
= C

yR

δR
, (2.18)where the vertial oordinate yR is related to the theoretial log-law wall level as shema-tized in �g. 2.6. In the sense of Nikora et al. (2001), an approximation by yR ≃ y holds.Then C ≈ (5.3 - 5.6) applies for gravel beds and C ≈ 8.5 for homogeneous sand roughness,both gained from only a small set of measurements.For hydraulially smooth beds the visous sublayer refers to the interfaial sublayer.The role of the form-indued sublayer is similar to that of the bu�er sublayer, where theveloity pro�le is desribed by a hyperboli tangent funtion between the visous sublayerand the logarithmi layer.2.3.3 Subsurfae LayerThe upper boundary of the subsurfae layer in permeable beds an be identi�ed wheredφ/dy ≈ 0, i.e. where a onstant φmin is reahed. The �ow veloity is almost onstantby d〈u〉/dy = 0. The �ow is driven by the gravity fore, by momentum �ux and long14



2.3 Veloity Distributionswave pressure di�erenes indued from the above layers. Charateristi sales are u∗ andthe typial pore diameter df . Breugem (2005) suggested to use df =
√

K to lassifythe e�etive pore diameter, with K = ν kf/g being the porous medium (or intrinsi)permeability and kf being the permeability oe�ient.A lassial approah to turbulent �ow in a saturated porous medium is made by theForhheimer7-equation. In a marosopi 1D view the pressure di�erene along a losedonduit with uniform �ow reads
− 1

ρg

d〈p〉dx =
1

kf
〈u〉 +

CF

g
√

K
〈u〉2 . (2.19)The dimensionless oe�ient CF has to be determined by experiments. For CF = 0,eq. 2.19 represents the Dary8-law for laminar groundwater �ow. The �lter veloity ore�etive veloity within the pores is determined by 〈uf〉 = 〈u〉/φ. However, the approahmade by eq. 2.19 pays no regard to the interation with the above layers.Several experimental and numerial studies were undertaken to investigate the exhangebetween porous medium �ow and open-hannel �ow (Prinos, 2004). Unfortunately, mostof the studies foussed on laminar outer �ow and high porosities, as these onditions wereeasier to explore. Only a few reports are of expliit interest for gravel bed �ows. Two ofthem are highlighted in the following:Shimizu et al. (1990) examined the interation between open-hannel �ow and seep-age �ow within a permeable medium of glass beads (φ = 0.35 -0.38, h/d = 1 -3,Reh = Uh/ν = 8·103-4·105). Experiments were onduted to measure the veloity pro-�le and the vertial mass transport in the porous medium beneath the free surfae �ow.Subsequently, Shimizu et al. derived a semi-empiri marosopi model to desribe aseepage-�ow veloity pro�le based on an eddy-visosity assumption. This pro�le dereasesexponentially with inreasing depth in porous medium. Far from the interfaial bound-ary, the seepage �ow beomes uniform. In their work, a problem remained in determiningthe slip veloity 〈u〉(y=0) at the interfae between the free surfae �ow and the porousmedium, as it has to be identi�ed by onsidering the degeneration of the free surfae�ow due to the alternation of transpiration through the permeable boundary. Shimizuet al. (1990) determined the slip veloity simply by urve �tting from measured veloitieswithin the porous medium.Detert et al. (2007) arried out measurements by a 3D partile traking veloimetrysystem (3D-PTV) using miniaturized endosopi stereo setups within arti�ial pores ina homogenous porous gravel bed underlying open-hannel �ow (φ ≃ 0.40, h/d = 20,Reh = 6·104-2·105). They gave 〈uf 〉/u∗ < 0.25 -1 as a rule-of-thumb to haraterize thesubsurfae layer �ow in a gravel bed.7Philipp Forhheimer: * 1852 in Vienna (A); � 1933 in Dürnstein (A)8Henry Philibert Gaspard Dary: * 1803 in Dijon (F); � 1858 in Paris (F) 15



2 Governing Proesses2.4 Turbulene Statistis2.4.1 Energy CasadeThe generation of turbulene is realized at the expense of mean-�ow energy. In 2Duniform �ows, the rate of turbulent energy generation (or prodution) is given by G =
−u′v′∂〈u〉/∂y. With ǫ being the total turbulent dissipation and Dtv representing bothturbulent and visous di�usion terms the turbulent energy equation is

G = ǫ + Dtv . (2.20)The turbulene generation G produes �utuations assoiated mainly with large-sale ed-dies losely related to the �ow depth. The turbulent kineti energy, kE, of these large-saleeddies is then transferred to smaller-saled eddies through a asade proess, ontrolledby the di�usion terms. Finally, the turbulent energy dissipates into heat by moleularvisosity at a rate of ǫ.This asade model aords to the Kolmogorov9onept. As indiated in �g. 2.7, theauto-spetral distribution of turbulent veloities e.g. in streamwise diretion, Suu, onsistsof three ranges: (1) the prodution range, (2) the inertial subrange, where the spetrafollow a −5/3 power-law and (3) a visous range, where the spetra deay due to dis-sipation. The spetral variables are respetively the wave number k = 2π/L, with Lbeing a harateristi length sale, and the frequeny f . Cheng (1953) supplemented theKolmogorov-model with one more region between (1) and (2), where the spetra ∼k−1(∼f−1). Aording to Nikora (1999), this saling is the result of a strong interationbetween the mean �ow and its �utuating part, whereas the −5/3 power-law is the resultof a weak interation.

Figure 2.7: Idealized veloity auto-spetra Suu(k), in double-logarithmi sales. (1) Pro-dution range. (2) Inertial subrange. (3) Visous range.9Andrey Nikolaevi Kolmogorov: * 1903 in Tambov (Russia); � 1987 in Mosow (USSR)16



2.4 Turbulene StatistisPoggy et al. (2003) investigated experimentally auto-spetra of streamwise and wall-normal turbulent veloity omponents for rough walls. They found a strong anisotropy atsmaller sales near the bed. The roughness strongly interats with turbulene, destroyingthe saling regions at small-sales through the imposition of its harateristi sales. Theirspetra suggest a onnetion of the behaviors with the turbulent energy diretly injetedinto the �ow by the roughness elements.2.4.2 Turbulene IntensitiesA basi harateristi of turbulene properties is their intensities. By de�nition, thevariane e.g. in streamwise diretion, σ2
u, is related to its (one-sided) spetra by

σ2
u ≡

∫ ∞

0

Suudk . (2.21)Universal funtions to desribe the turbulene are usually made by the standard deviation
√

σ2(u) = σu instead of the variane. The de�nition holds, e.g. in streamwise diretion:
σu ≡

√

σ2(u) ≡

√
√
√
√1/n

n∑

i=1

(ui − ui)2 , (2.22)where n = number disrete elements representing the time series.Open-Channel Flow. Nezu & Rodi (1986) dedued semi-theoretial, exponential rela-tions for 0.15 < y/h < 0.6, where the turbulene generation is expeted to be approxi-mately equal to the dissipation rate, G ≃ ǫ. For this equilibrium turbulent energy budgetthe turbulene intensities are desribed as
σuı

u∗
= Dı exp(−Cı

y

h

)

, (2.23)where Dı and Cı are empirial onstants for the three veloity omponents, uı = [u, v, w].Nezu & Rodi (1986) suggested Dı = [2.26, 1.23,−] and Cı = [0.88, 0.67,−] for smoothbeds. Nezu & Nakagawa (1993) found slightly di�erent values. Again, the largest �u-tuations ourred in streamwise diretion; and remarkably, the �utuations in a vertialdiretion are smaller than in a transversal diretion: Dı = [2.30, 1.27, 1.63] holds for asimpli�ed Cı = C = 1.0.In the 3D ase, beause of the in�uene of the walls, the maximum value of �ow veloityappears at a distane from the bed δh smaller than the water depth h (see �2.2). Song(1994), and Carollo et al. (2005) found that the vertial distributions in this ase sale by
δh/h, with no substantial di�erenes in omparison with the saling by y/h for 2D �owswithout side wall e�ets. Consequently, y/h in eq. 2.23 should be replaed by y/δh in aseseondary urrents are present.For rough bed �ows, Kironoto & Graf (1994) �tted values as Dı = [2.04, 1.14,−] and
Cı = [0.97, 0.76,−], indiating a redution of turbulene intensities in the ase of a rough17



2 Governing Proessesbed. Song (1994) ompared the �ndings of both Nezu & Nakagawa as well as Kironoto& Graf against his own measurements in rough bed �ow. The vertial distribution of
σu fell slightly below the urve given by Nezu & Nakagawa, but was in good agreementwith the one given by Kironoto & Graf for an extended validity area, 0.05 < y/h < 0.9.In ontrast to this, the vertial turbulene intensity pro�le σv agreed with eq. 2.23 forboth results only in the outer layer, as it was originally derived from Nezu & Nakagawa.Generally, the measured urve σv had a distintive onvex trend, whereas the preditedexponential trend would be rather onavely shaped. The maximum value revealed tobe at y(σv,max) = 0.2-0.3 y/h. Below that, σv showed a dereasing trend towards thebed. Physially this was explained as follows: the eddies reated by the roughness of thebed are hindered in their vertial development near the bed just due to the boundarylimitation. When y inreases, the limitation suessively dereases and the eddy beomeslarger and larger (also stronger and stronger). At a ertain y, it gets its maximum in sizeand intensity. Then, when ontinuing to go up, it is separated into smaller eddies. Nearthe surfae, the size and intensity beomes minimum.Bezzola (2002) ompared several measurements of turbulene intensities over roughbeds from literature, mainly for σu. Impliitly, his olletion on�rms with eq. 2.23 andthe �tted values from Nezu & Nakagawa, but a qualitative analysis was omitted. Insteadof this, the fous lied to the distribution in the roughness layer. Bezzola (2002) statedthat σu is approximately onstant or slightly dereasing in the roughness layer.Carollo et al. (2005) gained turbulene intensities from a �ow roughened with pebblesin varying density. Here, the relationship of Nezu & Rodi (1986) was tested positively.Furthermore the authors proposed an extended intensity distribution for σu, also applia-ble in the near-bed region. Their approah is similar to the one proposed by Nezu & Rodi(1986) with σu/u∗ = C y/(ν/u∗) for smooth beds, ombined with the empirial dampingfuntion given by van Driest (1956). Carollo et al. (2005) adopted a linear law to thenear-bed intensities as follows:

σu

σu,max = C
y

y(σu,max) , (2.24)with C = 1 for an impermeable bed and ombined eq. 2.24 with eq. 2.23. Finally, thedistribution gets the form
σu

u∗
=

σu,max
u∗

(exp(r) exp(-rY )
(
1 − exp(-Y )

)
+ Y exp(Y )

)

, (2.25)where Y = y/y(σu,max) and r = 1/(e − 1) ≈ 0.58. Eq. 2.24 and eq. 2.25 ontain two nu-merial parameters, y(σu,max) and σu,max that have a lear physial-geometrial meaning.However, further tests on the appliability of eq. 2.25 are not on hand.Porous Beds. Whereas turbulene intensities in open-hannel �ows are well investi-gated, the knowledge onerning the intensity distributions in porous beds is poor. Lately,some papers have been published that foussed on turbulent �ow properties over andwithin porous beds.18



2.4 Turbulene StatistisPrinos et al. (2003) studied the harateristis of turbulent open-hannel �ow overa bundle of ylindrial rods aligned in a transverse diretion, both experimentally andnumerially by Reynolds-averaged Navier-Stokes (RANS) equations (φ = 0.44-0.83, h/d =1-7, ReU = 1·101-2·104). Mean veloities inside the free �ow region over a permeable bedderease signi�antly, ompared to those �ows over a smooth impermeable bed. Theauthors attributed this to the penetration of turbulene and the assoiated momentumtransfer in the upper part of the porous matrix. Penetration of turbulene to the upperpart of the porous region results in signi�ant levels of turbulent kineti energy up to halfa diameter of the roughness elements.Breugem et al. (2006) omputed the in�uene of wall permeability on turbulent �owsby diret numeri simulations (DNS) of �ow on top and through a porous medium ofubes (φ = 0.60-0.95, h/d = 100, ReU = 5.5·103). They proposed the permeabilityReynolds number, ReK =
√

Ku∗/ν, with K being the porous medium permeability asa key parameter to lassify a permeable wall. ReK an be interpreted as the ratio ofthe e�etive pore diameter, √K to the typial length sale of near-wall eddies, ν/u∗.Breugem et al. showed that with inreased ReK , turbulene penetrates the permeablewall and wall-indued visous e�ets beome less important. Turbulene near a highlypermeable wall is dominated by relatively large vortial strutures, whih are assumedto originate from Kelvin10-Helmholtz11instabilities, i.e. the growing of small disturbanesin a shear �ow. However, the simulated porosity was very high ompared with naturalgravel beds. A omparison of their results with experimental data is not available.A model based on marosopi RANS was implemented by Chan et al. (2007). Theyfound that the thikness of turbulene penetration remains proportional to both the poros-ity, φ, and the Dary number, Da = K/(h+ hP )2, with hP being the height of the porousregion. Moreover, the inrease in Da and φ signi�antly enhanes the levels of turbulentshear stress within the upper part of the porous medium.Additionally to averaged �lter-veloity pro�les, Detert et al. (2007) examined the dis-tribution of the �lter-veloity �utuations. Fig. 2.8 illustrates that the damping of theturbulene intensities an be approximated by an exponential law. With their experi-mental onditions, the damping takes part essentially from the top of the roughness layerto −y/d = 2-3. Deeper in the porous bed, the �utuations were observed to be almostonstant, approximately at σuf
≃ 0.07u∗. Thus, a distribution was given by

σuf
/u∗ = Du exp (Cu

y

d

)

+ C for y < −d , (2.26)with [Du, Cu, C] = [1.02, 1.08, 0.07] and R2 = 0.97 or in a simpli�ed manner with
[Du, Cu, C] = [1.0, 1.0, 0.07] and R2 = 0.75.10William Thomson, sine 1892 1st Baron Kelvin of Largs: * 1824 in Belfast (UK); � 1907 in Netherhall(UK)11Hermann Ludwig Ferdinand von Helmholtz: * 1821 in Potsdam (Prussia); � 08/09/1894 in Charlot-tenburg (D) 19
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Figure 2.8: Veloity �utuations σuf
/u∗ within a porous gravel bed underlying open-hannel �ow. The turbulene intensity diminishes with gravel depth y/d.Data from Detert et al., 2007, Re∗d = u∗d/ν = 260 - 640, y/h ≃ 20, φ ≃ 0.4.2.5 Coherent StruturesTurbulent �ows are not simply haoti and random. Related and self-sustaining �owpatterns an be observed repeatedly, on both smooth and rough beds. The struturesonsist of regions where at least one �ow variable exhibits signi�ant oherene overa spatio-temporal range signi�antly larger than the smallest loal �ow sales. Thesepatterns are alled oherent strutures or oherent motions. Sine it is apparent thatthese oherent motions are atually responsible for the prodution and dissipation ofturbulene in a �ow, the study of turbulent struture is of fundamental importane to theunderstanding of the dynamis in river �ows. Robinson (1991) and lately Adrian (2007)provided useful reviews on the prinipal �ndings.Often, the terms outward interation, ejetion, inward interation and sweep are foundin literature. They refer to the quadrants Qi (i=1..4, ounting ounterlokwise) wherethe (u′, v′)-vetor is present, in aordane to the 2D view quadrant-splitting theme givenby Willmarth & Lu (1972). As u′ and v′ are typially orrelated negatively, events of Q2(ejetion) and Q4 (sweep) are more likely. Consequently, events in this regions orrespondto positive prodution, realling that G = −u′v′ /(∂〈u〉/∂y).Smooth Walls. Smith & Metzler (1983) proposed a relatively omplete oneptualmodel for the evolution of hairpin-shaped vorties in the near wall region of smooth walls,mainly based on their own visualization studies. This mehanism is the so-alled bursting-phenomenon. It is desribed in the following, and �g. 2.9 gives a desriptive visualization20



2.5 Coherent Struturesto this mehanism gained by DNS. In the near wall region at y < 10 ν/u∗, the streamwiseveloity �eld is organized into alternating narrow, elongated streaks of high and low speed�uid. Their lateral spaing is about 100 ν/u∗ and they are persistent and quiesent mostof the time. Due to undulations, the streak is slightly lifted up. It starts to osillateand then to unroll to an eddy. Subsequently, the eddy is deformed and its head movesaway from the wall as it reahes the logarithmi layer, say y < (50 - 100) ν/u∗. Beausethe two ounter-rotating legs of the eddy are still in ontat with the wall, the resultingstruture aquires the form of an Ω, a horseshoe or a hairpin. The legs of this hairpinvortex are typially inlined at ∼45° to the wall. They serve to pump �uid away fromthe bed (ejetion) and aumulate low speed �uid pakets between them. The heads ofolder and younger vorties originating from the bed are aligned in a streamwise array thatforms an angle of ∼ (15 - 30)° to the bed. Intermittently, it grows outward (bursts) andmay agglomerate into large-sale rotational outer-region bulges; or it may breakdown into�ner sales.

Figure 2.9: Visualization of a hairpin vortex paket, where in addition streaky struturesan be seen. Taken from Zhou et al. (1999), DNS, Reu∗=δu∗/ν=180. Thestreamwise length of the shown �uid domain is 1800 ν/u∗.Nezu & Nakagawa (1993, p. 228) brought two omments to the model of Smith &Metzler. First, the model inludes no e�et of the outer (�ow layer) variables, althoughsaling laws are found for the bursting period that apply variables from the outer �ow layer(e.g. Willmarth, 1975). Seond, in Smith & Metzler's model sweep events are negleted,although measurements showed exatly the opposite (e.g. Raupah, 1972; Thomas & Bull,1983). Therefore, Nezu & Nakagawa extended the near-wall model of Smith & Metzler toan approah appliable in open-hannel �ows. In their model the bursting motion is the21



2 Governing Proessesative omponent, and bursting is triggered by sweep events. An agglomeration of manyspanwise vorties (rollers) forms an interfaial shear layer between high speed and lowspeed zones, inlined from the wall at an angle of about 20°. As a result of a ompliated,self organized feed-bak mehanism of the reurrene of bursting motions and the relatedlarge-sale vortial motions, the shear layer forms oherent wedge-like strutures that mayextend over the entire �ow depth up to the water surfae.A similar, but more re�ned model was presented by Adrian et al. (2000b), based onsmooth-wall wind tunnel experiments using 2D PIV. Fig. 2.10 shows this struturalmodel graphially. Hairpin vorties, and deformed versions thereof, are onsidered asa ommon basi �ow struture with varying in size, age, aspet ratio, and symmetry.Originating from the bed, they align with their heads in almost straight lines, resultingin so-alled hairpin vortex pakages (HVP). The idealized paket forms a ramp inlinedat approximately 12° in the streamwise diretion. The rotation of the vorties ausesthe �uid under them to retard uniformly. Thus, individual �uid pakets with uniformmomentum �ow are generated under pakages of hairpin vorties. These strutures growupwards into the outer �ow, beome larger, faster and an also be interleaved with eahother. Older, larger zones over-run younger, more reently generated pakets; and in this,the older serve as the indued interior �ow that promotes the HVP and the growth ofthe underlying younger paket by additional shear.

Figure 2.10: Coneptual model of oherent turbulent strutures, onsisting of zones ofequal momentum travelling with veloity Uc and nested pakets of hairpinvorties between them (Adrian, 2007). For open-hannel �ows, some paketsare assumed to bulge up to the water surfae ausing weak boils (aordingto a model from Nezu & Nakagawa, 1993, p. 232).
22



2.5 Coherent StruturesRough Walls. The aforementioned onsiderations inorporated (more or less) smoothwall boundaries, as the evolution of an initial hairpin vortex is due to an instability ofthe laminar sublayer and therefore sales with ν/u∗. However, the typial grain diameter
d of a rough bed is naturally muh larger. Therefore, the mehanism must be di�erent.Aralar & Smith (1987) showed that hairpin vorties an also be generated by vortexshedding from single roughness elements. Moreover, Zhou et al. (1996) showed that newvorties an be reated by strong existing hairpin vorties as well. These mehanismsmight explain that similar strutural, oherent features were observed also for rough bed�ows. In the following the prinipal �ndings for oherent motions in rough bed �ow aredesribed.Grass et al. (1991) showed that streaky oherent motions are present near rough walls.The strutures were visualized by a hydrogen bubble traer tehnique. They found thatthe lateral streak-spaing λz sales with the diameter d of spherial elements. For ge-ometrially similar roughness elements and paking densities λz/d ≃ 3.2 holds. Later,Grass & Mansour-Tehrani (1996) determined for a mono-layer of pebble roughness that
λz/k ≃ 3.1, with kk = 0.83d being the roughness height. De�na (1996) onduted passivetraer experiments and found λz/ks ≃ 4, for y < 2 ks with ks = 0.67 d for one layerof spheres, irrespetive of water depth and hannel slope. The author explained streakspaing by a well-de�ned �rst hierarhy of vortial strutures just above the roughnesselements. It was supposed to onsist of two eddies that ounter-rotate in vertial stream-wise diretion, similar to the elongated legs of a lassial hairpin vortex. Stösser et al.(2005) on�rmed the streak spaing results from De�na (1996). They found λz/ks = 3.9by using a Large-Eddy Simulation (LES) of �ow over a hannel bed roughened with asingle layer of spheres. An estimation for the streamwise dimensions of rough bed streaksis given by Gyr & Müller (1996). They analysed the length of transport bodies at river-beds and onluded that λx/λz ≃ 5. A visual omparison with the results from Stösseret al. (2005) roughly agrees with this order, whereas the visualizations of De�na indiatea more elongated shape.For the outer �ow layer on rough beds, oherent strutures were observed, roughlyonsisting of ramp-like oherent areas aompanied by small-sale vorties (HVPs) in thebordering shear layer (Grass, 1971; Nezu & Nakagawa, 1993). Tomkins (2001) measuredtypial ramp-angles of about 10 - 20° in smooth-wall wind tunnel experiments, roughenedwith low-density hemispheres. In �ume experiments, Shvidhenko & Pender (2001) ob-served large spanwise roller-like vorties that inlude seondary motions. They over theentire water depth with longitudinal extensions of (4 - 5) h and lateral extensions of 2 h.Roy et al. (2004) measured large-sale wedge-like �ow strutures in natural, gravel-bedrivers by eletromagneti urrent meters and visualized their �ndings by video reord-ing and orrelation tehniques. The strutures are narrow and elongated, with eitherinreased or dereased veloity over most of the water depth h. The average angle inthe streamwise diretion was estimated to be inlined at 25° to the bed. This angle issmaller than the angle of 36°, given earlier by Bu�n-Bélanger et al. (2000) for naturalriver observations. However, it is more in the viinity of the angles observed by Adrianet al. (2000b) and Tomkins (2001). The average longitudinal length sales were deter-mined to be (3 - 5) h, the width was between (0.5 - 1) h. These values showed exellent23



2 Governing Proessesagreement with the harateristi sales they obtained from literature (9 quotations from
1972 - 2001). Jakson (1976) examined the duration and frequeny of boils at the surfaeof river �ows. He found a boiling frequeny of 3 - 7 h/U , where U = bulk veloity. Gyr& Müller (1996) gave a burst frequeny of 5 - 6 h/U as a rough relation for the meantime between two bursting events. Paiement-Paradis et al. (2003) analyzed from mea-surements at natural rivers that the frequeny duration relations of large-sale turbulent�ow strutures follows a power funtion with exponents between −1.4 and −1.95.Lately, Flores & Jiménez (2006) and Hurther et al. (2007) did intensive investigationsof �ow over rough walls; the former by DNS over arti�ial roughness, the latter used anAousti Doppler veloity pro�ler (ADVP). Both studies supported lose similarities ofoherent strutures over smooth and rough walls, with di�erenes in saling laws.The state of researh onerning the roles of oherent �ow strutures in relation topartile entrainment are worked out in �2.7.2.6 Fluid Pressure and Resulting ForesUnderstanding the genesis of the instantaneous loal pressure needs a knowledge ofthe entire turbulent �uid domain. By taking the divergene of eq. 2.2, a Poisson12-equation for the �utuating pressure p′ within an inompressible �ow reads (in Reynolds-deomposition, e.g. Chang et al., 1999)
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j) . (2.27)The �rst term on the right hand side is alled the rapid (respetively linear or mean-shear)soure term, beause it responds immediately to a hange in the mean veloity gradient.The seond term is alled the slow (or non linear or turbulene-turbulene) soure term.It follows that both the veloity gradients and �utuation gradients in the entire �uiddomain in�uene p′ at a ertain moment, but the impat of single soures dereases withdistane.Reliable pressure measurements within turbulent �ows are di�ult, as an ideal probehad to be in�nitesimally small not to disturb the �ow. Point measurements lately on-duted by Tsuji et al. (2007) are promising, but information about pressure �utuationsor entire pressure �elds are only realizable by numerial simulations.Kim (1989) analyzed the pressure �utuations in a turbulent hannel �ow obtained fromDNS. As shown in �g. 2.11, σp inreases exponentially to the wall and reahes its maximumslightly above it. A detailed analysis revealed that the slow part is substantially largerthan the rapid part, exept very lose to the wall, y/δ < 0.15 (not shown in �g. 2.11),where δ = hannel half width, here equal to the boundary layer thikness. Contoursof onstant pressure gradients revealed that those assoiated with ∂p/∂y and ∂p/∂z aresomewhat elongated near the wall, but not those assoiated with ∂p/∂x (also not shownhere).12Siméon-Denis Poisson: * 1781 in Pithiviers (F); � 1840 in Paris (F)24



2.6 Fluid Pressure and Resulting Fores
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rough porous wallFigure 2.11: Intensities of pressure �utuations. DNS results for σp/τ taken from Kim(1989) (smooth walls, Re∗δ=u∗δ/ν=179) and Breugem et al. (2006) (roughpermeable wall, Re∗δ=u∗δ/ν=176, φ = 0.60). Here, y = 0 refers to thesmooth wall and the roughness tops, respetively.Analysis of pressure �elds of �ow over and within a permeable bed was given by Breugemet al. (2006). They studied the in�uene of wall permeability on turbulent �ows on topand through a porous medium of ubes by DNS. The vertial shape of σp in the freestream roughly on�rms with those given by Kim (1989), supplemented by an exponentialderease inside the permeable wall (see �g. 2.11). The peak value just above the permeablewall is revealed to inrease with the Re-number (ompare eq. 2.28) and with φ, whereasthe distintiveness of streaks and σu,max is weakened. This is attributed to turbulenttransport aross the wall interfae and the redution in mean shear due to a weakening ofrespetively the wall-bloking and the wall-indued visous e�ets. Similar observationswere made in the observations of Kr�ogstad et al. (1992) and Kr�ogstad & Antonia (1999).However, a real validation of the results from Breugem et al. (2006) by experimental datais not available, espeially for the turbulene intensity pro�les.2.6.1 Turbulene-Indued Wall PressureWhereas the measurement of pressure within a turbulent �ow is extremely di�ult, tur-bulene wall pressures (TWP) an be measured, as the measuring tehnique an be in-orporated into the wall. TWP have mainly been studied in �elds of aousti, aeronautior naval appliations, with its experimental zenith in the 1970s and 1980s. A review isgiven by Ekelmann (1988).Blake (1970) measured boundary-layer turbulent wall-pressure with pinhole miro-phones, on both smooth and rough boundaries. He showed that the shape of the pressure25



2 Governing Proessesspetra are the same for both wall types, but they distinguish in their saling. The formersales by visous length ν/u∗ and the latter by the average geometri roughness height
kk. For low frequenies, the wall pressures under a rough boundary layer �ow showed thesame saling behavior as for the smooth wall. At the wall the magnitude of σp was foundto be almost equal for smooth and rough walls.Emmerling (1973) used an optial method to investigate the instantaneous strutureof wall pressure �elds. Zones of high-amplitude p′ appeared in irregular time intervalsand were theoretially assoiated with bursting phenomenons. Maximal pressure peaksof up to pmax = 6 σp were observed. These values are of the same magnitude as the onesfound by Shewe (1983), as he observed maximal pressure peaks of up to pmax = 7 σp.These �ndings imply that the TWP an beome very large, and must in�uene mass andmomentum transfer in ase of a permeable wall and possibly bed stability. Charateristiwall-pressure strutures were found with high amplitudes whose soures are loated in thebu�er layer of the boundary layer. The mean harateristi wave length was identi�ed tobe λx = 145 ν/u∗, indiating orrelation with bursting phenomena. From the measuredprobability density he alulated that these strutures play an important role in the wallregion of the boundary layer.Thomas & Bull (1983) simultaneously measured the TWP, �utuations of veloity, andwall shear stress in boundary layer �ow. Results are shown in �g. 2.12. A harater-isti wall-pressure �utuation was identi�ed, where the orresponding �ow struture iswedge-like. The struture resembles quite losely to the �ow patterns that were alreadydesribed in �2.5. The pressure-�ow pattern was gained by onditional sampling on basisof the high-frequeny ativity of the TWP and the streamwise veloity �utuations. Thephase relationships indiated that �uid involved in the bursting proess is subjeted to afavorable streamwise pressure gradient by the harateristi wall pressure pattern at thetime that the lift-up of low speed streaks in the wall region begins. In addition, estima-tions of the order of magnitude suggested that the pressure patterns annot play an ativerole in the dynamis of the wall �ow and are not the diret ause of the bursting proess.A saling law for σp was given by Farabee & Casarella (1991). Based on data from lit-erature (8 quotations, 1970-1990) and their own measurements, they developed a relationfor σp depending on τo and Re∗δ = u∗δ/ν. For Re∗δ > 333, they proposed:

σp
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6.5 + 1.86 ln
Re∗δ
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)1/2

. (2.28)2.6.2 Fluid Fores on Single PartilesWhereas the aforementioned desriptions referred to the pressure in a �uid or at a wall,the hydrodynami fores ating on a single grain � also expressible as fore per area, i.e.pressure � are not the same, as the �ow is in diret interation with the obstale. In a2D view, the terms drag and lift are used for respetively the streamwise and vertialomponent of the hydrodynami fore. Muh researh has been done on drag and lift.An exellent review is given by Ho�and et al. (2005).26



2.6 Fluid Pressure and Resulting Fores

Figure 2.12: Coneptual model of large-sale �ow struture, inluding the assoiated wallpressure �utuations (modi�ed after Thomas & Bull, 1983).The time averaged fore −→F that ats on a partile is given by the lassial approah
−→
F = [F D, FL] = 1/2 ρ [CD, CL] A |uA|uA, (2.29)where the non-dimensional empirial oe�ient is denoted by CD for the drag F D and CLfor the lift FL. A is the projeted area perpendiular to the referene veloity 〈u〉A ≡ uA.Mutual omparisons of C-values taken from literature are elusory, as many di�erent de�ni-tions are used for the parameters used in eq. 2.29 (see Ho�and et al., 2005). Furthermore,if the partile is aelerated relatively to the �uid, an extra fore has to be onsidered, asthe �uid around the partile is also aelerated (Maxey & Riley, 1983).A relation between the turbulent drag F ′

D and the �ow veloity an be derived byapplying a Reynolds-deomposition on eq. 2.29. First, for instantaneous fore
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. (2.30)Seond, by averaging the above eq. 2.30 one obtains the mean fore as
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D the results reads
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u is the variane of u (eq. 2.22). Eq. 2.32 reveals a struture similar toeq. 2.27, with a mean shear (�rst term) and a turbulene-turbulene soure (seond term).If the ambient �ow is rather uniform, the assumption |u′
A| ≪ uA is appliable and theseond term an be disregarded. However, for stones with low protrusion, experimentallyresults are in the range σFD

= (0.4 - 0.8) F D (Chepil, 1959; Cheng & Clyde, 1972; Xingkui27



2 Governing Proesses& Fontijn, 1993). This indiates that the assumption |u′
A| = O(uA) holds for extremevalues lose to the bed. Thus, the turbulene-turbulene term on the right hand sideannot be negleted near the bed � what is also in exellent aord with DNS results forthe vertial σp distribution gained by Kim (1989).For the �utuating part of the lift, F ′

L, the following ratio was proposed by van Radeke& Shulz-DuBois (1988)
F ′

L ∝ a uAu′
A + b uAv′

A, (2.33)with a and b being onstants. The �rst term on the right hand side is aused by theBernoulli13-e�et. The seond term is due to the fat that the instantaneous veloityvetor is not aligned with the u omponent as it has a non-zero vertial omponent. Itwas shown by van Radeke & Shulz-DuBois that the �rst term in eq. 2.33 is responsiblefor most of the variane of the �utuations. The seond term is due to eddy shedding;it aused only a small part in the variane. Experimentally determined values for near-bed partiles are σFL
= (0.4 - 1.0) F L (Einstein & El-Samni, 1949; Chepil, 1959; Xingkui& Fontijn, 1993). Thus, for extreme values the assumption |v′

A| ≈ O(uA) also holds.Consequently, the seond term in eq. 2.33 is not negligible in the viinity of the bed.Many experimental investigations were undertaken to reveal the harateristis andto predit the drag and lift fores. The ontribution of Ho�and (2005) and o-workershereto omprises up-to-date knowledge and advaned measuring tehniques. Ho�andet al. (2005) made measurements of pressures and simultaneous near-bed veloities in a�ume roughened with rushed stones. Three pressure transduers were plaed in a 30 mmube made of stainless steel that was part of the granular bed. The magnitude of the�utuating pressure was revealed to inrease with the exposure relative to the stonesupstream of the ube. Drag, aused by longitudinal veloity �utuations, was seen as thesoure of the largest fore �utuations for the most exposed stones. However, this learfore origin weakened with subsiding exposure e�ets. Conluded from a quadrant analysisas developed by Nelson et al. (1995), they observed that both fore omponents, FD and
FL, were a funtion of the two veloity omponents u and v. At the moment of ourreneof the extreme values of u, the drag fores reeived an additional inrease, and the liftfores an additional derease due to the vertial veloity omponent. Furthermore, liftfore �utuations were attributed to eddy-shedding e�ets from upstream. Consequently,additional terms in form of f(u, v) should be added to both eq. 2.32 and eq. 2.33.2.7 Initial Sediment Motion2.7.1 Analyti Approah and Unertainties in Design LoadThe inipient point of motion for bed partiles an, in priniple, be predited from afore and momentum balane. The fores that have to be onsidered are the buoyanyorreted weight, G′, the ontat fores with surrounding partiles, Fci, and the load dueto the �ow attak, |F | =

√
(FD

2 + FL
2). Fig. 2.13 gives a sketh of these fores. If thedisplaing loads on the partile exeed the stabilizing loads, it will start to move.13Daniel Bernoulli: * 1700 in Groningen (NL); � 1782 in Basel (CH)28



2.7 Initial Sediment Motion

Figure 2.13: Fore balane for a single grain (after Ho�and, 2005).A number of studies have attempted to predit threshold onditions based on fore ormomentum balane models (e.g. Bagnold, 1941; Chepil, 1959; Wiberg & Smith, 1987;Andrews & Smith, 1992; Ling, 1995; Wu & Chou, 2003; Vollmer & Kleinhans, 2007).However, all these studies su�er from unertainties and shortomings in assessing the loadassumptions.On the one hand, the hydrodynami fores in these models are usually those aording tothe time averaged fores given by eq. 2.29, mostly ignoring �ow properties suh as spatio-temporal variabilities, �ow submergene and turbulene. When turbulene is inluded inthe models it is usually done by introduing a �utuating veloity in eq. 2.29, equivalentto use a �utuating u∗. On the other hand, the magnitude, ratio and in�uene of drag andlift depends on a wide range of features that haraterizes the stones and their bedding.In a brief summation these are the shape, the size, the orientation, and the position, aswell as the in�uene of interloking. A detailed onsideration is given in the following.Shape. Typially, the shape of a stone is desribed by ratios of the length of the threepriniple body axes a, b, c, aording to the shortest, intermediate and longest. A shapefator, de�ned as SF = a/
√

(bc), an be regarded as an indiation of the �atness ofstones. Carling & Glaister (1992) found for various shapes of omparable diameter thatthe resisting fore varied with a maximum of about 20%. Wang (1999) showed that thepartile shape had no signi�ant in�uene on the beginning of motion under lear water�ow onditions. In opposite to this, Dittrih & Koll (2001) identi�ed that �at partilesown an inreased stability of 65% ompared with spherial partiles.Size. The diameter of a stone is the harateristi grain feature that is used most often.The size an be de�ned by the nominal diameter,
dn = 3

√

m/ρs , (2.34)29



2 Governing Proesseswith m = mass of stone and ρs density of stone. It represents the edge of a ube with equalvolume. Another possibility is to de�ne the size by the smallest sieve opening throughwhih the stone an pass. A sieve analysis then gives the partile size distribution of agranular material, where the grain size quantiles an be read out. The diameter, where50% passed the sieves, the d50, is often seen as the harateristi mean diameter. Meyer-Peter & Müller (1949) suggested a di�erent method, where the deisive diameter d isomputed by a weighted mean. It reads
d =

n∑

i=1

di∆pi , (2.35)where di is mean grain size of the quantile i, and ∆pi is perentile of this grain sizefration.Position. The position of a stone an be quali�ed by the parameters protrusion Π,exposure ε, and the grain pivoting angle ϕ (see �g. 2.13). For simpliity, in the literatureprotrusion and exposure are sometimes onsidered to be the same, as both give the top ofthe partile with respet to the bed level (e.g. Vollmer & Kleinhans, 2007). Indeed, theprotrusion aords with the mean bed level, whereas the exposure refers to the loal meanupstream bed level (Kirhner et al., 1990). Thus, the exposure is more diretly relatedto the hydrodynami load. On average Π will inrease with ε, only with more satter.Whih �ow fore omponent, FD or FL, beomes more prominent depends on the ratio
Π/d (ε/d). If Π/d ≈ 0, the partile is almost ompletely hidden. Then only a large FL anlift the partile or rotate it by the pivot point. Fenton & Abbot (1977) made systematiexperiments for a wide range of possible positions of bed elements. Protrusions for typialgravel beds, say 0.7 > Π/d > 0, varied the resisting fore by a fator of 10.Orientation. Partile orientation is quanti�ed aording to the respetive angles of thelongest body axis to the main �ow diretion and the bed. In stable beds, stones may havetwo typial orientations, depending on the deposition regime, with the longest axis eitheraross the �ow (Nikora et al., 1998) or along the �ow (Aberle & Nikora, 2006). One thestones are moving, the partiles tend to roll with their longest axis perpendiular to the�ow (Carling & Glaister, 1992), as the area A projeted to the �ow attak is maximal.Ho�and (2005) approximated the in�uene of stone harateristis on rushed stonestability from a literature review. In referene to his elaborations for rushed rok, fora natural gravel bed it an be assumed that the protrusion and the orientation have thelargest in�uene (both fator 10), whereas size (fator 2) and shape (fator 0.5) are seento be of minor importane.Interloking. The in�uene of interloking is haraterized by the frition angle, 〈ϕ〉,also referred to as angle of repose. Unlike the pivoting angle, ϕ, the frition angle is aquantity that refers to an integral bulk parameter of the bed material. For a granularbed, 〈ϕ〉, depends on the pakage density, the surfae roughness of single partiles and thegrain size distribution urve. With loser paking, higher roughness and �atter grading,30



2.7 Initial Sediment Motionthe interloking e�et and hene the resistane of the bed inreases. Aording to Dittrih(1998), where a literature review onsidered the distintiveness of armoring layers (say
d85/d15 < 3), di�erenes in interloking may vary bed stability by a fator of 2. If ohesiveproperties beome predominant due to the presene of silt or lay, data analysis given byvan Rijn (2007) indiate that the bed resistane to motion an inrease approximately bya fator of 10.2.7.2 Shields' Critial Shear Stress ConeptThe ritial shear stress onept developed by Shields (1936) is seen to be the lassialresearh on initiation of motion, although older approahes based on a bed stability riteriaare available (e.g. Isbash, 1932; Hjulström, 1935). In his thesis, Shields redued theproblem desription to two variables by means of dimensional analysis. The �rst variableis the dimensionless shear stress,

Θ =
τo

(ρs − ρ) g d
, (2.36)with ρs = partile density. This variable an also roughly be interpreted as the ratio of theload on the partile (τo ·d2) to the gravitational fore on the partile that resists movement(∝ (ρs-ρ)gd·d2). By applying eq. 2.15, Θ an also be rewritten as the densimetri Froude14-number, Fr∗∆ =

u2
∗

∆gd
≡ Θ , (2.37)with

∆ = ρs/ρ − 1 . (2.38)The seond variable in Shields' approah is a threshold value,
Θc = f(Re∗d) , (2.39)with Re∗d = u∗d/ν being the partile Reynolds-number. Initiation of motion ours, when

Θ > Θc . (2.40)Eq. 2.40 gives a relation of Fr∗∆ > f(Re∗d), as is illustrated in �g. 2.14. In literature, Θc isoften denoted as the ritial Shields'-parameter, whereas Θ is alled Shields'-parameter.Shields onduted laboratory �ume experiments with nonohesive, nearly uniformgrains of di�erent densities over a wide range of Re∗d and uniform �ow onditions. Forfully developed rough �ow (Re∗d > 70), as it is of interest for natural beds, Shields unfortu-nately arried out only four experiments. He found Θc = 0.029 - 0.039 for Re∗d = 70 - 220.He supplemented the results with two data points from Gilbert (1914), where Θc = 0.033and 0.06 for Re∗d = 230 and 480. Shields probably de�ned inipient-motion thresholdsfor his experiments by extrapolating stress-transport relations to a zero transport rate,as is popularly believed. In ontrast, he de�ned inipient motion values for supplemental14William Froude: * 1810 in Dartington (UK); � 1879 in Simonstown (SA) 31



2 Governing Proesses
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Figure 2.14: Redraft of Shields' diagram.data soures using two di�ering thresholds of visually based movement. Unfortunately,itations of Shields' work often quote Θc = 0.06, although he pointed out expliitly thatthis value was onneted to strong unertainties. Despite the wide suess and familiarityof Shields' work, almost every redraft of his inipient-motion data ontains errors. Furtherinonsistenies and misoneptions regarding Shields' work are identi�ed and examinedin Bu�ngton (1999).Reanalyzing Shields' data and orreting for sidewall e�ets and form drag, Gessler(1971) reported Θc ≃ 0.046 for a 50% probability of movement in rough turbulent �ow.Without onsideration of the probability for movement, Miller et al. (1977) arrived at asimilar value of Θc ≃ 0.045 for rough turbulent �ow using ompiled �ume data. Bu�n-gton & Montgomery (1997) reanalyzed data from 135 studies of inipient motion. Theyon�rm with Θc ≃ 0.045 as a typial value of visually determined mobility thresholds oflaboratory mixtures. However, they found that Θc has a range of 0.030 - 0.086. Obviously,an unambiguous de�nition for the initial movement by means of Shields' approah is di�-ult. The main shortomings are due to the assumptions of uniform �ow without expliitonsideration of turbulene, adopting d50 to haraterize the bed and the disregard of aunsteady drag-lift ratio. But due to this simpliity, the ritial shear stress onept hasbeome, in turn, the most ommon method for estimation bed stability in �eld onditions.2.7.3 Re�nements and Further ApproahesBeside the analyti approahes by fore-momentum balaning and the lassial approahof Shields', ountless attempts were undertaken to enhane the predition of inipient sed-iment motion. As eah of these models have their own new feature more or less ombinedwith models hitherto existing, a distint lassi�ation is di�ult. For instane, groupingan be made by analytial approahes, models using stohasti methods, approahes withdetailed onsideration of the bed, engineering approahes and numerial approahes. Themain features of these models are desribed in the following. However, other lassi�a-tions are possible, e.g. most of the approahes are based on or related to Shields' oneptand numerial models are typially mixed up with all approahes available.32



2.7 Initial Sediment MotionAnalytial approahes. Analytial approahes solve the fore, the momentum balaneor both, as introdued in �2.7.1. As the physis of the �ow attak and the geometry ofthe bed are hard to desribe, simpli�ed assumptions have to be made. Usually, the grainsare onsidered to be spherial, of the same size and ohesionless. In this, the models opewith the wide range of natural grain features and their bedding. Some approahes adoptthe drag as being fully responsible for dislodging partiles (Kalinske, 1947). Conversely,other models onsider only the lift fore (Einstein & El-Samni, 1949). However, most ofthe models inlude impliitly or expliitly both fore omponents, modeled by eq. 2.29 orsimilar funtions (e.g. Bagnold, 1941; Wiberg & Smith, 1987; Andrews & Smith, 1992).When 'turbulene' is onsidered in the models, it is usually done by introduing a �u-tuating veloity in eq. 2.29, whih is equivalent to using a �utuating u∗ (Ling, 1995).Latest models inlude in�uenes of the turbulent �utuations of �ow and bed-pressure andgrain protrusion (Vollmer & Kleinhans, 2007). Most of them end up with omparisons toShields' onept.Stohasti approahes. These respet the fat that the load on a partile is a stohas-ti parameter that hanges in time, and that the resisting fore of the partiles is alsodistributed stohastially, as it varies with partile. Grass (1970) introdued a stohastionept of sediment entrainment. Transport is onsidered to our for the overlappingtails of probability distributions representing the turbulent �ow attak (e.g. τb) and theresistane of a random bed geometry (e.g. τc). In an averaged sense the strongest �ow �u-tuations move the smallest or most exposed sediment partiles. Fig. 2.15 illustrates thisapproah. The probability P that τb > τc holds, is de�ned by the following onvolution(e.g. Ho�and, 2005)
P (τb > τc) =

∫ ∞

τc=0

P (τc)

(∫ ∞

τb=τc

P (τb)dτb

) dτc . (2.41)Zanke (2003) shows that his probabilisti approah oinides with the Shields-urve(Re∗d ≈ 10 - 200) for an entrainment risk of 10%. Wu & Chou (2003) studied the rollingand lifting probabilities for sediment entrainment by inorporating the probabilisti fea-tures of the turbulent �utuation and bed grain geometry. For Θc < 0.05 (or Θc > 0.6),

Figure 2.15: PDF-Skethes of P (τb), haraterizing the �ow attak and P (τc) harater-izing the bed resistane against entrainment. 33



2 Governing Proessesthe rolling (or lifting) probability makes up more than 90% of the total entrainment prob-ability and thus an be used as an approximation of the total probability of entrainment.The stohasti approah made by MEwan et al. (2004) showed for uniformly sized bedsthat Θc = 0.06 orresponds to a point where 1-2% by weight of the surfae is mobile.Approahes onsidering non-uniform bed material. These approahes typially fouson adequate modeling of an armoring layer. An armoring layer is the result of a seletiveproess of erosion where single, smaller grain size frations are washed out. Approahesthat refer to this problem are usually related to Shields' onept to a greater or lesser ex-tent. They onentrate on �nding a single harateristi grain size, e.g. d90 (Meyer-Peter &Müller, 1949), or ratios of di�erent frations, e.g. di/dj (Shöberl, 1979; Parker & Klinge-man, 1982) to simplify multimodal grain size distributions. The ritial Shields-paramater
Θc or aording threshold values are typially �tted to data gained experimentally.Engineering approahes. Generally, these approahes are based on stability riteria asproposed by Shields, Isbash (1932) and Hjulström (1935). The main di�erene betweentheir approahes is that Isbash used the near-bed veloity (whih is not spei�ed expli-itly), Hjulström (1935) preferred the depth averaged mean veloity, and Shields took theshear veloity to asses the �ow attak. Due to its simpliity, the approah of Hjulström isfrequently used to pre-estimate the initial sediment movent. Hjulström presented a designdiagram, where he redued the �ow-sediment interation to 〈u〉h and d. If the mean �owveloity falls below the ritial veloity, the bed is stable. A simplisti relation to desribethe stability of an armoring layer was given by Chin (1985), where Θc = f(d50/dmax).Parker et al. (2003) o�er the following adjusted version of the Shields riterion for theonset of gravel motion. Red∆ denotes a partile Reynolds number for gravel size d, de�nedas Red∆ =

√
∆gd d

ν
, (2.42)with ∆ = ρs/ρ − 1. Then, Θc an be estimated via

Θc = 0.5
(

0.22 Re-0.6
d∆ + 0.06 · 10(-7.7 Re-0.6

d∆ )
)

. (2.43)An essential advantage of this approah is that Θc is estimated independently of u∗, whihmakes it easier to handle in implementations.Ho�and (2005) presented several engineering approahes for the assessment of stonestability under non-uniform �ows (Franken et al., 1995; Pilarzyk, 2001; Ho�mans &Akkerman, 1998). They all used the Shields shear stress onept and model the �owattak with parameters inluding turbulene aspets. Various orretion oe�ients arerather arbitrary. Thus, the relations ould be used respetively with large safety fatorsor as a rule-of-thumb.Numerial approahes. These approahes seem promising in that �ow submergene,partile protrusion, Reynolds number, and 3D �ow e�ets an be expliitly aountedfor if the loal �ow �eld is known. However, they still require assumptions about the34



2.7 Initial Sediment Motionoupling between turbulent �ow �eld and partiulate fores. MEwan & Heald (2001)and Shmeekle & Nelson (2003) used a numeri approah by solving equations of partilemotion in response to an assumed �ow �eld while aounting for the e�ets of partileollision and partile sheltering. Both of these disrete partile models were implementedassuming that lift fores an be negleted and that drag fores were proportional to loalstreamwise veloity. Based on approahes of Uittenbogaard et al. (1998) and Jongelinget al. (2003), Ho�and (2005) formulated a method for evaluating the stability of bedprotetions under non-uniform �ow. The output of a 3D RANS model gave the meanveloity and turbulent kineti energy in the water olumn above the bed. This informationwas used to ompute a loal stability parameter, adapted to aount for turbulene ofvarying relative intensity. Uhlmann & Fröhlih (2007) simulated turbulent �ow in ahorizontal plane hannel over a bed of mobile spherial partiles. All sales of �uid motionwere resolved without modeling and the phase interfae was aurately represented. Diretontat between partiles was taken into aount by an arti�ial short-range repulsionfore. The results indiated possible senarios for the onset of erosion through olletivemotion indued by bu�er-layer streaks and subsequent saltation of individual partiles.2.7.4 Role of oherent struturesSutherland (1967) gave a pioneering study for sediment transport onsidering the roleof turbulene. He observed that turbulent �ows entrained sediment partiles from planebeds. He formulated an entrainment hypothesis based on the onept of turbulent eddiesbreaking in the visous sublayer and ating diretly on the partiles at the granular surfae.Although the details of suh interations, as oneptualized by Sutherland, are not totallyorret in the light of present knowledge of turbulent strutures, his hypothesis delineatesthe basi mehanis of suh phenomena.Drake et al. (1988) �lmed the bedload transport in a �eld experiment. The �ow on-ditions in the 6.5 m wide and 0.35 m deep stream were Reh = 2·105 and Θ = 2 Θc, themean grain diameter was d = 4 mm. High rates of sediment entrainment were observedat sweeps of downward-moving high-forward speed impinged on the bed. These eventsmomentarily raised the bed shear up to 3 Θc. Sweeps oupied 9% of the bed area atany given time and aounted for about 70% of the total transport. Consequently, theseevents were seen to be of most importane in bedload transport at low exess bed shearstresses.Aurate measurements of the interations between turbulent bursting and sedimentmotion were �rst made possible with a synhronized laser-Doppler veloimetry (LDV)and high-speed inematography by Nelson et al. (1995). They found that sweeps ol-letively move the majority of the sediment, outward interations individually move asmuh sediment as sweeps. However, both ejetions and inward interations move muhless sediment than the former two.The impat of oherent turbulent strutures on the entrainment and the transportof partiles on both smooth and rough beds were shown by Garía et al. (1996). Theresults point out the in�uene of bursts, whih are diretly orrelated with the transportof �uid from the visous sublayer to the outer �ow. Sehet & Le Guenne (1999) studied35



2 Governing Proessesthe veloity �eld and the partile onentration in open-hannel �ow. They identi�ed thedominating in�uene of the ejetion and sweep proesses and on�rm the results of Garíaet al.: The turbulent strutures with high energy are deisive for the entrainment and theresuspension of partiles. The analysis shows that these strutures play an important rolefor the Reynolds stresses in the roughness layer. Sehet & Le Guenne (1999) showed byexperiments that the entrainment of bed partiles is diretly orrelated to the ejetions.The beginning of transport an be explained by the bursting phenomenon.Ho�and & Booij (2004) measured the �ow �eld during the atual entrainment of asingle stone using 2D PIV tehnique. In order to determine the �ow strutures thatare responsible for this entrainment the �ow �eld was onditionally averaged over manyentrainment events. The resulting �ow �elds show that two strutures are responsiblefor the entrainment. The �rst struture, a small-sale vertial �utuation σv, initiate themotion of the stone. These �utuations are embedded in a seond struture, a large-salesweep that moves the stone further over its pivot point. This observation is supported bythe fat that the intensities of these patterns are negatively orrelated: if one of them ismore intense, the other does not have to be as intense. Fig. 2.16 depits a harateristi�ow �eld just before the movement of a stone. The single large vortex in the middle isexpeted to be responsible for lifting the stone, as it auses a low-pressure area under itsore. A shear layer with a typial HVP (Adrian et al., 2000b) is visible (highlighted by adashed line).

Figure 2.16: Detail of typial instantaneous �ow �eld just before movement of the targetstone. 2D PIV from Ho�and & Booij (2004). Vetors are u′ − 0.65〈u〉.Shading indiates vortex-ores, identi�ed by the λ2
ci riterion (Zhou et al.,1999).36



2.8 Conluding RemarksHigh speed 2D PIV measurements were onduted by Cameron et al. (2006). Theyfound that sweep �ow events dominate the entrainment of spherial roughness elementsin a tight paking. No orrelation between �ow ejetion and entrainment was identi�ed.Wu & Jiang (2007) numerially investigated the interation of turbulent bursting andsediment entrainment. They implemented a probability distribution of near-bed two-dimensional instantaneous veloities into a simple mehanisti model. Results showedthat entrainment of �ne sediment mixtures is dominated by the lifting mode, whereas theentrainment of oarse sediments is dominated by rolling. Sweeps revealed to be onsis-tently the most signi�ant ontributor to entrainment under various types of sedimentmixtures.2.8 Conluding RemarksThe interation between free �ow and a porous bed is ompliated. A key fator for proessunderstanding is founded in the knowledge of oherent strutures. The state of knowledgeonerning oherent motions at smooth boundaries is onsidered to be satisfying. Hairpinvorties or deformed versions thereof have their genesis in the visous sublayer. Adrianet al. (2000b) proposed an extended model for the outer �ow, where these vorties lusterand promote the formation of oherent �ow patterns. This model has gained onsiderablepopularity in reent years. In opposite to this, there is a de�nite de�it in the desriptionof oherent �ow patterns for rough boundary onditions. Observations for rough bed �owsindiate strong similarities to smooth boundary �ow (e.g. Roy et al., 2004; Stösser et al.,2005), but the saling in the near-bed region is di�erent. To identify these strutures andto re�ne the model understanding, there is a need for qualitative �ow data that are highlyresolved in time and spae.Most of the approahes to determine the initial point of sediment motion use thresholdonepts as proposed by Shields (1936), but they do not inorporate the atual physialproesses on the gravel bed. Spatio-temporal 3D �ow e�ets as well as grain protrusionand orientation usually are not aounted for. Flow studies in the last deade revealed thatboth sweeps and ejetions are orrelated with an initial partile movement. Indiationsare on hand that entrainment generally takes plae during �ow events with inreasedlongitudinal veloity. However, the relationship between �ow patterns and bed texturerequires further lari�ation.Reent developments in measuring tehniques are full of promise to help in improvingthe basi knowledge of the interation between turbulent open-hannel �ow and the �owin porous granular beds. Ho�and & Booij (2004) and Cameron et al. (2006) studied theinipient motion of respetively individual bed elements by a 2D PIV setup. Addition-ally, Ho�and et al. (2005) used single piezo-resistive pressure sensors to gain supplementalinformation. However, these and previous �ow studies foussed on the veloity �eld inits streamwise vertial extension, disregarding the lateral extension as well as bed perme-ability e�ets and pressure �elds. Up to now, a omprehensive measurement ampaignhas not been used to develop a synopti understanding of the individual hydrodynamiproesses and their interation. To overome this lak of knowledge is the main objetiveof the present study. 37





3 Experimental StudiesAbstrat. This hapter desribes the arrangement of physial experiments to observe the�ow above and within streambeds in a laboratory water �ume. It inludes illustrations ofthe tehniques, the methods, and their performane. Three di�erent types of bed materialwere laid and investigated underlying turbulent open-hannel �ow so that natural streambedonditions were simulated in full-sale. Measurements were arried out by an array of upto 16 pressure sensors within the bed and slightly above it, a 2D partile image veloimetrysystem measuring in streamwise vertial or horizontal planes, and a 1D aousti Dopplerurrent pro�ler. As main measurements, these subsystems were operated simultaneouslyto obtain synopti data sets of the hydrodynamis above and within porous beds.3.1 Laboratory FailitiesThe experiments were arried out in a retangular laboratory �ume at the Institute forHydromehanis (IfH), University of Karlsruhe, with an e�etive length of L = 17.0 mand a width of B = 0.9 m. The water depth ranged from h = 0.13 - 0.22 m. The inletwas loated at x1 = −10.5 m in relative to the measurement area to guarantee a fullydeveloped boundary layer. The outlet at x = +6.5 m was ontrolled by a vertial thin-plate weir. Hene, in�uenes of both inlet and outlet were small. The bottom of thenon-tilting �ume had a slight delination of Sb = 0.5%�. Three di�erent bed-variationswere inserted: spheres, uniform gravel, and gravel from the river Rhine. The slope of the�ume bottom was roughly adopted to these beds. However, due to a slight inevitableerosion that started at the outlet, the slope inreased downstream of the measurementarea, roughly over the last 3 m of the �ume. The water depth h was measured at threepoints at x = [−9.33, 0.00,+4.42] m by ultrasoni probes. They were mounted on externalylindrial water tanks that were in hydrauli interonnetion with the porous bed via�exible tubes (25 mm in diameter). In this, �utuations and small-sale osillations ofthe atual water level were low-pass �ltered.Fig. 3.1 illustrates the measurement setup. It onsisted of an array of up to 16 minia-turized piezometri pressure sensors (MPPS) loated within and slightly above the gravellayer, and a 2D Partile Image Veloimetry (PIV) system. The latter tehnique was usedfor measuring veloities both in a enterline plane perpendiular to the bed (xy-plane:1Exatly as in �2.2, a right-handed oordinate system is implied, where x is orientated positive in global,streamwise �ow diretion, y in upwards vertial and z in transverse diretion. x = 0 holds at themiddle of the measurement area. y = 0 de�nes a notional wall level, where an extrapolated log �t of
〈u〉(y) would reah zero. z = 0 is loated in the enterline of the �ume. The veloity omponents u, vand w orrespond to x, y and z. 39



3 Experimental Studies

(a) streamwise view (b) side viewFigure 3.1: Sketh of experimental setup, dimensions in (m), not to sale. a) viewin streamwise diretion, with both 2D PIV arrangements of setup A andB. b) side view, where the positions of the 1D ADCP probe an also be seen.setup A) and in horizontal planes 5-23 mm diretly above the upper grain rest (xz-plane: setup B). Optial aess was given on the larboard-side2 of the �ume by a 4.0 mlong glass window. Additional insight into the veloity regime was gained by an aoustiDoppler3urrent pro�ler (ADCP) in order to double-hek the PIV results. Typially,the data aquisition was arried out simultaneously for 16 MPPS, the 2D PIV system,and one single ADCP probe for 205 s. Within the next three hapters, the measurementsubsystems are desribed in detail.3.2 Partile Image Veloimetry (PIV)Measurement Priniple. At present, PIV is the most ommon and best known methodfor quantitative, non-intrusive visualization of �ow �elds. The rapid development inomputer, laser, optis, eletronis, and video tehniques sine the 1990s was neessaryto be able to use PIV in an e�ient manner (ompare Adrian, 1991 with Adrian et al.,2000a).For evaluating �ow �elds, digital image reordings of a 2D plane of the �ow have tobe taken, where the �ow �eld is seeded with appropriate traer partiles. The hoie ofproper traer partiles is a di�ult part of the PIV setup. The traer partiles have to beneutrally buoyant in the �uid. Another important parameter is the size of the partiles.Very small partiles are invisible to the amera, or they evoke peak-loking e�ets, i.e.the vetor �eld ontains strong peaks at the position of the integer pixel displaement.Ra�el et al. suggested using partiles with a diameter bigger than 1.5 pix on the amerahip. If the partiles appear smaller, a slight defousing of the amera optis inreases2larboard = left hand side in streamwise diretion3Christian Andreas Doppler: * 29/11/1803 in Salzburg (A); � 17/03/1853 in Venie (I)40



3.2 Partile Image Veloimetry (PIV)their pixel size in the reordings. If the partiles are too large, they do not follow thereal �ow, due to inertial fores. Flow strutures an be adequately resolved if their lengthsale is at least 5 times bigger than the partile diameter (Ra�el et al., 1998, Weitbreht,2004). The traer partiles must be able to follow the �ow strutures and must be ableto satter the light. As the seeding partiles are very small, a powerful illumination ofthe measuring area is needed. Usually, a laser light sheet is used to illuminate a requiredplane in the �ow.The basi means of obtaining veloity vetors is based on the well-known kinematiequation, i.e. veloity equals distane divided by time. The proedure is as follows: Aso-alled area-of-interest (AOI) is ut out of the digital image and divided into smallsubareas, alled interrogation ells. A loal displaement vetor is determined for eahinterrogation ell between two sequentially reorded images by means of a ross orrelationin the following form:
C(∆x, ∆y) =

x<n, y<n
∑

x=0, y=0

I1(x, y)I2(x + ∆x, y + ∆y) . (3.1)Hereby, I1 and I2 are the image intensity of the �rst and seond interrogation ell. The2D array C gives the orrelation strength for all integer displaements (∆x, ∆y) betweenthe two interrogation ells, while n is the size of the interrogation ell (Ra�el et al., 1998).Fig. 3.2 shows an example of a orrelation distribution obtained using eq. 3.1 in whihthe highest peak represents the most probable displaement.

Figure 3.2: Priniple of the PIV tehnique (soure: LaVision GmbH ).Finally, the veloity vetor an be dedued using
[u, v] =

[∆x, ∆y](Cmax)
∆t

, (3.2)where [∆x, ∆y](Cmax) is equal to the most probable displaement and ∆t is the timebetween two frames. 41



3 Experimental StudiesIf the veloity vetor for eah interrogation ell is alulated, the result is a time seriesof vetor �elds. The temporal and spatial resolution depends on the optial quality of theamera system, the seeding partiles, the illumination and the omputer power.Equipment. A ommerial 2D PIV LaVision-system was used. This PIV pakage in-ludes amera, laser-illumination, frame grabber, ontrolling and evaluation software.Digital images ould be reorded by a (1280 × 1024) pix2 12-bit PCO amera with aCCD-sensor (Flowmaster 3S ). To get a satisfying spatio-temporal resolution, a doubleframe mode had to be used. In this mode, two images are aptured within a very shorttime. The �rst image is not read out diretly (as in a simple single-frame mode), butshifted to the storage position on the amera hip and then the seond frame is taken.The shortest time allowed between two frames in double frame mode is 0.4 ms. For theexperiments an interval time of 2 - 8 ms was used to aquire one double frame aordingto the �ow veloities. However, during the transfer of this double frame to the RAIDsystem a relatively long read out time of 250 ms is neessary for a full double frame of
2 × (1280 × 1024) pix2. Consequently, vetors are only able to ompute between oneimage-pair of one double frame, but not between di�erent double frames.Speial adoptions to the laboratory problem were made. Measurements were basedupon seeding the �ow with neutrally buoyant traer partiles (polyamide powderVestosintr, type 1101, d≃ 80 - 200 µm, ρ= 1.06 kg/m3). The �ow �eld was illuminatedby a dual-avity Q-swithed Nd:Yag laser with a pulse energy of up to 25 mJ per pulse.The emitted light was green at a wavelength of 532 nm. The laser sheet was enlargedby a tophead lens and had a thikness of 1 - 2 mm. For Setup A, the laser sheet wasguided into the water through a glass bottom of a streamlined hull onstrution of 15 mmbreadth and 300 mm length. In this, no free surfae was present where the sheet enteredthe water and, in turn, the sheet remained undistorted. Typially, the hull was immersedby <5 mm and aused small surfae waves in the wake, but did not a�et the �ow inthe near-bed region. In this, a plane perpendiular to the bed was illuminated in theenterline of the �ume. No measurements were performed where the sheet was laterallytranslated from the enterline. For measuring a horizontal plane in Setup B, a similaronstrution for the amera was inserted. The streamlined boat-shaped onstrution was
100 mm in breadth and 300 mm as overall-length. Supplementary for Setup B, a wideangle lens (Nikon F-mount, 14 mm, distortion <1%) was used to inrease the observed�ow area. This lens provided high resolution ombined with high luminosity, whih isimportant for the measurement auray.At Setup A, the size of the amera frames was vertially redued to (1280 × 384) pix2to inrease the read out duration of the amera hip. Thus, onstant double frame ratesof f = 8.5 Hz were reahed, leading to 1740 double frames within 205 s. Hene, theoptimal reord length of 60 - 90 s to measure turbulene in �uvial boundary layers waspreserved (Bu�n-Bélanger & Roy, 2005). The amera was adjusted to a streamwisevertial xy-plane of (202.0 × 60.5) mm2 diretly above the bed, inurring a loss for theobservation of the outer �ow. Fig. 3.3 gives an example of a single PIV reording of thissize. At Setup B, the size of the amera frames was laterally shortened to (1280×800) pix2for the experiments with the uniform gravel and the Rhine-gravel. For the experiments42



3.3 Aousti Doppler Current Pro�ler (ADCP)
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Figure 3.3: Single PIV frame (negative print), where the seeding and also the gravel bedbeomes visible. Raw piture from Setup A (xy-plane), aording to thehathed area in �g. 3.1(b). The roughness rest is loated at y = 2.5 mmand y = 16 pix, respetively.with spheres, the full frame size was read out. Consequently, double frame rates of
f = 4.9(4.0) Hz for the experiments with the gravel (spheres) were reahed, leadingto 1003 (819) double frames within 205 s. Typially, an xz-plane of (160 × 100) mm2((144 × 115) mm2) ould be observed.The image proessing was done by a multipass ross-orrelation method with disretewindow o�set, where the intermediate vetor �elds were smoothed by a 3 × 3 Gaussian�lter. A �nal window size of (16 × 16) pix2 with 50% overlap was hosen. Thus, thevetor spaing was half the spatial resolution in eah ase. The latter resulted in 2.52 mmfor Setup A; for Setup B �nally 1.98 - 2.06 mm (gravel) and 1.56 - 1.90 mm (spheres)were maintained, depending on the distane between the amera lens and the horizontalPIV-slie. The resulting vetors were heked by a median �lter, an absolute allowedvetor range and the distintiveness of the highest orrelation peak. Typially 75 - 95%of all vetors within one double frame were validated, depending on the density andhomogeneity of the seeding.3.3 Aousti Doppler Current Pro�ler (ADCP)Measurement Priniple. The basi onept in pulsed Doppler ultrasound is similarto the biosonar as used by bats or whales. An emitter periodially sends out a shortultrasoni burst and a reeiver ontinuously ollets the eho issues from targets that maybe present in the path of the ultrasoni beam. By sampling the inoming ehoes at thesame time relative to the emission of the bursts, the shift of positions of satterers aremeasured. Veloities are derived from the shifts in positions between the pulses.The distane between the emitter and the target (e.g. a seeding partile) an be om-puted from the knowledge of the time delay t between an emitted burst and the satteredeho from the partile:

ξ =
c t

2
, (3.3)43



3 Experimental Studieswhere c is the sound veloity of the ultrasoni wave in the liquid. If the sattering partileis moving with a non-zero veloity omponent along the beam axis, a Doppler shift of theehoed frequeny takes plae. The veloity an be alulated by
uξ =

c

2

fD

fe
, (3.4)where fD is the Doppler frequeny and fe is the emitting frequeny. The limitation of thismeasuring priniple is ruled as follows. The maximum detetable depth and the maximummeasurable veloity are related bymax(ξ) max(uξ) =

c2

8

1

fe
. (3.5)Sine for a given measuring situation both c and fe are onstant, the produtmax(ξ) max(uξ) is also onstant. This means that − for a given transmitting frequeny

− a ompromise between maximum measurable depth and maximum measurable veloityhas to be found for eah measurement situation.The veloity omponent uξ measured by the ADCP is always the omponent in thediretion of the ultrasoni beam, ξ. However, if a single �ow diretion is predominant,its time averaged veloity omponent an be dedued from uξ. Let θ be the angle of thebeam against the streamwise diretion. Then, a spatial vetorial deomposition reads
uξ = cos θ u + sin θ v

uξ + u′
ξ = cos θ (u + u′) + sin θ (v + v′) .

(3.6)If v ≪ u holds, the time average of eq. 3.6 simpli�es to:
u = 1/ cos θ uξ . (3.7)As in PIV, the veloimetry in ADCP is a non-intrusive tehnique. However, PIVprovides results of whole veloity �elds, whereas in ADCP only instantaneous veloitypro�les are given. Moreover, the aousti beam spreads from the transduer. Thus, inADCP the spatial resolution dereases with distane. The main advantage of ADCP inomparison to PIV is that it is easier to handle. Safety preautions and time onsumingpostproessing are not neessary.Equipment. The ADCP instrumentation that was used in the experiments was a DOP1000 (Willemetz, 1997). The arhiteture of the veloimeter inludes transduer, osilla-tor, ampli�er, AD onverter, ontrolling as well as evaluation hardware and software. Adimensional sketh of the transduer and the ultrasoni �eld is given in �g. 3.4.The same transduer was used to both transmit (fe = 4 MHz) and reeive the ultrasonisignals. Just after the emission of the ultrasoni burst, the transduer swithed from theemitting mode to the reeiving mode. The inoming ehoes were ampli�ed, demodulatedand then �ltered to isolate the Doppler information. The Doppler signal was then sampledand onverted into digital form by an AD onverter. Finally, the Doppler frequeny fd44



3.3 Aousti Doppler Current Pro�ler (ADCP)

Figure 3.4: Geometry of the ADCP-probe and its aousti �eld, adjusted to measure u(y).For reordings of instantaneous pro�les of v′(y), the transduer had to beorientated vertially (θ = 90°). Dimensions in (mm), not to sale.
45



3 Experimental Studieswas estimated by an auto-orrelation algorithm. The results were then used to alulatethe veloities uξ(ξ) by applying eq. 3.3 and eq. 3.4. The resulting veloity informationould be displayed on a monohromati sreen and reorded on a �oppy dis.The ADCP was used to redue the spatial shortomings of the PIV-system that fousedsolely on a near-bed domain in the enterline of the �ume. Mainly, the ADCP was appliedto reord the instantaneous vertial veloity �utuations v′(y) over the entire water depth
h, synhronously to the PIV measurements. The synhronization was realized by anexternal trigger start (TTL-pulse) from the PIV-system. Fortunately, for both ADCP andPIV the same seeding ould be used. During the measurements, the ADCP transduerhad to be slightly immersed into the water to be in permanent ontat to the �uid. Tominimize disturbanes to the other measurement subsystems, the probe was installed inthe stern of the streamlined hull onstrution of the PIV setup.Supplementary to these enterline measurements synhronous to the PIV-system, pro-�les of v′(y) and u(y) along the entire lateral extension were gained solely by the ADCP.By this, an insight into the whole veloity regime of the outer �ow layer was possible,inluding an examination of seondary urrents as well. For reording u(y) an angleof θ = 60° was hosen (�g. 3.4). Consequently, eq. 3.7 redues to the simple relation
u = 2.0 uξ. Note again that this ratio is stritly valid only if seondary urrents arenegligible. Otherwise, the pro�les of u get biased, in ase of v′ > 0 towards larger values,in ase of v′ < 0 towards smaller values.The main lobe of the ultrasoni far-�eld spreads from a diameter of 5 mm at an angleof γ/2 = 5.2°. However, the aousti energy is onentrated more at the axis: 85.5% ofthe radial integrated far �eld intensity is already ontained its half diameter, 98% arereahed in the full diameter of the main lobe. For distanes typial for the measurements,e.g. by = 190 mm and bξ = 203 mm respetively, the half-diameter in the near-bed regionreahes 18.5 mm. Consequently, the spreading of the beam ats like a large eddy �lter tothe small-sale �utuations.Due to the limitations desribed in eq. 3.5, the parameters had to be adjusted arefullyto the existing onditions of �ow veloity and water depth. Typially, pro�les of v′(y)were reorded at 39.2 Hz and u(y) at 10.8-38.4 Hz, respetively. The spatial resolution inthe beam diretion was mostly hosen to be 1.5 mm.3.4 Miniaturized Piezo-resistive Pressure SensorsMeasurement Priniple. The physial quantity pressure is de�ned as fore per loadedunit area. When pressure is applied to a piezo4-eletri material, it auses a mehanialdeformation and a displaement of harges. A piezoeletri sensor is a devie that usesthe piezoeletri e�et to measure the fore per loaded area unit, by onverting them toan eletrial signal. The single disadvantage of piezoeletri sensors is that they annotbe used for true stati measurements. A stati fore will result in a �xed amount ofharges on the piezoeletri material. Working with onventional eletronis, not perfet4'Piezo' is derived from the Greek 'piézein', whih means to squeeze or press.46



3.4 Miniaturized Piezo-resistive Pressure Sensorsinsulating materials, and redution in internal sensor resistane will result in a onstantloss of eletrons, yielding an inaurate signal.The priniple of the miniaturized piezometri pressure sensors (MPPS) is based on thepiezo-resistive e�et. In ontrast to the piezoeletri e�et, the piezo-resistive e�et onlyauses a hange in resistane, it does not produe eletrial harges. The ore of theMPPS is a miromehanial silion wafer with implanted piezo-resistors on its bendingpanel. Fig. 3.5 gives a sketh of the priniple layout. A pressure load and the resultingmehanial bending stress auses a hange of these piezo-resistors, suitably ombined ina bridge iruit by anodi bonding. The output of the powered bridge is a voltage signalin the range of mV, proportional to pressure. The silion devie is onneted with aglass base to ensure the restraint at the edges. To apply the referene pressure, the glassbase has a hole. For the MPPS the di�erential pressure is measured with referene toatmospheri pressure patm. Temperature errors are ompensated eletronially.

Figure 3.5: Shemati ross setion of a piezo-resistive sensor to measure the di�erentialpressure.Equipment. The omponents for the MPPS were obtained from Aktiv Sensor GmbH,Berlin. The sensor elements ATD 0.040-G00-BG-K1408 and AU blank PGA-V0-D18Awere assembled at the Institute for Hydromehanis to adapt them to their appliationwithin the experimental �ume. Fig. 3.6(a) gives a dimensional sketh of one pressurepik-up. Depending on their on�guration, the sensors measure both the surroundingpressure and the veloity head. Thus, the sensed pressure re�ets the e�etive fore perpinhole area in diretion of the pressure tube. When the pikup is faing upwards, itindiates the intensity of lift fores, FL; when the pikup is faing in streamwise diretion,it indiates the intensity of drag fores FD.To miniaturize the pressure transduer the amplifying blankets had to be arranged inan external box. Unfortunately, the length of the �exible ables to the external ampli-fying board ould not be shorter than 2.5 m, due to the boundaries of the experimentalsetup. Thus, the possibility of a slight antenna e�et had to be aepted. Flexible PVCtubes were used to provide atmospheri pressure in the pik-up, also with a length of
2.5 m. The pik-ups of the MPPS were enapsulated with slowly hardening epoxy resinand sealed up with lear varnish to make them water resistant. In the end, the meandiameter of one sensor head was 15 mm. The ready-built sensors were point-alibratedby Aktiv Sensor GmbH to 1 - 9 V aording to 0 - 4 kPa with a tolerane in auray of47



3 Experimental Studies

(a) Sketh. (b) Photograph.
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3.5 Bed Materialless than 1.0% full sale. The response time guaranteed by the manufaturer was <10 ms,limited due to signal onditioning by the amplifying blankets. To avoid aliasing e�etsdue to high frequeny noise >2 kHz, the reording was made at f ≃ 2125.7 Hz, addi-tionally supported by a 4th order Butterworth low-pass �lter with a ut-o� frequeny of
500 Hz (Data Translation SAK 52-150-501-10 ). A 16-bit AD-Card (Data Translation321 ) allowed a theoretial resolution orresponding to a LSB = 20/8 ·4000/216 = 0.15 Pa.Within the �ume, the sensors were loally �xed on a grid to keep them in an auratelyde�ned position. Fig. 3.6(b) gives an example of an array of MPPS, arranged to indiatethe horizontal extensions of lift fores.Synhronous measurements were started by a TTL (transistor�transistor logi) triggerpulse from the PIV-system. The TTL signals of the PIV frame grabber were additionallyreorded by the 16-bit AD-Card, to enable a �ne-tuning of the synhronization afterwards.Furthermore, tests under �ume onditions showed that the MPPS were even able to reatwithin 2 ms. In one measurement arrangement four sensors were aligned within thelaser sheet. The laser double pulses were learly identi�able in the signal, as shown in�g. 3.6(). This unforeseen e�et was used to validate the synhronization of the PIV andthe MPPS. Besides the measurements onduted synhronous to the other subsystems,additional measurements were performed where solely the MPPS ame into use. In theseexperiments, the sensors were vertially distributed on top and within the porous bed tomeasure both time series of drag and lift.3.5 Bed MaterialFlow measurements were performed over three di�erent types of porous beds: spheres,uniform gravel, and gravel from the river Rhine. Tab. 3.1 summarizes the properties ofthe bed parameters; speial features onerning experimental methods and harateristisare treated in detail hereafter. The grain sizes di were gained by sieve analysis. Thepermeability oe�ient kf was gained following Hazen's (1892) equation

kf = 100 d10
2 , (3.8)where d10, is denoted as the 'e�etive' size in (mm) and kf is in (m/s).Index bed [d15, d, d85℄ φ kf ρs paking(mm) (-) (m/s) (103kg/m3)#uni uniform gravel [ 7.7, 10.2, 13.2℄ 0.39±0.02 0.7 2.46 loose#rhi Rhine, armored [13.8, 26.1, 38.8℄ 0.33±0.02 1.5 2.51 loose#sph spheres [25.4℄ 0.26 - 1.36 densestTable 3.1: Parameter of the bed materials uniform gravel, gravel from the river Rhine(armoring layer), and spheres. The weighted mean of the whole grain sizedistribution is represented by d (eq. 2.35). For #uni d ≈ d50 and for #uni

d ≈ d70 holds. φ is the roughness geometry parameter (eq. 2.3).
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3 Experimental StudiesUniform Gravel. The basi on�guration for the �ume bed was arranged using gravelwith a uniform grain size. This single grain size material ranged between the omplexharateristis of gravel found in natural streams and the simple geometries of spheres, asoften used in abstrated model approximations and numeri simulations. In this setup,with an almost homogeneous design of the bed, the experimental studies gave a generalapproah to the �ow regime on a rough porous bed. The results are attended as referenefor the two other bed materials. Fig. 3.7(a) shows a photograph of the material as it wasinserted in the �ume. This material is the same as used by Detert et al. (2007), but witha slightly di�erent measurement setup. Therefore, omparisons and supplementationsbetween the experimental results are possible.The grain size quantiles d15 = 7.7 mm and d85 = 13.2 mm were gained from sieveanalysis, d = 10.2 mm represents the weighted mean of the whole grain size distribution(see eq. 2.35). The roughness geometry parameter φ was determined by an externalexperimental setup. Fig. 3.7(b) shows the ylindrial tank, where the void volume of thepores was determined by volumetri dosing. Adherent air bubbles in the watered gravelwere removed under low pressure onditions.

(a) Flume. (b) Setup to determine φ.Figure 3.7: Gravel with uniform grain size. a) Installation for �ume experiments, wherealso the hull onstrution an be seen. b) Experimental setup to determinethe roughness geometry parameter.Rhine Gravel. Additional measurements were performed with gravel originating fromthe Rhine river. In this, the porous bed texture and onsequently the rough bed �ow wasas natural as it was possible within a laboratory experimental setup. Fig. 3.8(a) shows aphotograph of the gravel bank ∼10 km downstream of the I�ezheim-barrage, where thematerial was removed at low water onditions (02.08.2006). An armoring layer with athikness of 1-2 d was distintive. A sieve analysis gave d = 26.1 mm and d85/d15 = 2.81.50



3.5 Bed Material

(a) Exavating site. (b) Armoring layer.Figure 3.8: In-situ photographs from a gravel bank at the river Rhine on 02.08.2006 (lowwater). a) Plae of exavation for the non-uniform material. b) Armoringlayer and substruture.The underlaying material as shown in �g. 3.8(b) revealed to be bimodal, with enters at
d10 = 0.4 mm for 15% of weight and d60 = 14.7 mm for 85% of the weight.To simulate the Rhine bed in the experiments, the uniform gravel was replaed by thenon-uniform material on a length of x = −4.0 to 0.5 m in streamwise referene to themeasuring area on the whole breadth of the �ume. The reprodution was made as itwas found in situ: The substruture was built by the bimodal material with a thiknessof 60 - 80 mm, an armoring layer with a thikness of 1 - 2 d was repliated on top of it.However, it was not possible to opy the dense pakage of the armoring layer in the �ume,as otherwise the ables of the MPPS would have been damaged. Thus, φ was <0.33 forthe real armoring layer in the river Rhine.Spheres. The third bed struture installation was of three layers of spheres in densestpaking. This type of bed provided an abstrated bed geometry, as it is often used innumerial and analytial models. These experiments had two intentions. On the one hand,the results ould be used as a referene ase for numerial simulations or simple theoretialapproahes. On the other hand, the results help in lassifying the transferability of �owharateristis over a spherial bed to natural porous rough bed �ow. The spheres usedin the experiments were originally manufatured as balls for deodorant roll-ons. For theexperiments, they were �lled with �ne sand to avoid buoyany e�ets. The �ll-hole waslosed with epoxy resin. For the experiments, the uniform gravel bed was only partlyreplaed by spheres. Three layers of spheres were inserted at x = −460 to 290 mm and
z = −150 to 150 mm. The uppermost layer was lengthened upstream to x = −1160 mmto provide fully developed sphere-�ow onditions (�g. 3.9(a)). The roughness geometryparameter φ = 0.26 for spheres in pyramidal pakaging � as shown in �g. 3.9(b) � wastaken from the analytial-numerial derivation of Bowen & Radin (2003). 51



3 Experimental Studies

(a) Flume. (b) Densest paking.Figure 3.9: a) Flume bed prepared for the spheres experiments. The spheres in the viinityof the laser sheet were painted blak to minimize re�etions of the laser sheet.b) Three layers of spheres in densest (pyramidal) pakage.3.6 Experimental ProgramFlow Conditions. Tab. 3.2 gives the �ow onditions that were provided during themeasurements. Q is the �ow rate, the bulk veloity is determined by U = Q/(Bh). Thebulk Reynolds-number is de�ned by Reh = Uh/ν, with the kinemati visosity of water
ν = 10−6 m2/s at 20°C. The runs #uni3,6,9 inluded a veloity spetrum from stablebed onditions up to very slight sediment transport. The �ow ondition provided for theRhine-bed were adopted from #uni9, where Reh was the same. The experiments withthe bed roughened by spheres were onduted at lower Reh numbers to keep them in theIndex Q h U Reh

(l/s) (m) (m/s) (-)#uni3 56.6 0.200 0.314 62.8 103#uni6 120.0 0.200 0.667 133.4 103#uni9 180.0 0.211 0.948 200.0 103#rhi9 180.0 0.215 0.930 200.0 103#sph1 18.6 0.129 0.160 20.6 103#sph3 56.6 0.199 0.316 62.9 103Table 3.2: Experimental �ow onditions. The integers [1,3,6,9℄ at the end of the indiesrefer approximately to the ratios of Qi, Ui, and Reh,i. At #uni9 the provided�ow led to very slight sediment transport, where single grains were movingfrom time to time.52



3.6 Experimental Programrange that an be reahed by ontemporary numerial simulations.5Measurement Performane. As main measurements, the three subsystems PIV, MPPSand ADCP were operated simultaneously to get synopti data sets of the hydrodynamisabove and within the porous beds. For these measurements, the PIV was installed toobserve the near-bed enterlined xy-plane or in di�erent near-bed horizontal xz-planes.The MPPSs were arranged in a horizontal array, as shown in �g. 3.6(b), faing upwards toindiate the lift fore intensity. This was the optimal way to obtain pressure informationin a horizontal layer without the pik-ups a�eting the �ow. By mounting the MPPSarray at di�erent referene heights to the bed, di�erent horizontal layers were examined.The ADCP was applied to reord the instantaneous veloity �utuations v′(y). As thetransduer was mounted at the stern of the streamlined glass hull, these reordings ofveloity �utuations aord to veloity �utuations slightly downstream of the PIV frames.Additional, single measurements were performed where only the MPPS or the ADCPame into use. The MPPSs were arranged to indiate both, lift and drag fores, in di�erentvertial positions above and within the porous beds. The ADCP was used to measure thelateral distribution of u(y) and v′(y).Tab. 3.3 summarizes the parameters of the synhronous and the additional measure-ments.Index synhronous measurements additionalPIV : MPPS single measurements#uni3,6,9 Setup A (enterline) : FL(y = 0.0 mm) MPPS; ADCP;Setup A (enterline) : FL(y = 10.0 mm) FL(y = 18.0 and 7.5 mm);Setup B (y = 7.5 mm) : FL(y =−1.5 mm) FD(y = 5.0 and 7.5 mm)Setup B (y = 17.5 mm) : FL(y =−1.5 mm)#rhi9 Setup A (enterline) : FL(y = 2.0 mm) MPPS; ADCP;Setup B (y = 11.5 mm) : FL(y = 3.0 mm) FL(y = 25.0 mm)Setup B (y = 21.5 mm) : FL(y = 3.0 mm)#sph1,3 Setup A (enterline) : FL(y = 5.0 mm) MPPS; ADCP;Setup B (y = 13.5 mm) : FL(y = 5.0 mm) Setup B (y = 9.5 mm; #sph1)Setup B (y = 27.5 mm) : FL(y = 5.0 mm)Table 3.3: Performane of the synhronous and the additional measurements.
5For instane, the need for omputational power in �ow simulations by DNS inreases proportional toRe11/4 (Hinterberger, 2004). 53





4 Experimental ResultsAbstrat. Experimental �ume measurements of �ow veloity and pressure �utuationsabove and within three types of porous streambeds are analyzed. The �ow onditions exam-ined inlude a broad diversity of hydrodynami loads and roughness parameters as an befound in natural, non-moving gravel beds. In a streamwise vertial plane large-sale wedge-like �ow strutures are observed, where in the sense of a sweep event zones of faster �uidoverrun zones with slower �uid. The resulting shear layer inlines at an angle of 10-20° tothe bed, densely populated with lokwise rotating eddies. On average, this mehanism o-urs with su�ient frequeny and shape to leave an imprint on the statistis of the �ow.Typially, this �ow pattern struture assembles near the bed, say in the logarithmi layer.However, the biggest strutures an spread over the whole water depth. In a horizontalnear-bed view, maroturbulent strutures form a pathed hessboard with regions of lowerand higher veloity zones that are elongated in streamwise diretion. Their near-bed lat-eral extension is typially 3-4 times the equivalent sand roughness and inreases linearlywith bed distane. The length of these elongated strutures an reah up to the order ofseveral water depths. These strutural �ndings are onsistent with models originally de-veloped for smooth wall �ows and they support the observations made in rough bed �umeexperiments, large eddy simulations and natural rivers as well. However, for the �rst timethey are studied by image proessing tehniques in both streamwise vertial and horizontalnear-bed views. The point measurements of pressure �utuations show that the intensityof turbulent pressure �utuations deays exponentially in the porous bed. Fields of bed-pressure �utuations are reonstruted by applying Taylor's frozen turbulene hypothesison data gained by an array of pressure sensors. By onditional sampling of essential pres-sure drop events to the synhronously reorded veloity �elds, a signi�ant bed destabilizing�ow-pressure pattern is identi�ed: If high speed �uid in the wake of large-sale wedge-like�ow strutures reahes the viinity of the bed, the Bernoulli e�et leads to a marked low-pressure �eld. The resulting fore is able to ause an initial lift of single grains. In this,both the grain's exposed area and its angle of repose are inreased suh that entrainmentby the fast �uid zone beomes possible.4.1 Bulk ParametersIn this setion, a summary of the bulk parameters that haraterize the experimental �owonditions are given. Some have already been presented in �3.5 and �3.6, some are �rstlyrevealed in detail later on. 55



4 Experimental ResultsShear Stresses. In turbulent open-hannel �ow, the momentum transfer within the�uid domain is diretly linked to the drag at the bed-wall perimeter. The distributionof shear stresses essentially dominates the �ow properties. For analyzing and assessingthe veloity harateristis, �rst the struture and the distribution of the shear stress hasto be lari�ed. The parameters haraterizing the shear τo and the shear veloity u∗ aregiven in table 4.1.index ion 〈τo〉us 〈τo〉ds 〈u∗〉us 〈u∗〉ds u∗uv u∗log ≡ u∗ τo

(N/m2) (N/m2) (m/s) (m/s) (m/s) (m/s) (N/m2)#uni3 a 0.69 0.40 0.026 0.020 0.027 0.030 0.90#uni6 f 3.45 3.70 0.059 0.061 0.059 0.063 3.97#uni9 p 8.40 20.5 0.092 0.143 0.087 0.095 9.03#rhi9 ⋆ 12.5 0.112 0.081 0.086 7.40#sph1 � 0.27 0.16 0.016 0.013 0.013 0.015 0.23#sph3 u - 0.45 - 0.021 0.028 0.030 0.90Table 4.1: Shear parameters. 〈τo〉 is alulated by eq. 2.13, and 〈u∗〉 was derived fromthem by applying eq. 2.15. The indies 〈..〉us and 〈..〉ds denote the spatialaverage of the upstream area (x = −9.33 to 0.0 m) and the downstream area(x = 0.0 to 4.42 m), respetively. u∗uv was estimated by extrapolating −〈u′v′〉to y = 0 (eq. 2.7). u∗ ≡ u∗log is gained from log-law �t (eq. 2.16).The spatial averaged 〈τo〉 and 〈u∗〉 are derived from the mean water surfae inlinationby applying eqs 2.13 and 2.15. The momentum non-uniformity parameter is determinedto be β = 1.03 (eq. 2.14), from both PIV and ADCP data. The bed slope is onstantat Sb = 0.5%�. The estimations to the spatial averaged 〈τo〉 and 〈u∗〉 give a handle toqualitative statements. For #uni6, 〈τo〉us ≃ 〈τo〉ds holds. Thus the provided �ow for #uni6is onsidered to be uniform. However, as the bed slope is the same for all experiments, theother �ow onditions are onsequently non-uniform: #uni3 provides slightly deelerated�ow, #uni9 provides aelerated �ow. At #rhi9, the ultrasoni probe for h (x = 0) showedunrealisti values. Thus, the alulation for 〈τo〉 and 〈u∗〉 was onduted as a longitudinalaverage from upstream to downstream. As the �ow onditions are similar to #uni9, the�ow must be also aelerated. At #sph3, the ultrasoni probe at h (x = −9.33 m) wasdefetive. However, as the �ow onditions are very similar to #uni3, the �ow is expetedto be slightly deelerated as well. The shear stress estimations for #sph1 are too smallto give a de�nite statement wether the �ow is uniform or not.Following the empirial rule of u∗ = (0.05 - 0.10) U for natural rivers, the alulated 〈u∗〉generally provide trustworthy estimations to the lower and upper limits. Consequently,this holds for 〈τo〉 as well. However, these limits are to inexat for reliable determinations.For a more preise, quantitative desription of the shear in the measurement area, twofurther methods were hosen: (1) u∗uv was estimated from the PIV measurements byextrapolating the enterline Reynolds-stresses −ρu′v′ to y = 0 (eqs 2.7 and 2.15); (2)
u∗log was gained by least squares �ts of the mean enterline veloity u(y) to the log-law56



4.1 Bulk Parameters(eq. 2.16, κ = 0.41, C = 8.4 - 8.6). u∗log was determined from independent PIV and ADCPmeasurements with toleranes of ±3%. For further onsiderations in this study, u∗log istaken as the 'ontrolling' shear veloity u∗. Consequently
ρu2

∗log ≡ ρu2
∗ ≡ τo (4.1)is applied for estimating the shear in the measurement area. The justi�ation is disussedin the following: As has been worked out in �2.2, the determination of τo by extrapolationof the primary Reynolds-stresses to the wall is stritly-spoken only valid for 2D �ows,as additional terms due to seondary urrents annot be negleted (see eq. 2.10). Aseond unertainty of this method is the dependeny on the de�nition of the vertialorigin (y = 0), as for a rough porous bed di�erent de�nitions are reasonable. On theother hand, the determination u∗log depends on the appliability of the hosen ranges for

κ, C, and y/h. Typially, y/h < 0.2 holds, but this limit is empirial as well. Thus,the seond method is also subjet to inexatitudes. The di�erene between u∗uv and
u∗log di�ers only by O(mm/s), whih seems to be not that muh. However, a loserinspetion reveals that u∗uv/u∗log is about 90±3% and onsequently, the derivation of
τo(∝ u2

∗) would di�er by 13-17%. The fat that the shear parameter gained from theReynolds-stresses throughout are smaller than the parameter gained from the log-�tssupports the assumption of seondary urrents' in�uene. Therefore, u∗log is assumed togive a better approah to the integrated, overall global shear; whereas u∗uv 'only' gives ameasure of the shear resulting from motions in a streamwise vertial plane. It should benoted that most of u∗log is ruled by u∗uv.Geometri Length Sales. Table 4.2 presents the relevant geometri parameters. Thewater depth was preassigned to h = 200 mm. However, testing under �ume onditionsshowed that this depth never ould be reahed for #uni9 and #rhi9 in the measurementarea. Here, the onvex water surfae slope due to non-uniform �ow onditions led toa minimum of 211 mm and 215 mm, respetively. For #sph1, a lower water depth washosen to obtain �ow onditions with lower Reynolds-number. The depth was dereased to
h = 129 mm, i.e. the minimum possible depth ompatible with the geometrial boundariesof the measurement setup.The enterline loation of the dip strength parameter δh = y(umax), was determinedfrom u(y) gained by ADCP. Unfortunately, an aurate loating of y(umax) was not pos-sible in steps less than of 5 mm. Beside the results for #sph1, the presene of the dipphenomenon beomes lear, as δh/h < 1.0 holds. For the uniform �ow onditions of#run6, the dip phenomenon is least distintive (δh/h < 0.88), whereas the enterline
umax for the experiments with the aelerated �ow was found at approximately h/4 belowthe surfae.The equivalent sand roughness ks was gained by �tting the enterline u(y) to the loglaw (eq. 2.16), within the same proedure as for u∗log. The value of ks/d = 2.6 for #uniiis in the typial range of ks/d = 1-4 as an be found for natural beds (e.g. Dittrih, 1998,pp. 31-33). The ratio ks/d = 0.6 for the armoring layer (#rhi9) appears to be slightlytoo small, however. The reason for this is unlear. One possible explanation is that theuse of d (eq. 2.35) as denominator is misleading here. For instane, ks/d15 = 1.1 reahes57



4 Experimental Resultsindex h δh δh/h d ks ks/d yt-y y(δR) θm η(mm) (mm) (-) (mm) (mm) (-) (mm) (mm) (mm) (mm)#uni3 200 165 0.83 22 20 0.29#uni6 200 175 0.88 10.2 26.5±3 2.6 2.6±2 12 21 0.17#uni9 211 155 0.73 12 16 0.12#rhi9 215 155 0.72 26.1 15.5±3 0.6 6.6±3 13 14 0.14#sph1 129 125 0.97 25.4 20.5±1.5 0.8 5.0±0.5 13.7 13 0.44#sph3 199 170 0.86 14.4 18 0.29Table 4.2: Geometri parameters. h = water depth measured by ultrasoni probes, δh =
y(umax), d = harateristi grain size (eq. 2.35), ks = equivalent sand roughness,
yt-y = zero plane displaement, y(δR) = upper boundary of the roughness layer,
θm = momentum thikness, η = Kolmogorov length sale.the lower range of ks/d for natural stream beds. Another reason might be that the almostspherial shape of the Rhine gravel leads to similar harateristis as found for spheres:For the spheres experiments ks/d = 0.8 holds, similar to the range of ks/d = 0.68-0.82given by Grass et al. (1991) and ks/d = 0.67 De�na (1996).The zero-plane displaement is de�ned by the vertial distane between the heightof roughness tops and the zero rossing of the extrapolated logarithmi veloity pro�le,

yt − y. The values found for the uniform gravel and the Rhine gravel generally on�rmthe simpli�ed approah of yt − y = 0.25d made by van Rijn (1984) (ompare �2.3.1),although it ould not be determined more preisely than ±(2-3) mm. For the spheresexperiments, 0.20d holds. This value is similar to results from Grass et al. (1991) whofound (0.20-0.22)d by physial experiments, as well as the result of 0.22 d from Stösseret al. (2005) found by LES. The upper boundary of the roughness layer y(δR) is estimatedby the loation of y(u′v′max), as found by the PIV results.Table 4.2 is ompleted by the momentum thikness θm, another parameter often usedto lassify (near) wall e�ets. It is de�ned as
θm =

∫ ∞

0

u(y)

umax (1 − u(y)

umax) dy . (4.2)Typially, this length sale is used in wind tunnel experiments. A loser inspetion showsthat both, y(δR) and θm, are of the same order. Approximately, they reah 10-15% ofthe water depth, with the tendeny of higher perentages at lower Reynolds numbers.However, a larger deviation is reognizable at #rhi9, where y(δR) = 12.0 mm and θm =
21 mm. The reason remains unlear.The smallest length sale is the Kolmogorov mirosale η. Following Nezu & Naka-gawa (1993, p.30), this mirosale is approximated by

η ≈ h/Re3/4
∗h . (4.3)The resulting sales of η = (0.12 - 0.44) mm were not resolved within the veloity mea-surements, where the spatial resolution typially resulted in (1.6 - 2.5) mm (�3.2).58



4.2 Measured VeloitiesFlow Properties. General �ow properties are listed in tab. 4.3. The �ow rate Q, thebulk veloity U and the bulk Reynolds-number Reh give a reall to tab. 3.2. The Reynolds-numbers Re∗h, Re∗δ and the grain Reynolds-number Re∗d provide additional parametersthat haraterize rough bed turbulene.Two versions of the bulk Froude number, Frh = U2/(gh) and √Frh, are frequently usedin literature (and unfortunately, both are sometimes mixed up). To prevent onfusion,in table 4.3 the latter notation is used. The bulk Froude number is seen below 1.0throughout. Thus, the �ow onditions provided are entirely subritial. The densimetriFroude-number equals the Shields-parameter Θ. The runs #unii inluded a veloityspetrum from stable bed onditions up to very slight sediment transport. For #uni9,the value of Θ = 0.062 (highlighted in bold print) indiates the onset of sediment motion,as it reahes the range of Θc = 0.030-0.086 (Bu�ngton & Montgomery, 1997).index ion Q U u∗ Reh Re∗h Re∗δ Re∗d √Frh Fr∗∆ ≡ Θ

(l/s) (m/s) (m/s) (·103) (·103) (·103) (-) (-) (-)#uni3 a 56.6 0.314 0.030 62.8 6.00 4.95 306 0.22 0.006#uni6 f 120.0 0.667 0.063 133.4 12.60 11.03 643 0.46 0.027#uni9 p 180.0 0.948 0.095 200.0 20.05 14.73 969 0.68 0.062#rhi9 ⋆ 180.0 0.930 0.086 200.0 18.49 13.33 2245 0.64 0.019#sph1 � 18.6 0.160 0.015 20.6 1.94 1.88 377 0.14 0.003#sph3 u 56.6 0.316 0.030 62.9 5.97 5.10 753 0.23 0.010Table 4.3: Flow properties. Q = �ow rate, U = Q/(Bh) = bulk veloity, u∗ = shearveloity, Reynolds-numbers: Reh = Uh/ν, Re∗h = u∗h/ν, Re∗δ = u∗δh/ν,Re∗d = u∗d/ν, Froude-numbers: Frh = U2/(gh), Fr∗∆ = u2
∗/(∆gd), with ∆ =

ρs/ρ − 1.4.2 Measured Veloities4.2.1 Time averaged �owCross Setional View. Song (1994) has shown that an aspet ratio of B/h = 4 islimiting for the 2D/3D-transition in the near-bed enter of rough bed open-hannel �ow.As the experiments presented here were onduted at an aspet ratio not smaller than
B/h = 4.2 for a similar experimental setup, 3D e�ets should be expeted to be of minorimportane. However, this has to be subjet to lose inspetion.Iso-surfaes of time-averaged u(y, z) are given for the slightly deelerated �ow of #uni3in �g. 4.1(a), and for the uniform �ow of #uni6 in �g. 4.1(b), respetively. The veloitiesare saled by U . The ross setional views were reonstruted from independent ADCPmeasurements at nine lateral positions. To reord u, a single ADCP probe was mountedat an angle of θ = 60° to the �ow diretion (see �g. 3.4) and measured 188 s at 10.9 Hz.59



4 Experimental Results
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(a) #uni3, deelerated �ow.
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(b) #uni6, uniform �ow.Figure 4.1: Veloity ontour plots u(y, z), saled with outer variable U . Cross setionalview in streamwise diretion for (a) #uni3, and (b) #uni6. The nine positionsof the ADCP probe are indiated by the dotted vertial grid. As an indiationof seondary urrents, the maximum enterline veloity umax is loated belowthe water surfae.After the reordings were done at one position, the probe was shifted to a neighboringposition to start the next measurement.The ontours show a relatively regular lateral distribution of the veloities. For thetime-averaged u(y, z), a lear tendeny to slower veloities at the bed-wall perimeter anda dipped veloity maximum in the enterline beomes prominent. For #uni3 (�g. 4.1(a)),the maximum veloity umax is deteted at δh/h ≃ 0.83. This gives an indiation ofthe presene of seondary urrents, where a weak near-wall �uid transport upwards tothe water surfae and there in diretion to the �ume enterline is superposed on thedominating streamwise main �ow. As a onsequene, the loation of umax is shiftedfrom the water surfae towards the bed. In omparison with #uni6 (�g. 4.1(b)), thisphenomenon is not that marked , as umax is only shifted to δh/h ≃ 0.88. Consequently,seondary urrents an be assumed to be weaker for #uni6.The ratio of δh/h ≃ 0.88 for the uniform �ow of #uni6 on�rms exatly the relation thatis predited by eq. 2.11. However, eq. 2.11 does not onsider e�ets of non-uniform �owonditions, whih might explain the more pronouned vertial shift of y(umax) away fromthe water surfae at the slightly deelerated �ow onditions of #uni3 (δh/h ≃ 0.83). Forthe experiments with aelerated �ow (#uni9 and #rhi9), the shift of the umax-loation60



4.2 Measured Veloitiesis even more distintive (not shown here). The observed ratios are δh/h ≃ 0.73 and
0.72, respetively. This gives a lear indiation that the veloity dip phenomenon (andequivalent to this the presene of seondary urrents) is in�uened by both the ratio B/hand the longitudinal non-uniformity of the �ow.However, within an area of -0.25<z/B<0.25 and y . h/2 the observed isolines arealmost horizontal at all experiments. Consequently, the lateral di�erenes for the averagedstreamwise veloity must be small in this area. Although the presene of seondary �owe�ets an not be denied, they are seen to be of minor importane for the main �owregime. As a �rst approximation the �ow is onsidered to be a 2D-�ow in the near-bedenterline region in the following.Typially, the �ow veloities of seondary urrents are very small in omparison tothe bulk �ow veloity. For the atual measurements, their intensity an by rated bya loser examination of the time averaged vertial veloities v(y, z) (not plotted here).On average |v|/U ≤ ±0.02 and vmax/U ≃ ±0.03 holds for all ross setions and �owonditions monitored by the ADCP. These observations are onsistent with results fromNaot (1984) for similar boundaries (B/h = 4, rough bed, smooth walls). He omputedby an algebrai stress model that on average |v|/U ≃ ±0.02 and vmax/U ≃ ±0.04 holds.The largest values were observed in the orners and at the wall, respetively.Vertial Veloity Pro�les. Fig. 4.2 presents the vertial veloity pro�les of the timeaveraged u(y) and v(y) for all experimental runs, measured by both PIV and ADCP in theenterline of the �ume. Least square �ts to the log-law (eq. 2.16) showed that all urvesof u(y) ollapsed onto a single urve. Regardless, in �g. 4.2 the veloities are plotted withthe average grain size d, and not with ks. In this, di�erenes between the �ow over thethree di�erent bed roughness types are shown.Eq. 2.16 was derived by the 2D-assumption that a single, onstant frition veloity u∗an be adopted to haraterize the momentum transfer from the outer �ow to the bed.In 3D open-hannel �ows with seondary urrents, this simple approah is inadequate,as the total shear 〈τo〉 = ρu2

∗ is distributed nonlinearly at the bed-wall perimeter (�2.2).However, Nezu & Rodi (1985) showed by measurements in a hydraulially smooth andnarrow �ume (B/h = 2) that the log-law oinides well with experimental data exeptnear the orners. Within the lateral extension -0.4<z/B<0.4, τb(z) only varies between
0.98 - 1.1 〈τb〉(z). Thus, an enlargement to 3D �ows above rough beds is possible to gain aertain range of u∗ from the log-law. The work of Song (1994) on�rms this appliabilityto a rough bed �ume study (d = 0.012 m, B/h ≥ 3.5). As an be seen in �g. 4.2, the�tted log-law mathes all urves of u(y) onto a single urve. Therefore, u∗log is used asthe overall global shear veloity u∗. (Note that the resulting �t-parameters u∗ and ksare already disussed in �4.1, last setion in 'Shear Stresses' as well as seond setion in'Geometri Length Sales'.)Fig. 4.2 also inludes �ts to the linear veloity distribution in the roughness layer,adapted to the �ow in rough permeable beds. It reads

〈u〉(y)

u∗
= C

y

δR
+ Cφ , (4.4)61
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4.2 Measured Veloitieswhere Cφ is an additional parameter applying for a onstant seepage �ow in the porousbed. As the thikness of the roughness layer, δR, ould not determined preisely for theexperiments, an approah was made by using the grain size d instead. In �g. 4.2, eq. 4.4was �tted to [C, Cφ] = [5.5, 1.3] for #unii and [C, Cφ] = [5.5, 5.1] for #rhi9. The sloperuled by C agrees with the proposed values for gravel beds (Nikora et al., 2001). For theexperiments of #sph, [C, Cφ] = [14, 2.0] was found.The pro�les of v(y) given in �g. 4.2 indiate again the presene of seondary urrents.However, in omparison with the streamwise veloity omponent they are very small v(y),roughly limited by v(y) < u∗/4.4.2.2 Turbulene intensitiesCross setional view. Contours of vertial turbulene intensities σv(y, z) are shown in�g. 4.3, for the same experimental onditions as given in �g. 4.1. To reord σv, ADCPmeasurements were performed for 102 s at 25.0 Hz (θ = 90°). Priniple �ndings for u(y, z)are on�rmed: Seondary urrents slightly in�uene the shape of the ross setional viewto the (vertial) turbulene intensities. However, within the near-bed enterline region(−0.25 < z/B < 0.25, y . h/2) the �ow an be adequately viewed as a 2D-�ow.
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4 Experimental ResultsSpetral analysis. Before analyzing the PIV results with respet to turbulene proper-ties, a loser look is taken at their spetral on�guration. As has been shown in table 4.2,the Kolmogorov length sale η is not resolved within the PIV reordings. Consequently,turbulent �utuations with sales smaller than the spatial resolution will ause noise inthe alulation of the vetor �elds. Peak loking e�ets ombined with sub-pixel dis-plaements also lead to inaurate veloity vetors, espeially if they are ombined withstrong veloity gradients − as is typial in the near-bed region. This setion addressesthe question to what extent soures of errors in�uene the turbulene statistis of the PIVmeasurements.As an example, spetra Suu of the veloity signal at a vertial bed distane of y/δh ≃1
0.2 are given in �g. 4.4. They are estimated by Welh's method with a window lengthof n = 26 using retangular and no overlapping windows. The spetra are based onPIV vetor �elds that were proessed without overlapping. Thus, an ambiguity dueto a di�erene between spatial resolutions and vetor spaing is avoided. (Reall thatgenerally all vetor �elds analyzed in this study are proessed using an overlapping of
50% to inrease the veloity information). All spetra given in �g. 4.4 follow the expetedtendeny within the inertial subrange, where a derease by k−5/3 an be observed. Atlarger sales, this slope shifts − at least in tendeny − towards k−1, indiating a strongerinteration between the mean �ow and its �utuating part (Nikora, 1999). However, thisharateristi is not well-pronouned here. Wavelengths larger than L = 161.2 mm orsmaller than twie the spatial resolution, L = 2 · 2.52 mm, are not resolved, thus theprodution range and the visous range are not displayed.At smaller sales, irregularities beome prominent in the urve progressions. The spe-tra for #uni3 and #uni6 (thin lines) trend towards a horizontal line indiating a highlevel of (white) noise. A belated inspetion of the PIV settings revealed that the timestep ∆t = 2 ms between eah two reordings of a double frame was hosen slightly tooshort for these �ow onditions. Consequently, sub-pixel displaements (i.e. small-sale�utuations) are not resolved adequately. Here, exeptionally a 3×3 Gaussian �lter isapplied to lean the signal, ausing a loss of smaller saled �utuations (bold lines). Thein�uene of small-sale noise an also be seen in the given examples of #sph1 and #rhi9,but the revealing small appendix is not very distintive. Thus no �lter is applied here.The spetrum for #rhi9 shows another trend di�ering negatively from k−5/3. A similarbehavior is observed for all spetra of #rhi9 and #uni9 (not shown here). At these�ow onditions at higher Reynolds-numbers a ontinuous seeding was hardly able to beprovided. Thus, low validation rates of the alulated vetor �elds are the onsequene.For the veloity �eld of #rhi9 only 65% of the omputed vetors are on�rmed. Toompute the spetra, the missing vetors are �lled by a neighbor smoothing tehnique.Thus, e�etively an uneven spatial �lter is applied, taking a loss of small-sale �utuations.Consequently, Suu from #rhi9 lies slightly below the expeted derease by k−5/3 androsses the spetra of #uni6.1Here, the symbol ≃ is used instead of =, as a preise resolution of yref/δh = 0.20 ould not mathedexatly due to the vetor spaing of 1.3 mm.64



4.2 Measured Veloities
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65



4 Experimental ResultsThe spatial resolution of turbulent �utuations is evaluated by spetral analysis in thefollowing. Let σ2
u,tot be the total variane of the veloity signal u, onsisting of σ2PIV andthe residual σ2

r . Then, the varianes are related by
σ2

u,tot = σ2PIV + σ2
r . (4.5)Realling of eq. 2.21, the total variane an also be expressed by its one-sided spetrumas

σ2
u,tot =

∫ ∞

0

Suudk . (4.6)In other words, if Suu is plotted against the wave number k, the area below the urveequals the variane σ2
u,tot. As the veloities gained from the PIV-data represent the largersales, an extrapolation of the k−5/3 asade an be used to estimate the residual σ2

r . Thisapproah reads
σ2

r =

2π/ηk∫

2π/LN

Suu(kN)

k
-5/3
N

k-5/3 dk
= -3/2

Suu(kN)

k
-5/3
N

1

(2π)2/3

(

ηk
2/3 − LN

2/3
)

,

(4.7)where LN is twie the �nal window size applied in vetor proessing, kN = 2π/LN is theorresponding wave number, and the smallest relevant sale is denoted by ηk (> η). If σ2
ris known, the quality of the PIV vetor �elds an be rated by the quotient of the resolvedturbulene intensities, σPIV/σu,tot, i.e.

σPIV
σu,tot =

√

σ2PIV
σ2PIV + σ2

r

. (4.8)Eqs 4.7 and 4.8 are applied to the PIV data. The smallest relevant sale is approximatedby ηk = 3η. The lines delining as (k/2π)−5/3 give the extrapolation to 3η (see �g. 4.4), forwhih Suu(2LN ) was hosen as starting point instead of Suu(LN) due to the noise e�ets atthe smaller sales. The spetral analysis shows an exellent quality of σPIV/σu,tot > 0.98 forthe low Reynolds-number experiments of #sph1, and σPIV/σu,tot > 0.95 holds for the otherexperiments with higher Reynolds-numbers. Further analysis reveals that these lowerlimits estimations are also valid for the vertial �utuations σv. Thus, within the vetor�elds obtained by the PIV-system at least more than 95% of the turbulene intensity isresolved. However, in some ases a spatial �ltering has to be applied to remove noisee�ets.Turbulene intensity pro�les. Fig. 4.5 shows the turbulene intensity pro�les σu(y) and
σv(y) measured in the enterline of the �ume by the PIV system (setup A). Additionally,the pro�les gained by the ADCP give an extended view of σv in the outer �ow region.The turbulene intensities of #unii and #rhi9 given in �g. 4.5(a) orrespond reasonablywell to eq. 2.23 applied with parameters from Kironoto & Graf (1994) for rough walls.66
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4 Experimental ResultsThe slightly smaller values of σv measured by the ADCP for #uni9 and #rhi9 are due tothe lowered spatial resolution of this measurement tehnique at higher veloities. Similarto the �ndings of Song (1994), σv reahes its maximum at y/δh ≈ 0.2. Below that, itdereases towards the bed − opposite to the inrease as predited by the exponentialbehavior of eq. 2.23. Physially this an be explained as follows: the eddies reated bythe bed roughness are hindered in their vertial development near the bed due to theboundary limitation.The pro�les of σu for #uni3 and #uni6 also have a more onvex shape in the near-bedregion. In the outer �ow they tend towards the urve found by Nezu & Nakagawa (1993).A similar bellied shape is observed for the spheres experiments shown in �g. 4.5(b). Here,a better mathing is realized by plotting the pro�les with inner variables, ks or d, insteadof the outer variable δh. This saling is probably aused by the low δh/ks ratio (Wanget al., 1993).4.2.3 StressesFig. 4.6 presents the vertial stress distributions alulated from the PIV-data, normalizedon the basis of u2
∗log ≡ u2

∗. In �g. 4.6(a), the stresses on the uniform gravel and Rhinegravel are plotted with δh. As the relation of u∗uv/u∗ was found to be 90±3% (�4.1, lastsetion in 'Shear Stresses'), a stress distribution assumed to be valid in a linear-�t as
−ρ〈u′v′〉

τo

=

(

1 − y

δh

)(
u∗uv

u∗

)2

. (4.9)is also inluded in �g. 4.6(a). The measured Reynolds-stresses are in good agreementwith eq. 4.9. Slight deviations at y/δh > 0.3 for the aelerated �ow onditions of #uni9and #rhi9 ause a onave shaped distribution (Song, 1994). In the roughness layer(y/δh . 0.08), the Reynolds-stresses derease almost linearly towards zero and the formindued stresses beome prominent. The maximum values are 〈ũṽ〉/u2
∗ < 0.2, a similarlimit to Nikora et al. (2007b) for gravel beds. In �g. 4.6(b), the �uid stresses on top of thespheres are plotted with inner variable ks instead of the outer variable δh. Thus, a bettermathing is realized, analogous to the turbulene intensities measured for the spherialbed.Fig. 4.7 shows the orrelation oe�ients, whih are a measure of the e�ieny of wall-normal motions to transport streamwise momentum. In a larger part of the outer �owtypial values sattering around 40% are reahed for #uni6, #uni9, and #rhi9, being ingood agreement with results from e.g. Breugem (2005) and Adrian et al. (2000b). However,for runs with lower Reynolds-number and deelerated �ow, the orrelation oe�ient tendto be smaller.
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4 Experimental Results4.2.4 Flow StruturesStreamwise Vertial View. In �g. 4.8 a sequene of four instantaneous veloity �elds isgiven, measured in a streamwise vertial plane on top of the spherial bed (#sph1). Thepassage of two large-sale �uid pakets an be observed, where a faster paket in the senseof a sweep (or Q4) event (u′ > 0,v′ < 0) interats with a slower �uid paket that behavesin the sense of an ejetion (or Q2) event (u′ < 0,v′ > 0). Together they form an angle ofapproximately 20° inlined to streamwise diretion. Due to its propagation veloity, thefaster �uid paket overrolls the slower one. Within the shear layer between both zones,small eddies are generated. The presene of vortex ores are indiated by values of theswirling strength λ2
ci. It is de�ned as the imaginary part of the omplex eigenvalue of theveloity gradient tensor (e.g. Adrian et al., 2000a). For 2D-�ows, its alulation reads

λ2
ci = max

[

0 , −∂u

∂y

∂v

∂x
+

1

2

∂u

∂x

∂v

∂y
− 1

4

(
∂u

∂x

)2

− 1

4

(
∂v

∂y

)2
]

. (4.10)The above mentioned �ndings agree well with the model proposed by Adrian et al.(2000b) for the organization of vortex strutures in the logarithmi layer of smooth walls.In terms of Adrian et al., the eddies in the shear layer are alled hairpin vortex pakages(HVP). Ramp-angles of 10-25° agree well with results from Tomkins (2001) for wind tunnelexperiments, roughened with low-density hemispheres, and observations in natural gravelbed rivers as desribed by Roy et al. (2004) (see �2.5).Fig. 4.9 shows pitures of wedge-like strutures as they were seen in the �ow �elds ontop of the three di�erent types of bed. In general, the �ow experiments over the spherialbed gave the most harateristi �ow textures, where the HVP's ould be identi�ed un-ambiguously in most of the ases, and the demaration line between the two �uid paketswas more or less linear. For the gravel bed experiments #unii and #rhi9, the harater-istis of the wedge-like strutures were less pronouned, but also reognizable. Obviously,the ourrene of ramp-like strutures is independent of the type of bed roughness.It is observable in all veloity �elds made in this study that self-similar wedge-likestrutures are repeating roughly with a frequeny of (0.2-2) Hz. Sometimes they are wellpronouned. However, sometimes the observer needs some imagination to identify them.Additionally, further strutural features like large-sale rollers or delining ramps are seenfrom time to time within an otherwise less textured turbulent �ow regime. Thus, thequestion arises, wether ramp-like strutures in the sense of Adrians HVPs are typialfeatures for rough bed �ows as well, or whether they are just insigni�ant oinidenesdue to turbulene e�ets. To test this, the veloity �elds are analyzed statistially in thefollowing.Christensen & Adrian (2001) onduted two-point orrelations between the swirlingstrength and the veloity �eld to give statistial evidene of HPVs in smooth wall turbu-lene. A similar proedure is now applied to the rough bed �ow realization of this study.A ross orrelation funtion Cλu(rx, y) may be written as
Cλu(rx, y) =

〈λ2
ci(x, yref) u′(x + rx, y)〉

σλ(yref) σu(y)
, (4.11)70



4.2 Measured Veloities
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Figure 4.8: Sequene of instantaneous veloity �elds for #sph1, where the passage of alarge-sale wedge-like �uid struture an be observed. Only every seond frameis plotted. The veloity �eld was �ltered by a 2×2 �lter. For visualization,the vetors are presented with a onstant onvetion veloity −→uc = [0.85U, 0]removed. In x, only every �fth vetor is plotted. Contours of λ2
ci highlightthe loation of vortex ores. The shading indiates √(u2 + v2) > U . Theshear layer between the faster and the slower moving �uid zones is denselypopulated with eddies.
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4 Experimental Results
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4.2 Measured Veloitieswhere rx denotes the horizontal orrelation shift in x, and yref is the referene height atwhih the swirling strength is taken. Note that λ2
ci ≥ 0 holds by de�nition, so Cλu(rx, y)retains the sign of u′. Therefore, the orrelation funtion embodies also strutural infor-mation on the �ow texture. The unbiased estimate of the ross-orrelation funtion willbe hosen for normalization, i.e. eah ell of the resulting orrelation matrix represents notthe sum, but the mean of the individual produts of u′ and the onjugate omplex of λ2

ci.Furthermore, to be onsistent with Christensen & Adrian (2001), terms in eq. 4.11 havebeen non-dimensionalised dividing by the orresponding standard deviations. However,other parameters are reasonable as well.Fig. 4.10 illustrates the time averaged orrelation Cλu for the experimental onditions of
#sph1, #uni6, and #rhi9. The orrelation is based on sequenes of eah of 1740 veloity�elds reorded within 205 s, thus statistial sampling errors are minimized. As refereneheight, yref/δh ≃ 0.2 was hosen arbitrarily. As it ould be expeted, Cλu is strongest atthe referene line near rx = 0. All three orrelations give similar results: A large-saleinterfae, inlined at approximately 10-20° beomes obvious. In tendeny, the orrelationfuntion is positive below and negative above this interfae. That means, if swirlingmotion is deteted at yref within a single vetor �eld, it is most likely that swirling is alsopresent in a line inlining at 10-20°. The orresponding �ow is faster above and slowerbelow this interfae. In other words, the �ow is dominated by aligned HVP that inlinein a streamwise diretion while a pakage with u′>0 overruns another pakage with u′<0.Thus, the result gives a statistial evidene that mean wedge-like �ow strutures existsabove rough walls, where a series of lokwise rotating eddies are loated along a lineinlined in streamwise diretion from the wall. On average, the instantaneous struturesour with su�ient frequeny, strength, and order to leave an imprint on the statistisof the �ow.The three strutures given in �g. 4.10 show de�nite similarity, indiating that thislarge-sale behavior is relatively insensitive to roughness type, water depth, and Reynoldsnumber. However, the harateristis are less prominent for the gravel bed experimentsof #uni6 and #rhi9 at |rx|/δh > 0.3. Statistially, the expeted distintiveness of Cλushould have been vie versa, sine the ratio of the bulk veloities of #sph1, #uni6 and#rhi9 −roughly given by 1 : 4 : 6− also represents the expeted ratio of the numbers ofobserved wedges. So, the reason must be di�erent. On the one hand, peak loking ouldhave led to a smearing e�et in the resolution of λ2

ci, on the other hand, it might be asimple fat that HVPs on randomly laid gravel beds are less de�nite than on an orderedspherial bed.Sporadi ramp strutures were observed that extended to the outer �ow (and possiblyup to the water surfae). However, these events did not leave a marked imprint on Cλu,as large-sale zero-rossing interfae disappears not far beyond yref/δh > 0.2 in �g. 4.10.Horizontal Near-Bed View. In �g. 4.11 a sequene of two instantaneous veloity �eldsis given, measured in a streamwise horizontal plane on top of the spherial bed (#sph1)at a vertial distane above the spheres' tops of yt = 4.5 mm (idential to y = 9.5 mm).Elongated strutures beome visible, onsisting of either high or low speed streaks alter-nating in the spanwise diretion. Suh streaky strutures on top of a spherial bed are73
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4.2 Measured Veloitiesalready well desribed in the dye visualizations of De�na (1996). He hypothesized thatthe shear layer between streaky strutures onsists of elongated vorties that ounter-rotate around a streamwise axis. Unfortunately, eddies of suh kind were not evidenedin his report nor an they be deteted by a 2D horizontal view of the veloity regime asgiven in �g. 4.11. Indeed, small eddies an be seen sporadially within the shear bandbetween the streaks, as indiated by λ2
ci. However, due to the given 2D horizontal view,the swirling strength riterion is limited to detet only vorties rotating horizontally, butnot in a lateral-vertial plane.Streaky strutures are reognized at all veloity representations of near-bed horizontalviews. Fig. 4.12 gives examples of pitures of stripe patterns as they were seen in the�ow �elds on top of the three di�erent types of bed. Obviously, the ourrene of streakystrutures is relatively insensitive to the variations of the roughness types, the water depth,and Reynolds number as well. However, in tendeny the streaky behavior again has beenseen to be more distintive for the (well strutured) spherial bed than the stripiness �owtexture for the gravel beds of #unii and #rhi9 (not shown).As was pointed out by several researhers in the past (e.g. Grass et al., 1991), thestreak spaing should sale with the roughness height ks. To test this against the presentdata, the horizontal veloity �elds are analyzed statistially in a similar manner as thevertial streamwise veloity �elds before. However, due to the reasons mentioned above,a orrelation to λ2

ci is suitable to a limited extent only. Therefore, a two-point orrelationis realized by a 'quasi' two-point auto-orrelation of u′. It reads
Cuzu(rx, z) =

〈u′(x, zref) u′(x + rx, z)〉
σu(zref) σu(z)

, (4.12)where zref = 0 is the referene for u′. Fig. 4.13 illustrates the results of the time averagedorrelation Cuzu for #sph1, #uni6, and #rhi9. All three orrelations give similar results:
Cuzu is elongated, and it is strongest at the referene line zref near rx = 0. Note that,sine the algebrai sign of the two orrelated streamwise �utuations is the same, Cuzuis positive by de�nition. Thus, the orrelation embodies the strutural information onthe streaks as well. The area Cuzu > 0 an be interpreted as the mean extensions of onestreak. Consequently, the streamwise extension of the streaks must be muh larger thanthe longitudinal limits plotted in �g. 4.13, as it is throughout positive at least within
|z|/ks . 1.5.The lateral streak extension λz an be determined diretly by taking the transversaldistane of the zero rossing. However, in all three ases λz is smallest at rx = 0 andgrows with inreasing |rx|. This harateristi might be due to a meandering nature of thestreaks. Thus, an estimation of λz should onentrate only on small rx. Within −1.5 <
rx/ks < 1.5 the transversal spaing is almost onstant. Therefore, the streak spaing wasdetermined as follows: First, Cuzu(rx=0) and the averaged values of Cuzu(|rx|/ks=1.5)were alulated for all horizontal near-bed veloity realizations. Fig. 4.14 gives the results.In a seond step λz was identi�ed diretly by taking the distane of the orrespondingzero rossings. The resulting values are plotted in �g. 4.15, being in good agreement withthe supplemented data from De�na (1996). A linear �t to the whole plotted data set gives

λz = 1.5yt + 2.4ks . (4.13)75



4 Experimental Results

x/δh (-)

z
/
δ h

(-
)

−0.5 −0.4 −0.2 0 0.2 0.4 0.5

−0.4

−0.2

0

0.2

0.4

〈u〉t = 52.25s

x/δh (-)

z
/
δ h

(-
)

−0.5 −0.4 −0.2 0 0.2 0.4 0.5

−0.4

−0.2

0

0.2

0.4

〈u〉t = 52.50s

Figure 4.11: Sequene of two instantaneous veloity �elds for #sph1, where the passage ofelongated streaky strutures an be observed. Top view on a horizontal layerat yt = 4.5 mm above the spheres' rest (idential with y = 9.5 mm). Theveloity �elds are �ltered twie by a 3×3 Gaussian �lter. For visualization,the vetors are presented with the onvetion veloity −→uc = [〈u〉, 0] removed.In x, only every �fth vetor is plotted. Contours of swirling strength highlightthe loation of vortex ores rotating around a vertial axis. The shadingindiates √(u2 + v2) > 〈u〉.76



4.2 Measured Veloities
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(a) MPPS as drag indiator. (b) MPPS as lift indiator.Figure 4.16: Arrangements of the MPPS.80



4.3 Measurements of Pressure Flutuationsnegative pressure deviation (low pressure) refers to a lift in vertial diretion, L′ = −p′.For simpliity, the pressure �utuations measured in the latter arrangement are denotedby L′ and the former by D′ in the following.4.3.1 Time seriesFig. 4.17 shows synhronous time series of pressure �utuations p′(t) measured with theexperimental onditions of #uni6 over t = 3.0 s. The pinholes of the four pressure pikupswere vertially positioned at y = [+10, +5,−7,−22] mm. The MPPS at y = +5 mmwas faing upwards as shown in �g. 4.16(b), thus it indiates the �utuating lift. Theother sensors were arranged horizontally, with the pinhole faing upstream, as depitedin �g. 4.16(a). Thus, these sensors indiate the �utuating drag. For the measurementsgiven in �g. 4.17, the sensors indiating D′ were vertially aligned in the enterline of the�ume, whereas the L′-sensor was positioned at a lateral distane of 80 mm relative to theothers.
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Figure 4.17: Simultaneous times series of pressure �utuations p′(t) for #uni6. Linewidths from thik to thin orrespond to y = [+10, +5,−7,−22](mm), in-diating the �utuating part of drag and lift as [D′, L′, D′, D′]. Here, thesensors indiating drag �utuations are vertially aligned; the sensor indiat-ing lift �utuations is at ∆z = +80 mm relative to the other sensors (lightgray line).By omparing the signals given in �g. 4.17, the damping of higher frequenies withinreasing depth into gravel beomes obvious. As expeted, the most buried sensorat y = −22 mm gives the smallest pressure �utuations. However, the �utuationsreorded by the seond sensor that was buried at y = −7 mm (i.e. one grain diam-eter below the roughness tops) an hardly be distinguished. More intense small-sale�utuations an be seen only synhronous to positive peaks of the most exposed sensor,81



4 Experimental Resultsat t = [45.5, 45.8, 46.6, 47.4] s. Due to its lateral distane from the other sensors, the signalof the L′-sensor slightly above the roughness rest shows no orrelation with the othersensors. However, the reorded �utuations are learly more turbulent in omparison tothe sensors within the gravel bed. The measured signal of the most exposed sensor givesthe most extreme pressure �utuations. Maximal positive pressure peaks reah up to
p′/τo ≃ +40, whereas the negative pressure peaks are less extreme around p′/τo ≃ −20.This indiates that positive peaks of D′ are more extreme than the negative peaks, i.e.the signal is skewed. A loser examination of this is given in the next setion.4.3.2 HistogramsCharateristi histograms of the measured pressure signals are presented in the following.They are ompared with a probability density funtion (PDF) derived by Ho�and &Battjes (2006). This PDF is apable of desribing instantaneous drag fores on bedroughness elements. It is distantly related to the χ2-distribution, whih was proposedby Papaniolaou et al. (2002) for the PDF of drag fores. However, the χ2-distributioninludes a summation from 0 to in�nity, whereas Ho�ands formulation is easier to use inpratie.Ho�ands formulation is derived by assuming a harateristi, normally distributed near-bed veloity ub that is proportional to the drag fore by FD = α|ub|ub. This singleharateristi ub is seen to be the only soure for drag fores. The PDF is derived asP(FD) =

1

2
√

2πα|FD|
exp

[

−1

2

(√

|FD|/α − sign(FD)δσ

)]

, (4.14)where the non-entrality parameter,
δσ = ub/σub

, (4.15)gives the reiproal of the relative near-bed turbulene intensity ruled by ub. Fits to themean and standard deviation are given by
µ�t = (δ2

σ + 1) − exp(−1.63 δσ) (4.16)and
σ�t =

√

4δ2
σ + 2 + exp(−0.55 δ2

σ) , (4.17)respetively. (Note, that eq. 4.16 and eq. 4.17 are inhomogeneous in dimensions, as δσis dimensionless, but µ�t and σ�t result in units of the drag fore α|ub|ub). The PDFis negatively skewed, i.e. events of FD > 0 are more extreme. This is due to the fatthat the square of a normally distributed variable, here ub, has a skewed distribution.Ho�and & Battjes (2006) tested eq. 4.14 against their own measurements. As a proxy tothe streamwise fore FD, they used the streamwise pressure di�erential D measured at aubi model stone (d = 30 mm). The shape of the PDF was predited almost perfetlyfor lower drag intensities, say ±2σD. However, slight di�erenes for extreme drag valueswere observed, where the trend of D′ was better desribed by an alternation of δσ. In82



4.3 Measurements of Pressure Flutuationshis Ph.D. report, Ho�and also tested pressure measurements indiating lift �utuations,
L′, against an adopted version of eq. 4.14. However, the measured distributions of L′ didnot follow the theoretial urve. Instead, they revealed to be almost Gaussian shapedbetween ±2σL, and beyond that the deviation was positive.Next, eq. 4.14 � and with this its inluded pressure generating mehanism � will beexamined as to how far it an be used to desribe the PDFs of the pressure measurementsmade within the present study. The following �gs 4.18 - 4.20 present PDFs from mea-surements at the experimental onditions of #uni6, for both arrangements to reord D′and L′. Three di�erent bed exposures are analyzed, y/d = 0.7 in �g. 4.18, y/d = 0 in�g. 4.19, and y/d < −2 in �g. 4.20. The former two �gures inlude plots of Ho�and'sPDF, adopted for both D′ and L′.A de�nite 'near-bed' δσ annot be found for D′ and L′, sine ub and σub

are subjetedto a larger satter (see �gs 4.2(a) and 4.5(a)). Thus the plots of eq. 4.14 were obtainedwith δσ = [2.7, 5.4] to over the reasonable range gained by the veloity measurements.The �gures also inlude plots of the standard Gaussian2 (or standard-normal) densitydistribution that reads, e.g. for D′P(D′/σD) =
1

σD

√
2π

exp

[

−1

2

(
D′ − D

σD

)2
]

, (4.18)with [σD, D] = [1, 0].A loser look now to �g. 4.18 reveals that Ho�and's PDF (eq. 4.14) provides a goodapproah to both histograms of D′ and L′ at y/d = 0.7. In tendeny, δσ = 2.7 givesan aeptable approximation to the measured shape. However, negative deviations anbe seen around the mode value and the negative tails for < −1.8(D′, L′). In the semi-logarithmi plot it an be seen that the positive tail of D′ is desribed well by valuesof δσ = 2.7 - 5.4, whereas the maxima of its negative tails are better approximated for
δσ > 5.4. For L′ a similar tendeny is revealed. The positive tail of L′ is desribedwell by values of δσ < 2.7, whereas the maxima of its negative tail are approximated for
δσ > 5.4. (Note that Ho�and's PDF equals the Gaussian distribution if it is applied with
δσ = ∞.) These �ndings lead to the following onlusions onerning the properties ofpressure �utuations measured slightly on top of the gravel bed: (1) as both PDFs of D′and L′ an be approahed by Ho�and's PDF, here both the loal drag and the loal liftmust be mainly in�uened by the near-bed veloities. In the sense of Ho�and (2005), theunderlying proess is alled a quasi-steady mehanism, as it is (mainly) due to large-saleveloity �utuations. However, his measurements did not show that this dependeny alsoholds for L′, although he expeted this for higher exposures (Ho�and, 2005, p.105). Notethat Ho�and had a slightly di�erent setup with rushed stones and a relative large ubialhousing of 30 mm for his pressure sensors. (2) The positive tails of > 3(D′, L′) are betterdesribed by higher relative near-bed turbulene intensities, 1/δσ, than the negative tails.In other words: At higher near-bed turbulene intensities, the drag and lift is more likelyto be positive than negative.2Johann Carl Friedrih Gauÿ: * 1777 in Braunshweig (D); � 1855 in Göttingen (D) 83



4 Experimental Results
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4.3 Measurements of Pressure Flutuations
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(b) Histograms of lift �utuations.Figure 4.19: PDFs of measured instantaneous pressure �utuations at the gravel tops(#uni6). (a) D′ (2 independent signals). (b) L′ (14 independent signals).
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4 Experimental ResultsSimilar �ndings hold for the measured PDFs at the gravel tops, as shown in �g. 4.19.Again, δσ = 2.7 gives � at least in tendeny � an aeptable approximation to the measuredshape, where the positive tails of D′ and L′ are predited almost perfetly by this value.The negative tails obtain a better mathing for lower turbulene intensities, where D′ anbe approximated by δσ = 5.4 and L′ by δσ = ∞. Thus, the trend goes to lower near-bedturbulene intensities. Nevertheless, the quasi-steady mehanism is still dominant.As shown in �g. 4.20, all PDFs of D′ and L′ loose their skewness deeper in the gravelat y/d < 2. The PDFs are well predited by a simple Gaussian distribution, or in thesense of Ho�and's PDF (eq. 4.14) δσ = ∞ holds, i.e. ub ≫ σub
. Thus, turbulene dueto near-bed veloity �utuations plays no further role. In the sense of Ho�and (2005,e.g. �g. 6.1) turbulent wall pressure (TWP) �utuations now an be seen as the respon-sible mehanism. TWP are due to onveting pressure �elds and not due to near-bedveloity �elds. Consequently, a symmetrial (i.e. a non-skewed) PDF an be expeted.To sum up, the PDFs measured at y/d = 0.7, y/d = 0, and y/d < −2 revealed thatthe interfaial layer (say 0 < y/d < 2) gives a sharp boundary, whereas above, drag andlift are more related to the near-bed veloity, and below they are more related to TWP.A loser examination of this transition layer will be the topi of the next setion.4.3.3 Turbulene intensitiesSpetral analysis. Before desribing the pressure measurements with respet to tur-bulene intensities, a loser look is taken at the spetral on�guration of the signals.This addresses the question of the genesis, damping, and dissipation of pressure �utua-tions, and the question as to what extent noise in�uenes the turbulene statistis. Thefrequeny-harateristis of the pressure signals are examined by means of spetra.Fig. 4.21 shows typial representative power spetra of the measured signals at di�erentvertial positions. They refer to the same pressure signals that were already presented astime-series in �g. 4.17. Additionally, �g. 4.21 inludes a supplementary signal reordedat y = −38 mm deeper within the gravel layer. The one-sided spetra are estimated byWelh's averaged modi�ed periodogram method of spetral estimation. Segment lengthsof n = 217 (61.7 s) with 50% overlap were used, with Hamming windows of the samelength. The results were smoothed by a moving average window of 50 elements, with theshape preserved.With an overall view of �g. 4.21, the damping of the pressure �utuations within thegravel layer beomes obvious, as the spetra of the signals of the more sheltered sensorsthroughout are below the more exposed ones. Furthermore, it an be seen to what extentthe larger frequeny sales ontain also the larger part of the turbulent energy. Only thespetrum of the signal measured by the uppermost sensor follows learly the expetedKolmogorov-saling tendeny within the inertial subrange. At frequenies of f > 10 Hz,its urve delination onforms to the lassial −7/3 power-law for pressure. This salingalso roughly holds for the spetra at y = [−22,−38] mm deeper in the gravel. However,sine the turbulent �utuations are damped within the porous layer, the resulting urvesare shifted towards lower values of Spp and f , respetively. As all spetra deeper in thebed were found nearly to resemble these two spetra (not shown here), it is onluded86



4.3 Measurements of Pressure Flutuations
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4 Experimental Resultsthat deeper than (2-3)d, no essential damping takes plae. The variane σp, i.e. the areaunder the urves, stays almost onstant.In ontrast to this Kolmogorov-onformity, the signals measured in the roughness layerat y = [+5,−7] mm reveal a di�erent spetral behavior for the turbulent energy asade.Here, the urves show a derease slower than f−7/3. At f > 30 Hz, the urve of theMPPS at y = +5 mm even rosses the spetrum of the uppermost sensor. This leavesopen the plae for interpretation: as there is no distintive peak, misleading measurementerrors due to e.g. organ-pipe e�ets (sensor was faing upwards, see �g. 4.16(b)) areimplausible. By this, a peak with the eigenfrequeny of the pressure tube should beexpeted. Another reason seems more likely: an energy transfer from the horizontal tothe vertial �utuations. As the free stream �ow in the streamwise diretion is hindereddue to single grains in the roughness layer, it transforms to a more 3D �ow within theintersties. Therefore, kineti energy from the streamwise �ow might be shifted towardsthe vertial and transversal diretions. Within the gravel layer, the lassial −7/3 powerasade that indiates isotropi behavior is enhaned by a transformation of small-saleturbulent kineti energy. However, beside this speulation it has to be noted that thevalidity of a −7/3-law for pressure is not generally aepted. Although Lee & Sung(2002) and Ho�and (2005, p. 106) found solely a −7/3 power-law for their TWP spetra,Gotoh & Rogallo (1999) proposed a seond range at f−5/3. Lately, Tsuji et al. (2007)found even harateristi isotropy at exponents of . −5/3, but they never observed a
−7/3 power-law in their pressure spetra at all.Next, the fous goes to the origin of the observed large-sale osillations with f < 1 Hzthat are not damped within the porous gravel layer. It is hypothesized that these pressure�utuations are dominated by a long-wave osillating water level. An approah to thisis made in the following. By negleting the surfae tension, the �rst-order wave theorygives the resulting standard deviation of the bed-pressure due to surfae waves

σp =
ρga√

2 osh(kh)
, (4.19)where the wave number is given by k = 2π/L and the denominator √2 is introdued soas to give σp/pmax for a sine funtion. Within the transition from deep to shallow waterbetween 0.05 < h/L < 0.5, the orresponding wave frequeny reads

f =
1

L

√

g/k tanh(kh) . (4.20)Fig. 4.21 inludes a plot of equations 4.19 and 4.20, where wave lengths of L =
(0.25 - 4.0) m and a onstant small amplitude of a = 0.6 mm is assumed. The plot mathesthe spetra at f ≈ 1 Hz reasonably well. Consequently, the long wave osillations of theouter �ow are hypothesized to dominate σp within the gravel layer. However, it an notbe answered de�nitely whether they are due to long-wave osillations of the water levelor if they are due to maro pressure �elds resulting from oherent �ow strutures.Two kinds of noise an be identi�ed in the spetra. Although the reording was obtainedby applying a low-pass �lter (see �3.4), high frequenies still produes aliasing noise. Theresulting peaks an be seen in a band of (10 - 30) Hz in the spetra of the sensors at88



4.3 Measurements of Pressure Flutuations
y = [−22,−38] mm, where the signal was too small to absorb these interferenes. Theseond noise is the white noise, whih is unavoidable. In the spetra it an be identi�edat approximately < 102 Pa2/Hz. Consequently, a spetral separation of the �utuatingpressure signal an be made as follows

σ2
p,tot = σ2

p,t + σ2
p,w + σ2

N , (4.21)where σ2
p,tot denotes the total variane, σ2

p,t is the part due to turbulene, σ2
p,w is the partdue to (long) wave osillations, and σ2

N is the part due to noise. Sine σ2
N is independentof the �ow onditions, the measured signals at low turbulene intensities are subjetedto a low signal-to-noise ratio. Espeially for measurements within the bed for #sphi and#uni3, the signi�ane of σ2

p,t and σ2
p,w is low.Turbulene intensity pro�les. In �g. 4.22, vertial pro�les of the standard deviation ofthe drag and lift, σD and σL, for all runs of #unii are given. In �g. 4.22(a), a saling wasapplied by τo. In this, the turbulene intensities obtained at the di�erent �ow onditionsmath appropriately in the roughness layer and in the outer �ow. However, within thesubsurfae layer deeper than 2d a onstant, non-zero value is reahed for both σD and

σL. Thus, the varianes are independent of the orientation of the pressure pik-up. Here,a saling is performed with respet to seepage �ow, as an be seen in �g. 4.22(b). Thenormalization was done using a seepage �ow variable ρgu∗/kf . In this, one onstant (kf)onsiders seepage �ow, and another (u∗) aounts for the outer �ow, u∗. This veloityis also proportional to the bulk veloity and onsequently also to a onvetion veloity.This provides a further indiation that the long wave osillations in the subsurfae layerare dominated by pressure �elds that are onveted in the outer �ow.Next, a separate examination is given of σD and σL for the three di�erent kinds of bed.In �gs 4.23(a)-(), the varianes have removed long wave osillations in the seepage �ow(assumed to be onstant, see �g. 4.22) and white noise (see level at �g. 4.21) by applyingeq. 4.21. Thus, solely the turbulent �utuations are onsidered. At y/d < −0.5, marginaldi�erenes are reognized between σD and σL. Therefore, plots of σD also ontain σLbelow this horizon, and vie versa.For all three bed types, an exponential deay within the roughness layer beomes ob-vious. This substantiates the �ndings of Vollmer et al. (2002) and Breugem et al. (2006),where the pressure �utuations also were found to derease exponentially inside the bed.At the interfae of the free-�ow to the porous bed, Breugem et al. (2006) found values
σp/τo = 1.6 (Re∗δ=176, φ = 0.60) and σp/τo = 3.0 (Re∗δ=500, φ = 0.95), indiatingthat σp = f(Re). A Reynolds-dependeny was also proposed by Farabee & Casarella(1991) (see eq. 2.28), and a omparable tendeny is found in the atual data. Whereasthe referene values for #unii satter around σD/τo = 9 and σL/τo = 3, the respetingratios are larger for #rhi9 and smaller for #sphi. However, for a detailed analysis of aReynolds-dependeny, the statistial spread is too large.A urve �tting was onduted for the data of #unii. The vertial deay of σL ould be89
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σL/τo = 2.88 exp( y

ks/2.0

)

. (4.22)In ontrast to this, the vertial deay of σD was harder to desribe by a �t of suh kind.Here, a simple linear desription was applied:
σD/τo = 6.89 + 11.84 y/ks . (4.23)Both relations are plotted in �gs 4.23(a)-(). With respet to the shortomings in de�ning,as well as in deteting, the origin in y, lines parallel to eqs 4.22 and 4.23 give a vertialrange of ±0.25 y/ks. In priniple, the shapes of σD and σL are approximated adequatelyby eqs 4.22 and 4.23.90



4.3 Measurements of Pressure Flutuations
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4 Experimental Results4.4 Simultaneous Consideration of Veloity andPressure Flutuations (Event analysis)4.4.1 Time SeriesBefore analyzing simultaneously reorded pressure and veloity measurements, a loserlook is taken at the question on how to ompare between them. Therefore, �rstly asimpli�ed steady but turbulent 1D open-hannel �ow is onsidered, independent of theatual 2D/3D �ow onditions.On a plane of onstant elevation the Bernoulli equation gives
2 p/ρ + u2 = C , (4.24)with C being a onstant along a streamline. Now, this relation is transferred to the�utuating part by a Reynolds-deomposition. Similar as in �2.6.2 the result reads

2/ρ p′ +
(
2 uu′ + (u′u′ − u′u′)

)
= C . (4.25)Sine u > u′ holds, the term 2(uu′) is expeted to represent most of the �utuating part.Thus, eq. 4.25 an be simpli�ed to

1/ρ p′ ≈ −uu′ + Ĉ , (4.26)where the onstant an be approximated by Ĉ = 0, if u ≫ u′ is appliable. Eq. 4.26reveals a similar struture to eq. 2.33 (van Radeke & Shulz-DuBois, 1988) if only theBernoulli-e�et is onsidered. (Note that this term was found to be responsible for mostof the variane of the �utuations.) Furthermore, eq. 4.26 reveals also a similar strutureto the Poisson-eq. 2.27 for �utuating pressure, if only the mean-shear soure term isonsidered. Therefore, uu′ may be denoted as 'quasi'-mean-shear soure term. Reallthat the pressure �utuations are in�uened by soure terms in the entire �uid domain,where the impat of single soures dereases with distane. Thus, an approximationto real �ow onditions is given, if an adequate spatial average of the quasi-mean-shearsoure term is onsidered.The above mentioned onsiderations are now tested against synhronous time serieswith pressure �utuations in omparison to the veloity �utuations. Fig. 4.24, for exam-ple, gives a sequene of ∆t = 15 s measured at the �ow onditions of #uni6. Here, thehead of the MPPS was vertially orientated as shown in �g. 4.16(b), thus it indiates avertial lift by L = −p. To reveal the signi�ant struture of the signal, the reording wasdigitally resampled from 2125 Hz to 40 Hz by an FIR-�lter. The synhronous PIV mea-surements were performed in a vertial streamwise plane above the sensor head (setupA). To ompute 〈uu′〉, a spatial averaging was performed within an arbitrarily hosenwindow of 5×5 mm2 over the top of the MPPS. Fig. 4.24 reveals a lear negative orrela-tion between p′/τo and the quasi-mean-shear term 〈uu′〉. Signi�ant pressure drops oursimultaneously with events of high veloity, where in the given sequene extreme valuesan be observed at t = 110.8, 121.2, and 126.5 s. (A seond soure term, 〈uv′〉 as proposed92



4.4 Simultaneous Consideration of Veloity and Pressure Flutuations (Event analysis)by van Radeke & Shulz-DuBois, was also tested against the pressure �utuations. Itshowed to be of minor importane, therefore it is omitted in the plot of �g. 4.24.)The extreme events are related to the ourrenes of harateristi oherent struturesthat are presented later during this present setion. Firstly, however, a loser inspetionof the latter event is given in �g. 4.25, where a utout of ∆t = 126 -126.7 s is shown. Upto 126.37 s, the pressure inreases slowly, here within 0.25 s from p′/τo = −6 to +8 if the
40 Hz in referene to the �ltered signal. Then an essential pressure drop an be observed.This drop is aompanied by inreased small-sale pressure �utuations. In this example,
p′/τo dereases within 0.12 s rapidly to minimum values around −40, if the small-sale�utuations are also taken into onsideration. A simple estimate reveals that pressuredrops of suh a kind have the potential to entrain single grains from the bed: A forebalane onsidering buoyany and negleting frition and inertia shows that � in the aseof −139 Pa (what equals −40 τo in �g. 4.25) ating on at least 36% of the surfae of asingle (sphere shaped) gravel grain � it an be lifted. Consequently, extreme events ofsuh kind must play an important rule in sediment entrainment.To orrelate this pressure signal with the simultaneously measured veloity �elds, theframes 1072 - 1076 will be analyzed in the next setion.4.4.2 Spliing methodHo�and (2005) applied a hybrid tehnique to enlarge the spatially limited view of veloity�elds. By merging a sequene of PIV-reordings, large-sale �ow strutures were visual-ized. He alled this tehnique spliing, after the tehnique used for joining piees of ropeby interweaving strands. A similar tehnique will be used in the following.First, the distane ∆xshift has to be determined that a �ow struture (if present) moveswithin the time step ∆tPIV of two subsequent veloity �elds. Ho�and performed thisby a two-dimensional orrelation method applied to eah of two sequential reordings.However, this tehnique failed for the present measurements � espeially for the highReynolds number experiments � for two reasons: (1) Ho�and reorded his measurementsat 20 Hz, whereas in the present study only (4 - 8.5) Hz ould be reahed. Thus, onlyshort overlapping lengths ∆xoverlap were realizable, leading to less reliable orrelations intendeny. (2) Ho�and performed his measurements over the entire water depth h, whereasin the present study the �ow below 0.3 h was observed by PIV. If only a single near-bed�ow struture with a de�nite transport veloity is present, the present measurements withlimited vertial extent are superior, as the former splied �ow �eld would be subjetedto a smearing-e�et over the entire water depth. However, if two or more near-bed �owstrutures with several de�nite transport veloities are present, the atual measurementsare inferior, as eah struture provokes its harateristi ∆xshift. To avoid these e�ets,the shift distane between two images is approahed by

∆xshift =
0.5
(
〈u1〉 + 〈u2〉

)

∆tPIV , (4.27)
93
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4.4 Simultaneous Consideration of Veloity and Pressure Flutuations (Event analysis)where 〈u1〉 and 〈u2〉 denote the spatial averaged veloity �elds of the two subsequent PIVframes. A new �ow �eld is reated by averaging the veloity �elds of the overlappingparts de�ned by ∆xoverlap, i.e. the di�erene between the frame length in streamwisediretion and ∆xshift. The proess an be ontinued to enlarge the �ow-�eld by spliinga third frame, a fourth frame and so on.In �g. 4.26, an example of �ve separate reordings and the resulting splied veloity�eld is pitured. The �eld in �g. 4.26 refers diretly to the time series that was alreadypresented in �g. 4.25. However, before the revealing �ow struture is analyzed in detail,�rst it has to be lassi�ed to what extent this splied �ow �eld is representative for thereal �ow �eld.The spliing method is similar to Taylor's3 hypothesis of 'frozen' turbulene (e.g. Nikora& Goring, 2000). The way it is performed is more preisely desribed as a 'reverse' appli-ation of Taylor's approah, sine here properties of the time domain are dedued fromthe spatial domain, and not vie versa. In the sense of Taylor, eq. 4.30 had to be resolvedto ∆tPIV. Two further di�erenes are that: (1) The onvetion veloity ∆xshift/∆tPIV onlyhas to be onstant between two subsequent frames, but not for the entire time series. (2)A single onvetion veloity is applied for two overlapping regions of two suessive PIVframes, while Taylor's hypothesis has been formulated for a partiular distane from thebed. That means, the spliing method applied here disregards an own onvetion veloityfor eah layer between two PIV-frames, but takes the mean over the whole frame.Although strong similarities of the overlapping �ow regions beome visible in �g. 4.26,the spliing method fails for smaller �ow strutures. Obviously, the assumption of a'100%-frozen' turbulene is questionable. Espeially in the near-bed region, where largeshear values are typial, the assumption of a spatial-averaged overall onvetion veloityis misleading for the splied �ow �eld. To evaluate the appliably of the spliing method,the 2D orrelation oe�ients r12 of eah overlapping region were determined as follows
r12 =

∑

m

∑

n

u′
1,mnu

′
2,mn

√
√
√
√

(
∑
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∑
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(u′
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) . (4.28)
For the urrent example, r12 = [0.65, 0.74, 0.73, 0.79] is reahed. Although the values of rare far away from the ideal value of unity (= 1.0), the omputed values indiate that theappliation of the spliing method is feasible.Now, a loser look is taken at the �ow struture that is revealed in �g. 4.26. Starting at
t = 126.12 s (frame 1072), a slower �uid paket with an angle of approximately 20° inlinedto streamwise diretion is prominent for the �ow near the bed. Keeping its wedge-likestruture, the paket moves forward, followed by a larger seond �uid area of higherveloity (t = 126.24 -126.47 s, frames 1073 - 1075). Due to its faster propagation veloity,3Geo�rey Ingram Taylor: * 1886 in St John's Wood (UK); � 1975 in Cambridge (UK) 95
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4.4 Simultaneous Consideration of Veloity and Pressure Flutuations (Event analysis)the seond �uid paket overruns the �rst one. Within the shear layer between both zones,small eddies are generated. This is not shown here, but in �g. 4.9(b), where frame 1073 hasbeen presented already. At t = 126.47 s (frame 1075), the struture with lower veloityhas ompletely passed the atual frame. A loser look bak to �g. 4.25 shows that p′drops signi�antly when the tail of the slower wedge-like �uid struture has passed theloation of the pressure sensor and the faster �uid zone beomes dominant. Thus, thepressure drop measured at this �ow event is strongly orrelated with an aeleration of thenear-bed streamwise veloity. This in turn indiates that the measured pressure drop atthis event is mainly due to the Bernoulli e�et resulting from the interation between thetwo �uid pakets. The attendant small-sale pressure �utuations are expeted to resultfrom eddy shedding or eddies generated at the shear interfae of the two �uid zones.Next, the spliing method will be applied to some veloity �elds reorded at the sametime when noteworthy pressure drops an be seen.4.4.3 Synopti ViewIn �4.4 a ut-out of a time-series measured by a single MPPS was presented. In this,information on the �utuating pressure in the time domain of a single point was given. IfTaylor's frozen turbulene hypothesis is assumed to be appliable to the pressure signalas well, spatial information an be dedued from time series of point measurements. Thiswill be done here.Within the experimental runs, the pressure was reorded simultaneously by an array ofup to 16 MPPSs. Thus, if Taylor's approah is applied, footprints of ensemble pressure�elds an be reonstruted from these point measurements. During the synhronousmeasurements of the PIV-system and the MPPSs, the pressure sensors typially werearranged in an array as pitured in �g. 4.27 (see also �g. 3.6(b)). The time signals of the11 MPPSs loated at −8 < x < 8 (mm) an be used to reonstrut horizontal pressure�elds by applying Taylor's hypothesis of frozen turbulene. To this end, the time domainof their signals has to be transformed to a longitudinal dimension
xλ = −Uc t , (4.29)where Uc denotes the mean transport veloity of the pressure �elds. Then, the xλ-diretionre�ets the dimensions 'sensed' by a stationary observer (Eulerian view). However, inassuming a onstant Uc, longitudinal dimensions of faster moving pressure �elds are un-derestimated, and longitudinal dimensions of slower �elds are overestimated, respetively.Test were made to determine the 'optimal' Uc. In a �rst approah, Uc was gained fromsignal-orrelation of the upstream to the downstream MPPSs (see again �g. 4.27). How-ever, this led to problems espeially for experiments at lower Reynolds numbers (i.e.#shpi and #uni3). Here, Uc ∝ √

(gh) > U4 was found for the transport veloity ofpressure �elds, indiating that (surfae) waves passing by have a strong in�uene onthe bed-pressure. For the other runs at higher Reynolds numbers, typially values of
Uc = (0.6 - 0.8) U were found. This indiates that the dominating pressure �elds propa-gate with near-bed veloities. Therefore, Uc is estimated by the atual 〈u〉 of the (splied)4Reall, that U = Q/(Bh) is the bulk veloity (tab. 3.2, tab. 4.3) 97
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4.4 Simultaneous Consideration of Veloity and Pressure Flutuations (Event analysis)the 'quasi'-mean-shear soure term uu′ and the pressure �utuations p′. The high-pressure�eld is loated diretly under the deelerated veloity zone, and the low-pressure �eld liesunder the aelerated veloity zone. The transition between the two pressure �elds iswell de�ned if the inlined interfaial shear layer is extended to the bed. Consequently,the Bernoulli-e�et is onsidered to be the main ause of the extreme pressure drop andthe strutural appearane of the (reonstruted) pressure �eld. In opposite to uu′, theterm v′u reveals no distintive features in the near-bed region. Thus, v′u must be ofminor importane to the genesis of the large-sale pressure �eld. This is remarkable, asthe low-pressure �eld here is similar to a �eld with a strong lift, and � at �rst thought �one would expet a strong upwards omponent of the veloity. The splied vetor �eldreveals learly the two veloity zones and the typial inlining shear layer between both.At the upper end of this interfae, a striking lokwise rotating eddy beomes obvious. Itsdiameter an be estimated to be (1/4 - 1/3) h. (Note that its distorted oval appearaneis most likely due to the spliing method.) Conerning its sale, the eddy an be alsointerpreted as a large-sale roller in the sense of Shvidhenko & Pender (2001). Themaro-turbulent struture behaves like a motor, as it promotes the �uid to aelerate ontop and to deelerate below its ore. As this large-sale eddy is strongly onneted tothe entire �ow struture, the question arises, if this roller is the diret ause of it or vieversa. (Similar to the philosophial hiken-or-egg question.) Sine the minimal pressurean be found at a distane of not less than four eddy-radii upstream of the vortex ore, itseems to be more likely that the eddy is aused by the shear layer. Thus, in the sense ofAdrian et al. (2000b) it an be interpreted as the oversized head of a hairpin-like vortex.In �g. 4.29 a similar event is given, reorded in the same experimental run. Thepropagation veloity of 0.76 U is slower in relation to 0.91 U as before. In opposition tothe extreme pressure drop shown in �g. 4.28, the event illustrated now gives an exampleof a more typial moderate pressure drop. In priniple, the same �ndings hold as havebeen dedued before. The pressure �elds are in tendeny elongated. The pressure drop isstrongly onneted to a streamwise aeleration of the near-bed �uid, whereas the vertialveloity omponent appears to be of minor importane to the large-sale strutures. Thevetor plot reveals the typial wedge-like struture. However, at the upper end of theinterfaial shear layer no remarkable eddy an be seen this time. Consequently it anbe dedued that the �ow-pattern itself is not neessarily dependent on the presene of anoteworthy eddy at the upper end of the inlining shear layer. However, an indiation isgiven that a large-sale eddy fores the veloity di�erenes and in turn the bed-pressuredi�erenes.Next, the horizontal appearane of these oherent �ow strutures will be analyzed ina similar manner. To this end, the PIV measurements performed in setup B will beused. Two synopti views of splied veloity �elds and their orresponding reonstrutedbed-pressure �utuations are shown in �gs 4.30 and 4.31. The experimental onditionsare again those of #uni6, thus the results are diretly omparable with �gs 4.28, and 4.29obtained by setup A. The measurements of setup A were not performed simultaneouslywith setup B. In eah �gure, the upper plot gives the vetor �elds, the next plot pituresthe 'quasi'-mean-shear soure term, and the bottom plot represents the bed-pressure �eld.99
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(a) Splied veloity �eld in a streamwise vertial plane.
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4.4 Simultaneous Consideration of Veloity and Pressure Flutuations (Event analysis)
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(a) Splied veloity �eld in a streamwise vertial plane.
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4.4 Simultaneous Consideration of Veloity and Pressure Flutuations (Event analysis)
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4 Experimental ResultsTo inrease the image size laterally, the PIV reordings at setup B were performed witha lower frame rate (4.9 Hz) than at setup A (8.5 Hz). Thus, the overlapping lengths of thesplied [u, w]-�eld are shorter and with this, the representativeness of the reonstruted�eld to the real �ow �eld is lowered. However, a small bene�t is drawn from the sloweronvetion veloity throughout, as the measurements of setup B were only performed inthe near-bed region. As a result, eah splied value of [u, w] is based on the average ofroughly two overlapping veloity �elds, sine the strutures move about half of the ob-served area between the reording of two double frames. For omparison, setup A enabledroughly three overlapping vetor �elds while spliing the [u, v]-�elds. For the orrelationoe�ients typially a range of r12 = 0.65 - 0.75 is reahed (eq. 4.28). The veloity �eldsare �nally �ltered twie by a 3 × 3 moving average �lter to enable interpretation. To beonsistent with �g. 4.28 and �g. 4.29, x = xλ = 0 originates from the oordinate systemof the PIV-frame in the enter of the splied �ow �eld. The pressure �eld is reonstrutedfrom 11 signals of p′(t) in the same manner as before.The pressure �eld given in �g. 4.30 presents a 1.76 s -utout of a time series. In refereneto the splied synhronous veloity �eld, its atual transport veloity was estimated to be
Uc = 0.68 U . Consequently, the given view extends over 4 h in the streamwise diretion.The pressure �eld in the given example is populated with four 'footprints' of typialpressure drop patterns, highlighted by dashed ellipsoids. These textures onsist of adownstream area with p′ > 0 and an upstream area with p′ < 0. Here, their longitudinalsale is in O(h/2) and their lateral extension is in O(2 ks), similar to the pressure droppattern shown in �g. 4.30 and �g. 4.31. The orresponding large-sale veloity �elddesribes the �ow at ∆y = 10 mm ≈ d above the reonstruted bed-pressure �eld. Onlyfew similarities an be seen between the strutures of veloity and pressure, whih is mostlikely due to this vertial distane. Generally, a faster �uid zone beomes obvious at
−300 < x < 0 mm, and a slower �uid zone at 100 < x < 400 mm. However, a loser lookat the areas aording to the pressure drop pattern reveals similar observations whihsupport the previous �ndings: Zones with p′ > 0 orrelate with u′ < 0 and zones with
p′ < 0 orrespond to u′ > 0. The transition from a slow to a fast �uid zone is stronglyonneted to a signi�ant pressure drop. Only for the smallest zone of the four pressuredrop events, loated at xλ = 300 mm, does this �nding not hold. Most likely the ausal�ow struture is too weak to leave a distint imprint on the veloity �eld ∆y ≈ d abovethe pressure �eld.Fig. 4.31 shows an example, where the strutures of the pressure and the �ow �eld aremore similar. Here, an elongated meandering low speed streak beomes obvious. Thestreaky struture appears to be even longer than 3 h. Its lateral extension is in the orderof 2 - 3 ks, whih onforms with the �ndings of eq. 4.13. To highlight this feature, it isretraed by a dashed line and also plotted in the orresponding p′-�eld. The pressure �eldshows a similar strutural appearane: the trae of the low speed streak is learly visible.At xλ ≈ 61.1 s and 61.8 s two low pressure zones an be seen that are loated downstreamof a high pressure area. However, the related veloity �elds on top of the (p′ > 0)-�eldhardly indiate a slower veloity than on top of the (p′ < 0)-�eld. Presumably, low speed�uid is pent up in a small layer between the bed and the layer observed by the PIV-104



4.4 Simultaneous Consideration of Veloity and Pressure Flutuations (Event analysis)system, omparable to the situation as in �g. 4.28. Thus, these pressure drop events arenot neessarily in ontradition to the previous �ndings.4.4.4 Conditional SamplingWithin the last setions, several individual �ow events have been presented that are moreor less orrelated to a pressure drop at the bed. The observed sudden dereases in the bed-pressure appear to be strongly onneted to a �uid aeleration in the diret viinity of thebed, akin to a Bernoulli-lift with a missing obstale. However, it is not lear yet, whetherthese individual events represent a typial �ow-bed interation or whether they are justoinidenes due to the haoti nature of turbulene. Furthermore, in ase a harateristimehanism does indeed exist, the question arises, whether typial dimensions an berevealed. This will be investigated next.Fig. 4.32 shows an ensemble of pressure drops, onditionally sampled to the maximumpeak and to the minimum peak, respetively. A onditional sampling method was usedas follows: First, the pressure signal of the 'target' pressure sensor was FIR-�ltered to
200 Hz. Then, a dp/dt riterion was used to detet extremely dereasing events in thepressure signal. This riterion was arbitrarily hosen to > τo/4 within 0.1 s for the present�ow situation of #uni6. In this, 25 events were olleted within a time series of 205 s.Also other values for dp/dt were tested, leading to the detetion of di�erent numbers ofevents with a more or less distintive mean of the ensemble. A loser look now at theresults given in �g. 4.32 shows that the ensemble average of the minimum peak is morepronouned than the maximum peak. Here, p′ > 0 lasts on average < 0.12 s, whereas theduration of p′ < 0 is about twie this amount. A similar ratio is given by p′min/p′max ≈ 2.This skewness was expeted and it on�rms the dependeny on the near-bed veloity asdisussed already in �4.3.2.

−0.24 −0.12 0 0.12 0.24
−25

−20

−15

−10

−5

0

5

10

t (s)

p
′
(P

a
)

(a) Sampled to maximum peak. −0.24 −0.12 0 0.12 0.24
−25

−20

−15

−10

−5

0

5

10

t (s)

p
′
(P

a
)

(b) Sampled to minimum peak.Figure 4.32: Ensemble averaged time history of 25 essential pressure drops (lift) at #uni6.Measured at y = 0 synhronous to 1740 PIV reordings (8.5 Hz = 1/0.12 s−1).Conditionally sampled to (a) maximum peak, (b) minimum peak. 105



4 Experimental ResultsNow, the olleted time events will be used to get an average view of the related �owstruture. To this end, the time-steps found by the maximum-peak-sampling will be ap-plied, keeping in mind that the averaged minimum peak onsequently will be subjetedto smearing. In �g. 4.32, the vertial grid distane of < 0.12 s is in units of the syn-hronously reorded PIV frame rates (setup A). However, it does not diretly representthe atual time steps of the PIV frames. Thus, the PIV reordings have to be 'resampled'to the onditionally sampled pressure drop events. This was done by a Taylor approahas follows: �rst, the nearest (time-step) neighboring PIV frames were olleted. Thenthey were shifted by
∆xd =

〈u〉
tp-drop − tPIV , (4.30)where ∆xd denotes the 'spatial-resample'-orretion of the veloity �eld, 〈u〉 gives thestreamwise veloity spatially averaged over the atual PIV frame as an estimate of thepropagation veloity of the present �ow struture, tp-drop is the event time of p′max and

tPIV is real time of the nearest neighbor PIV-frame. After this, the �ow �eld was spliedand �nally �ltered twie by a 3×3 moving average �lter to failitate interpretation.Fig. 4.33 illustrates the resulting averaged �ow �eld in xy and the orresponding re-onstruted bed-pressure �utuations (#uni6). In general, this output onforms with thestrutural �ndings from above quite well: A fast large-sale �uid paket overruns a slowerone, in whih a typial shear zone inlines from the bed at approximately 20° in thestreamwise diretion. As the faster �uid is in the diret viinity of the bed, its streamwiseomponent, here illustrated by u′, auses an essential lift at the bed � akin to a Bernoulli-lift. The vertial �ow omponent, here pitured by v′, seems to be of minor importaneto this mehanism. In fat, it seems to ause the opposite e�et to the bed-pressure thanthe streamwise omponent: Above the low-pressure zone, it indiates a downward �ow,and at the high-pressure zone vie versa. The streamwise extension of the faster �uidpaket is O(h) and is seen to reah up to half of the water depth. The indued low andhigh-pressure �elds show longitudinal dimensions of eah O(h/2), whereas their lateralextension gives in tendeny O(2 - 3 ks), as found for the lateral streak spaing in eq. 4.13.A more detailed view of the lateral extensions is given in �g. 4.34. Here, the onditionalsampling tehnique was applied to the measurements onduted at setup B. 25 events weredeteted in 205 s for the same riterion as above. As the number of events is very similarto the one found before (24 events), the pressure measurements are seen to give robuststatistis. Not surprisingly, the reonstruted, onditionally averaged bed-pressure �eldat �g. 4.34 resembles the orresponding desription in �g. 4.33 in a satisfying manner.However, the averaged �ow �elds are subjeted to a large satter. Two auses mightbe responsible for this: (1) The measurements were performed with a lower frame rate,thus the 'nearest-neighbor' shift ∆xd is bigger and � in turn � the similarity to theexat �ow �eld at the pressure drop event dereases. (2) The streaks tend to meanderlaterally (�g. 4.31). Consequently, a large-sale horizontal view gets biased more easilythan a streamwise vertial view. Nevertheless, the resulting �eld of the streamwise veloityomponents �ts � in general � quite well with the related streamwise-vertial view givenbefore. The longitudinal extensions sale by O(h), and the lateral dimensions are roughlysimilar to the one of the pressure �eld. The transverse veloity information reveals that106



4.4 Simultaneous Consideration of Veloity and Pressure Flutuations (Event analysis)
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(a) Splied veloity �eld in a streamwise vertial plane (�ume enterline).
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(b) Bed pressure �utuations at y = 0 mm.Figure 4.33: Ensemble average of (a) the near-bed veloity �eld (side view) and (b) orre-sponding reonstruted bed-pressure �utuations (#uni6). From 25 spliedPIV frames onditionally sampled from the maximum peak of 25 most es-sential pressure drops (riteria: 0.79 Pa/0.1 s). The veloity �eld was �nally�ltered twie by a 3×3 moving average �lter to failitate interpretation. Dueto sampling of the maximum pressure peak, the distintiveness of the low-pressure �eld is weakened.
107
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4.5 Conluding Disussionthe upstream part of the faster �uid zone is spreading away from the enterline, whereasthe downstream part of the �ow is slightly onentrating towards the enterline. Withrespet to the dominating vertial �ow diretion shown in �g. 4.33, the interpretation isthis: At the downstream part, fast �uid from the outer �ow is pumped downwards. Atthe upstream part this mehanism is hindered, as it its bloked by the slower �uid zone.Consequently, it spreads away to the sides and goes up again, forming the typial inliningshear layer.4.5 Conluding DisussionSummary of Findings. Experimental �ume measurements of �ow veloity and pressure�utuations above and within three types of porous streambeds were analyzed. The key�ndings of these results an be summarized as follows:� In a streamwise vertial plane large-sale wedge-like �ow strutures are observable,where � in the sense of a sweep event (or Q4 event, i.e. u′ > 0, v′ < 0) � a zone offaster �uid over-rolls a zone with slower �uid. The resulting shear layer inlines atan angle of 10-20° to the bed, densely populated with lokwise rotating eddies. Onaverage, this phenomenon ours with su�ient frequeny and shape to leave animprint on the statistis of the �ow. Typially, this �ow pattern forms near the bed,approximately saling with the logarithmi layer. However, the biggest strutureshave the apability to spread over the whole water depth.� In a horizontal near-bed view, maroturbulent strutures form a pathed hessboardwith regions of lower and higher veloity zones that are elongated in the streamwisediretion. The lateral extension of these streaky strutures is typially 2-3 times theequivalent sand roughness ks and inreases linearly with distane from the bed. Thelength of these elongated strutures reahes up to the order of several water depths.In the shear zones between the streaky strutures, horizontally rotating eddies areobservable, but their ourrene is not very distintive.� The bed-pressure �utuations p′ and the 'quasi'-mean-shear soure term u′u areorrelated negatively. Typially, high-pressure �elds are loated diretly under de-elerated veloity zones, and low-pressure �elds lie under aelerated veloity zones.Consequently, the lift akin to a Bernoulli-lift is onsidered to be the main auseof extreme pressure drops and the strutural appearane of the bed-pressure �eld.Unlike u′u, the term v′u reveals no distintive features in the near-bed region. Thus,
v′u must be of minor importane to the genesis of large-sale pressure �elds.� Vertial pro�les of the pressure �utuations at di�erent �ow onditions math ap-propriately with the atual shear stress τo and equivalent sand-roughness ks. Flowturbulene of the open-hannel �ow strongly in�uenes the standard deviation ofpressure, σp, above and in the roughness layer, where the lift �utuations deay ex-ponentially with inreasing depth of over. However, within the subsurfae layer σp109



4 Experimental Resultsreahes a non-zero onstant, mainly dominated by pressure �elds that are onvetedin the outer �ow.Wedge-like �uid strutures were also deteted by Adrian et al. (2000b) and o-workersin wind tunnel experiments; and by Roy et al. (2004) in natural gravel-bed rivers, wherethe streamwise extension saled by O(h). This resembles also the strutures normallyourring in open-hannel �ow (Bu�n-Bélanger et al., 2000; Ho�and, 2005, p. 133). Theobserved lateral extension of O(2 - 3 ks), however, is slightly smaller than the �ndingsof e.g. De�na (1996) or Stösser et al. (2005). Similar �ndings onerning the essentialBernoulli-akin-lift on the bed were made by Thomas & Bull (1983), who found a strongorrelation between the (smooth-)wall pressure and the ramp-like veloity pattern movingoverhead. Within the present study, the vertial veloity omponent was seen to be ofminor importane to this mehanism. In fat, indiations were found that it ausesthe opposite e�et to the bed-pressure than does the streamwise omponent: Abovethe high-pressure zone, it indiates an upward �ow, and above the low-pressure zone,vie versa. Support for this observation is given by Ho�and (2005, p. 130), who found anegative vertial veloity typially onneted to a dominating �ow struture with inreasedstreamwise veloity.Consequently, it an be onluded that these strutural �ndings onerning the �ow-bedinteration are representative for general hannel �ow proesses.Coneptual Model. As onditionally averaged �ow and pressure �elds show persistentfeatures, the above bullet points an be synthesized into a harateristi �ow mehanismleading to a marked bed-pressure drop equivalent to a lift fore. Its possible genesis issuggested in the following.Due to undulations in the turbulent shear �ow, faster �uid from the outer �ow arrives inthe near-bed zone in the sense of a sweep event. In interation with near-bed slower �uida typial ramp-like pattern is generated, where the slower �uid is over-rolled by the fasterone. The shear zone inlines from the bed in streamwise diretion. This is onneted tothe generation of vorties or spanwise rollers that rotate lokwise due to the shear e�et.These eddy strutures may stabilize or even reinfore the veloity gradient sine they tendto deelerate the slower �uid. Moreover, these rollers do not extend inevitably spanwise,but also may rotate around axes tilted spanwise-vertial or almost vertial. This, in turn,may stabilize or even reinfore the formation of low speed and high speed zones that areelongated in streamwise diretion. Due to demerging e�ets of the tilted spanwise-vertialroller strutures with inreasing bed viinity, the mean lateral extension of the streaksdereases linearly. The bed-pressure is intensely in�uened, sine faster �uid from theouter �ow reahes the immediate viinity of the bed � in the sense of a sweep event.Then, the streamwise veloity omponent of the faster �uid auses an essential Bernoulli-akin-lift on the bed. Pressure �utuations are damped exponentially in the upper layersof the bed.The strutural �ow mehanism desribed here onforms almost with Adrian's model forsmooth-wall �ows (Adrian et al., 2000b, Tomkins & Adrian, 2003). It provides supportfor the model's appliability to rough-bed �ows and gives an extension further to the110



4.5 Conluding Disussionbehavior of the bed-pressure. However, the di�erene is that in Adrian's model, hairpin-like vorties or derivations thereof originate at the bed and then grow and merge with beddistane, leading to the appearane of low and high speed regions that dominate the outer�ow. Thus, Adrian's model is viewing the mehanism of the genesis of oherent struturesfrom the bed to the outer �ow. However, the above suggested genesis is originated anddominated by sweeps from the outer �ow that in�uene the near-bed region, ergo itsproess understanding is vie versa.Sediment Entrainment. Next, the above �ndings were applied to the entrainmentmehanism of single partiles in rough bed �ows. In ontrast to similar experimentalstudies of Ho�and (2005) and Cameron (2006), in the present study the entrainmentof single partiles was not onsidered expliitly. However, the new �ndings onerningtypial pressure-�elds onneted with a large-sale �ow struture give a useful means toon�rm and to supplement their entrainment models.The experiments of Cameron indiate that partile entrainment at rough bed �ow istypially assoiated with periods of high streamwise veloity and downwards-diretedvertial veloity (i.e. sweep �ow events). Initially, this is in exellent agreement with the�ndings of Ho�and. However, during the initial movement Ho�and often found a small-sale ejetion event (u′ < 0, v′ > 0) nestling between the large-sale sweep strutures �in ontrast to his own observations of a typial, normal near-bed sweep that aused nopartile movement. Usually, the embedded small-sale event is onneted to the preseneof a spanwise lokwise rotating vortex. In this, the target stone gets an initial lift and theexposed area is inreased, suh that the stone is moved more easily by the streamwise drag.Within the experiments of Cameron, this embedded struture was never reognized duringpartile entrainment. The apparent di�erene might be attributed to the di�erent partileshapes (rushed rok for Ho�and and spheres for Cameron) that led to di�erent near-bedturbulene properties. Another reason might be that in the latter's experiments thespheres were exposed throughout. Thus, an initial lift to the partile was less importantthan in Ho�and's experiments.The reonstruted bed-pressure �elds provided in the present study indiate that thebed is generally subjeted to an up-lift when a normal near-bed sweep is dominating the�ow. Thus, an additional seond lift related to a vertial upward veloity is not neessarilyrequired to raise a partile suh that it an be moved away. This might have been thease in Cameron's experiments. However, the present measurements showed that essentialpressure drops typially are aompanied by intense small-sale �utuations (ompare the40 Hz and the 2125 Hz data in �g. 4.24 and �g. 4.25). The �utuations might be dueto eddy shedding or due to vorties in the inlined shear layer. These �utuations mighthave been more prominent in Ho�and's experiments.Consequently, the present study orroborates the results from both Ho�and andCameron. The onsensus is that: oherent �ow strutures in the sense of sweep eventsare the driving impats on a (gravel) bed. They indue a sharp hange between a down-ward lift to an upward lift at the bed. Exeptional intense events with high magnitude �eventually ombined with small-sale spanwise rotating eddies � are seen to be the auseof partile entrainment. 111



4 Experimental ResultsPotential of Numerial Simulations. Numerial alulations provide muh more spa-tial information than physial measurements, espeially in the intersties of the graintexture. Thus, in general numerial simulations have a high apability of re�ning theproess of understanding the onset of sediment motion.Several numerial studies desribing oherent �ow strutures above rough (permeable)beds have been published reently (e.g. Stösser et al., 2005; Flores & Jiménez, 2006; Singhet al., 2007). However, a typial mehanism of �ow-bed interation that leads or mightlead to the entrainment of individual partiles was not revealed learly. The progress suf-fers from several shortomings: (1) Long term statistis are hard to ahieve, as adequatenumerial simulations like LES or DNS typially last only a few seonds � limited by theomputational power. However, any oherent features are di�ult to identify without thepossibility of resorting to onditional averaging methods. (2) Numerial simulations aregenerally performed at lower Reynolds-numbers that barely resemble natural �ow ondi-tions at streambeds. (3) The adequate disretization of omplex boundaries like spheresor pebbles is di�ult. If the spatial resolution is too oarse the redution leads to aninaurate �ow �eld and to non-physial ontat fores between the partiles. However,a �ner resolution also inreases the needed omputational power. (4) An ambitious hal-lenge is the simulation of the partile motion by avoiding additional modeling. To theknowledge of the author, up to now only one study foussed on that topi: Uhlmann &Fröhlih (2007) resolved not only the �ow �eld but also the partiles diretly and thusyielded the instantaneous fores on the partiles. Despite some shortomings espeially inthe last-mentioned points (1) and (2), their studies show the high potential of numerialstudies for gaining insight into the details of the loal �ow �eld as well as the partilefores and the partile motion.Consequently, numerial simulation is apable for gaining detailed insight into the loal,instantaneous �ow �eld and the fores on single partiles; whereas physial experiments areapable of gaining a broader view to oherent strutures, general entrainment mehanismsand transport by long term statistis.
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5 Appliation: Washout of FineSedimentsAbstrat. This hapter shows how turbulene an at to lean �ne sediment from thepores of a stable gravel layer. The �ndings in �4.3.3 onerning the exponential distribu-tion of the bed-pressure �utuations are used to estimate the depth within a porous gravelbed from whih �ne sediment of a given size an be removed. The oarsest grain size ofthe �ne sediment that might be washed out is of O(10−1) in relation to both the gravelgrain size and the equivalent sand roughness. A higher equivalent sand roughness resultsin a larger absolute leaning depth, whereas the averaged gravel grain size is seen to beless important. The results are suessfully tested for plausibility against the grain sizedistributions of an armored gravel bed and its underlaying bimodal layer as found in situ inthe river Rhine. However, qualitative and quantitative experimental data for an in-depthvalidation are missing. The basi ideas and developments for the following approah aredue to Prof. Gary Parker, University of Illinois.5.1 Problem DesriptionFlash �oods are a means that are used frequently to lean stream beds whose original �owrate is redued arti�ially e.g. due to dams for hydropower plants or navigation bypasses.To generate a �ash �ood, the �ow rate is inreased for a short time. A better eologialdiversi�ation is stimulated by the main e�et: a wash out of �ner material without asevere erosion of the bed. In this, the pore volume in the hyporrhei interstie is inreased.Afterwards the disharge is adjusted bak again to the low level �ow rate. Typially, theseman-made �oods are dimensioned by empirial observations. However, (semi-)analytialdesign rules are rare.If a gravel layer is subjeted to a �ow that is below the threshold of moving the gravel,turbulene ats to 'lean' �ne sediment from the pores of this stable gravel layer. In �4.3.3the exponential deay of pressure �utuations within a porous bed was desribed. Theformulation of eq. 4.22 o�ers a means of estimating the depth within the gravel fromwhih �ne sediment of a given size an be removed by turbulene.5.2 Cleaning Fine Sediment from GravelFig. 5.1 illustrates an idealized bed of gravel that underlies turbulent open-hannel �ow.Let the gravel size distribution be approximately uniform, with a relation of the grain sizeperentiles of d85/d15 < 3. Then, the averaged harateristi size of the gravel d ≈ d50 and113



5 Appliation: Washout of Fine Sediments

Figure 5.1: Bed pressure �utuations pk in a porous gravel bed underlying turbulent open-hannel �ow. The gravel is of approximately uniform size, the pores are �lledwith �ne sediment. The leaning depth due the in�uene of turbulene isdenoted by λc.the equivalent sand roughness ks are related typially by d = 0.5 - 3 ks. The �ow over thebed is approximated as steady and uniform, so that boundary shear stress τo and shearveloity u∗ are given by eqs 2.9 and 2.15 (�2.2). If the �ow is in the hydraulially roughrange, the vertial pro�le of the mean veloity then satis�es a universal relation given ineq. 2.16. The upward o-ordinate y has its origin slightly below the top of the gravel layer,e.g. as 'felt' by an extrapolation of the log-law (eq. 2.16). However, if the bed is porous,the �ow veloity does not vanish at y = 0, but instead deays exponentially towards aseepage �ow as y → −∞.The vertial pro�le of the measured bed-pressure �utuations σp was desribed reason-ably well by an exponential �t as given in eq. 4.22. Fig. 5.1 illustrates this exponentialdeay of the pressure �utuations, whih are hereinafter denoted in their kinemati formas
pk = σp/ρ . (5.1)A rearrangement of eqs 4.22 and 5.1 gives

pk = Ap u2
∗ exp

(
y

ks/2.0

)

, (5.2)with Ap = 2.88. The denominator ks/2.0 an be interpreted as an exponential-foldingdepth of penetration of the �utuations. In the following, eq. 5.2 is used to estimate λc,the depth of leaning a stream bed with harateristi size d from �ne material (sandor silt) of a given size df . The wash-out is promoted by pressure �utuations assoiatedwith �ow that is below the threshold of motion of the gravel framework. It is assumedhere that if the �ne sediment an be suspended within the gravel layer, and if there is noreplaement of this �ne sediment from upstream, the �ne sediment is gradually depleted114



5.2 Cleaning Fine Sediment from Graveland washed downstream.Let the pores of the gravel bed ontain �ne sediment with size df . Their orrespondingfall veloity is vf and df ≪ d. The following approximate onstraint after Bagnold (1966)is often used to haraterize the threshold of signi�ant suspension at the bed:
u∗ = vf . (5.3)Here, u∗ serves as a surrogate for the intensity of the near-bed turbulene −u′

ıu
′
 (ı,  =

1, 2, 3). Another equally appropriate surrogate is pk(0), where aording to eq. 5.2
pk(0) = Ap u2

∗ . (5.4)Casting eq. 5.3 in terms of pk(0) yields the following threshold ondition for signi�antsuspension at the bed:
pk(0) = Ap v2

f . (5.5)The relation given by eq. 5.5 is now extended for onditions below the bed in aordanewith eq. 5.2. Note that vf refers to a ertain df , whereas u∗ is onstant for one �owondition. In order to suspend sediment at a depth y below the bed surfae, pk(y) mustbe at least as large as
pk(y) = Ap u2

∗ exp( y

ks/2.0

)

= Ap v2
f .

(5.6)The depth y = λc at whih the above relation is satis�ed for a given �ne sediment withfall veloity vf represents the potential thikness of the layer that an be leaned of �nesediment by turbulene. Thus from eq. 5.6,
λc

ks

= −1.0 ln(u∗

vf

)

. (5.7)To redue eq. 5.7, both the gravel and �ne sediment are assumed to have the samematerial density ρs. With the �uid density denoted by ρ, the submerged spei� gravity
∆ reads

∆ = ρs/ρ − 1 (5.8)The dimensionless shear stress Θ haraterizing the potential for gravel mobility wasde�ned in eq. 2.36. By using eqs 2.15 and 5.8, Θ an be rewritten to
Θ =

u∗
2

∆gd
. (5.9)115



5 Appliation: Washout of Fine SedimentsThus, a frational extension of eq. 5.3 by √∆gdfd/
√

∆gdfd yields
u∗

vf
=

u∗√
∆gd

√
∆gdf

vf

√

d

df

=

√

ΘFrf∆

√

d

df
,

(5.10)where Frf∆ =

(
vf√
∆gd

)2 (5.11)denotes the Froude-number for the fall veloity of �ne sediment. Dietrih (1982) spei�edthe following relation for fall veloity of natural sediment thatFrf∆ =

(exp(−b1+b2 ln(Ref∆)−b3 ln2(Ref∆)−b4 ln3(Ref∆)+b5 ln4(Ref∆)
)
)2

, (5.12)where ν denotes the kinemati visosity of water, and Ref∆ denotes a partile Reynoldsnumber for the �ne sediment, de�ned asRef∆ =

√
∆gdf df

ν
. (5.13)The oe�ients bi are given by

b = [2.891, 0.953, 5.68 · 10−2, 2.89 · 10−3, 2.45 · 10−4] . (5.14)Furthermore, �ow onditions are assumed to be somewhat below the threshold of motionof gravel. Parker et al. (2003) o�er the following adjusted version of the Shields riterionfor the onset of motion of gravel (reall �2.7.3), in whih Θc denotes the threshold ofmotion for the gravel and Red∆ denotes a partile Reynolds number for gravel size d,de�ned as Red∆ =

√
∆gd d

ν
. (5.15)With this, the estimation reads

Θc = 0.5
(

0.22 Re-0.6
d∆ + 0.06 · 10(-7.7 Re-0.6

d∆ )
)

. (5.16)The atual �ow is assumed to satisfy the ondition
Θ = kcΘc , (5.17)where kc < 1 in order for the �ow to be below the threshold of motion for the gravel.In reduing eq. 5.7 with eqs 5.10 and 5.17, the leaning depth λc now an be written as

λc

ks

= −0.5 ln(kcΘc(Red∆)Frf∆(Ref∆)

d

df

)

. (5.18)The parentheses in Θc(Red∆) and Frf∆(Ref∆) refer to the relevant funtional relationseqs 5.16 and 5.12, respetively.
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5.3 Implementation and Disussion5.3 Implementation and DisussionEq. 5.18 was tested by its plausibility. Fig. 5.2 illustrates the results. The alulations arebased on the geometrial parameters for two bed materials that were used in the experi-ments (tables 3.1 and 4.2): the uniform gravel (#uni, �g. 5.2(a)) and the gravel exavatedin the river Rhine (#rhi, �g. 5.2(b)). The relevant parameters for eq. 5.18 onerning theomitted third bed material (spheres, #sph) are similar to the armoring layer materialfrom the Rhine. The alulation was made with sizes of df > 0.05 mm aording to thetransition from oarse silt to �ne sand, where ohesive lustering/agglomeration e�etsare assumed to be insigni�ant in a �rst approximation.
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5 Appliation: Washout of Fine Sedimentshydrodynami load seems to be of minor importane. In a �rst approximation, a hangeof the hydrodynami load an be assumed to be linear-proportional to the intensity ofpressure �utuations. Consequently, rules of thumb for the oarsest size that an besuspended might be given by
df/ks < O(10−1) (5.19a)
df/d < O(10−1) . (5.19b)A rough on�rmation of the above relations an be inferred from the grain size distribu-tions of the armoring layer and the grain size distribution of the underlaying bed materialas found in situ for #rhi (see �3.5). The armoring layer has a thikness of (1 - 2)d, and98% of the weight of the grains is > 4 mm in diameter. Smaller frations are washedout almost ompletely. Thus, a ratio of df/d < 4/26.1 = 15% holds, whih orroborateseq. 5.19b. The distribution for the underlaying bed material is bimodal, with enters forthe �ner material between 0.2 mm < df < 0.5 mm for ∼13% of the weight and for oarsermaterial between 4 mm < d < 40 mm for ∼80% of the weight. This on�rms two furtheraspets: the assumption of df ≪ d is appliable and the sizes of the �ner material thatare washed out within the �rst (1 - 2)d are in the range of submillimeters (see �g. 5.2).Generally, the pro�les in �g. 5.2(a) for #uni are steeper than the pro�les in �g. 5.2(b)for #rhi, whih results in a larger absolute leaning depth λc for the former. Whereasgrain sizes of e.g. df = 0.1 mm are alulated to be washed out up to λc > −60 mm forthe material of #uni, the same size of df for the material #rhi is estimated to be depletedfrom not deeper than λc > −40 mm. Considering the geometrial parameters used ineq. 5.18, an adequate saling an be found by λc/ks, as the ratio is in tendeny similarfor both materials (λc/ks = 2.3 for #uni and 2.5 for #rhi). In opposite to this, the ratio

λc/d di�ers by a fator of (λc/d = 5.9 for #uni and 1.5 for #rhi). Here, d is unsuitablefor saling. To sum up, a higher ks results in a larger absolute leaning depth λc, whereasthe averaged gravel grain size d is less important.However, eq. 5.18 is su�ering from a general inadequay. Pore bloking e�ets dueto smaller gravel grains or sorted �ner material were disregarded. Therefore, the vertialextension of the leaning depth λc for a stream bed with natural grain size distribution willbe overestimated by eq. 5.18. Unfortunately, quantitative experimental data to validateand/or improve eq. 5.18 do not exist.
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6 Summary and Reommendations6.1 SummaryThis thesis aims to improve the fundamental understanding of the �ow-sediment inter-ation at non-moving streambeds. The fous is aimed at the hydrodynamial proessesthat our above and within rough porous beds underlying turbulent open-hannel �ow.Laboratory measurements and their detailed analysis are the ore of this work. The hy-drodynamis of open-hannel �ow, interstitial pore �ow, and espeially their interationwere investigated in a physial �ume experiment. Measurements were arried out by anarray of up to 16 miniaturized piezo-resistive pressure sensors within the bed and slightlyabove it, a 2D partile image veloimetry system measuring in streamwise vertial orhorizontal planes, and a 1D aousti Doppler urrent pro�ler. Three di�erent types ofbed material were laid and investigated underlying turbulent open-hannel �ow so thatnatural streambed onditions were simulated in full-sale. The examined �ow onditionsinlude a broad diversity of hydrodynami loads and roughness parameters as an befound in natural, non-moving gravel beds.In a streamwise vertial plane, large-sale wedge-like �ow strutures were observedwhere � in the sense of a sweep event � a zone of faster �uid over-rolled a zone withslower �uid. The resulting shear layer inlined at an angle of 10 - 20° to the bed, denselypopulated with lokwise rotating eddies. On average, this mehanism ourred withsu�ient frequeny and shape to leave an imprint on the statistis of the �ow. Typially,this �ow pattern formed near the bed, approximately saling with the logarithmi layer.However, the biggest strutures had the apability to spread over the whole water depth.In a horizontal near-bed view, maroturbulent strutures formed a pathed hessboardwith regions of lower and higher veloity zones that were elongated in the streamwisediretion. Their lateral extension was typially 2-3 times the equivalent sand roughnessand inreased linearly with distane from the bed. The length of these elongated struturesreahed up to the order of several water depths. These strutural �ndings onerningoherent �ow strutures are onsistent with models originally developed for smooth wall�ows and they support the observations made in rough bed �ume experiments, numerialsimulations, and natural rivers as well. However, for the �rst time they have been studiedin-depth by image proessing tehniques in both streamwise vertial and horizontal near-bed views, onduted in water �ume experiments over porous gravel beds. Speulationsare made about a strutural �ow mehanism similar to Adrian's model for smooth-wall�ows (Adrian et al., 2000b, Tomkins & Adrian, 2003). Di�erenes are that: the suggestedgenesis originates from, and is dominated by, sweeps from the outer �ow that in�uenethe near-bed region, whereas it is vie versa in Adrian's sense.Fields of bed-pressure �utuations were reonstruted by applying Taylor's frozen tur-119



6 Summary and Reommendationsbulene hypothesis on data obtained by an array of pressure sensors. By onditionalsampling of marked pressure drop events to the synhronously reorded veloity �elds,a signi�ant bed destabilizing �ow-pressure pattern was identi�ed: If high speed �uidin the wake of a large-sale wedge-like �ow struture reahes the viinity of the bed, aphenomenon akin to a Bernoulli-e�et leads to a distintive low-pressure �eld. A forebalane onsidering buoyany and negleting frition and inertia showed that the result-ing fore is able to give an initial lift to a single grain. In this fashion, the exposed areaof the grain as well as its angle of repose is inreased suh that entrainment by the fast�uid zone beomes possible. Furthermore, this �ow-pressure pattern an be seen as thefundamental promoter for the exhange of mass and momentum from the free stream tothe hyporrhei interstie and vie versa � a pivotal fator for the eologial equilibriumof the whole aquati system.Point measurements of pressure �utuations showed that the intensity of turbulent pres-sure �utuations deays exponentially in the porous bed. An empirial data �t formulationwas used to estimate the depth within a porous gravel bed from whih �ne sediment of agiven size ould be removed. The oarsest grain size of the �ne sediment that might bewashed out was of O(10−1) in relation to both the gravel grain size and the equivalentsand roughness. A higher equivalent sand roughness resulted in a larger absolute leaningdepth, whereas the averaged gravel grain size revealed to be less important. The resultswere suessfully tested for plausibility against the grain size distributions of an armoredgravel bed and its underlaying bimodal layer as found in situ in the river Rhine. Thus, atool is given to estimate the morphologial and in turn eologial e�ieny of �ash �oodsdownstream of water power plants.6.2 Reommendations for further studiesSediment leaner. Within this thesis, a formula was developed whih estimates thewash-out e�ieny of �ash �oods. However, experimental data for an in-depth validationwere not available. These data an be gained by simple �ume experiments, where the bedonsists of a bimodal material of gravel and �ne sand. If the �ne sand is olored di�erentlyfrom the gravel, image proessing tehniques an be used to determine the leaning depthafter the bed has been exposed to open-hannel �ow up to the inipient motion of singlegravel grains.Pressure measurements. In reent years, muh researh has been done to gain insightinto the veloity regime of rough bed �ows. Pressure measurements were onsidered withless interest, although they had given a diret insight into the loads due to the �ow.In this study, it has been shown that espeially piezo-resistive pressure sensors give apowerful tool to observe the turbulent fores at the water-sediment interfae. Furtherstudies espeially in the �elds of rough bed �ow and sediment transport should fous onusing these sensor tehniques. A miniaturization up to diameter less than 5 mm seemsto be possible. Furthermore, these tehniques an be used in �eld experiments, as it hasbeen shown lately by Smart & Habersak (2007).120



6.2 Reommendations for further studiesVeloity measurements. Within this study, a 2D PIV system was used to resolve therelevant �ow sales and strutures in a streamwise vertial plane and in several horizontalplanes near a stable bed. However, the frame size had to be redued to inrease theframe rate for an appropriate resolution in time. Nowadays faster 2D or quasi 3D PIVhigh speed systems are available. Thus it is possible to observe simultaneously both thenear-bed �ow strutures and the large-sale �ow strutures that extend over the whole�ow depth. Furthermore, it would be interesting to obtain veloity information in atransversal-vertial plane to study the streaky nature of near-bed �ow and its assumedmeandering or rotating harater. If reordings were made in a horizontal layer slightlyabove a moving bed, the sediment transport rate and the veloity ould be studied fromthe same data set.Numerial simulations. Besides physial experiments, in reent years numerial inves-tigations have beome a powerful tool to study rough bed �ows. Espeially the use oflarge eddy simulation (LES) is apable of providing pressure and veloity �elds with ahigh resolution in spae and time in �ows at realisti Reynolds-numbers and feasible useof omputer power. Thus, aess is given to �ow regions that are hardly observable inphysial experiments, and a re�ned proess-understanding is possible. However, both thestrengths of advaned numerial simulation tehniques and laboratory experimentationhave to be ombined to signi�antly improve the understanding of the physial proessesinvolved in the erosion and near-bed transport of sediments. A oneptual framework fordesigning better tools to predit sediment erosion and transport in engineering applia-tions should be as follows: The �rst goal must be to formulate a general transport modelinluding the real physis � in opposite to the models built up on the lassial approahof Shields. Reently, numerial studies were published that show the valuable potentialof numerial simulations to gain a detailed view of oherent strutures (e.g. Stösser et al.,2007), partile fores (Singh et al., 2007) and partile motion without modeling (Uhlmann& Fröhlih, 2007). In ombination with the �ndings of Ho�and (2005), Cameron (2006),and this thesis, these results are very promising on the way to develop a new physially-based formulation for preditive relationships. One this new oneptual transport modelis developed, it has to be implemented into a simpli�ed 2D or 1D numerial approah,ideally with modeling the shape of single partiles as 1D mass entroids or as two-phase�ow (e.g. Marhioli et al., 2006). In this, a physially-founded tool with minimal satterbetween predition and atual morphodynami development will be given that will beused in pratial engineering appliations.
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Notation
Roman symbols

A area,or PIV setup A
a empirial onstant (various uses)
B width of �ume, orPIV setup B
b empirial onstant (various uses)

bξ width of ultrasoni beam
C empirial onstant (various uses)

CD drag oe�ient
CL lift oe�ient
Cxy ross orrelation of x and y

c sound veloity
D drag indiator in units of pressure (�g. 4.16), orempirial onstant (various uses)Da Dary number (K/(h + hp)

2)
Dtv turbulent and visous di�usion terms

d harateristi grain diameter (=∑n
i=1 di∆pi)

df e�etive pore diameter (√K), ordiameter of �ne sediment
di grain size quantiles of i% sieve sreening
dn nominal grain diameter (= 3

√(m/ρs))
e = 2.71828...

FD drag fore
FG gravitational fore
FL lift fore
Fo total �uid fore
Fb frition fore at the bed
Fc ontat fore between two grains
Fs frition fore at the side walls
f frequeny

fD Doppler frequeny 123



6 Summary and Reommendations
fe emitting frequenyFrh bulk Froude number (= U2/(gh))Fr∗∆ densimetri Froude number (= u2

∗/(∆gd))
G turbulent energy generation (= −u′v′∂〈u〉/∂y)or gravity fore
G′ buoyany orreted weight
g gravitational aeleration
h water depth

I1, I2 image intensity of the �rst and seond interrogation ell
i, j integer numbers or dummy variable
ı,  integer numbers used in Einstein notations (= [1, 2, 3])
K porous medium permeability (= ν kf/g)
k wave number

kE turbulent kineti energy
kf permeability oe�ient
kN diameter of a �lter kernel
ks equivalent sand roughness after Nikuradse
L lift indiator in units of pressure (�g. 4.16), orlength (of �ume or wave)
m mass (of a pebble et.)
n integer number
P probability, orwetted perimeter (e.g. in retangular hannels = b + 2h)
p pressure

pk pressure �utuations in kinemati units (= σp/ρ)
Sb bed slope

Sint roughness-�uid surfae interfae
Sxx auto spetra of x

Q �ow rate
R2 oe�ient of determination (statisti tool)
Rh hydrauli radius (= A/P )Reh bulk Reynolds number (= Uh/ν)Re∗d grain Reynolds number (= u∗d/ν)Red∆ densimetri partile Reynolds number (=√(∆gd)d/ν)Re∗δ boundary layers Reynolds number (= u∗δ/ν)

t time
U bulk veloity (= Q/(Bh))
u streamwise veloity

ub near-bed veloity
Uc bulk onvetion veloity124



6.2 Reommendations for further studies
uf e�etive veloity within the pores (〈uf 〉 = 〈u〉/φ)
u∗ shear veloity (= √(τo/ρ)
u∗b shear veloity at the bed (= √

(τb/ρ)
u∗w shear veloity at the wall (= √

(τw/ρ)
Vo total volume
Vf volume of �uid
v upward veloity

vf fall veloity of �ne sediment
w transverse veloity
x oordinate in streamwise �ow diretion
Y = y/y(σu,max)
y vertial oordinate, zero rossing gained by extrapolating the log-law

yR vertial oordinate for the roughness layer
yt vertial oordinate, zero rossing at the roughness tops
z transverse oordinateGreek symbols
α empirial onstant (various uses)
β momentum non-uniformity parameter (= (U2h)−1

∫
(u2 + u′2)dh)

γ spei� weight, orspreading angle of the aousti far-�eld of an ultrasoni beam
∆ spei� submerged density of stone (= ρs/ρ − 1)
δ boundary layer thikness, orhannel half width

δR roughness layer thikness
δHB non-entrality parameter (= ub/σub

)
η Kolmogorov length sale
ǫ exposure, ortotal turbulent dissipation
φ roughness geometry funtion (= Vf/Vo, with 1 ≥ ϕ ≥ 0)
ϕ pivoting angle
κ von Kármán onstant

λc leaning depth of gravel in y

λ2
ci swirling strength

λx mean extension of oherent strutures in x

ν kinemati visosity
Π protrusion of partile above mean level, orColes' wake strenght parameter (≈ 0.15-0.30 for open-hannel �ow)
π = 3.14159...

ρ density of water 125



6 Summary and Reommendations
ρs density of stone

σD standard deviation of the drag indiating signal D (�g. 4.16)
σL standard deviation of the lift indiating signal L (�g. 4.16)
σx standard deviation of x,
Θ Shields parameter (≡ Fr∗∆)

Θc ritial Shields parameter (= f(Re∗d))
θ angle of the ultrasoni beam axis against the streamwise �ow diretion

θm momentum thikness
τ shear stress
τo boundary shear stress
τb bed shear stress
τc ritial shear stress
ω angular frequeny, orempirial wake funtion
ξ oordinate of ultrasoni beamMathematisexp(x) = exf(x) funtion of xln(x) natural logarithm of xlog(x) ommon logarithm of x

O(x) in the order of x

|x| absolute value of x
−→x x as vetor
x temporal average of x

〈x〉 spatial average of x

x′ temporal �utuating part of x

x̃ spatial �utuating part of x

xmax maximum of x

xmin minimum of x

∆x di�erene between two values of x

∇ nabla-operator (= (∂/∂x, ∂/∂y, ∂/∂z) in 3D)AbbrevationsAD analog-digitalADCP aousti Doppler urrent pro�lerAOI area of interestAS Aktiv Sensor GmbH, Berlin, GermanyCCD harge-oupled devieDNS diret numerial simulation126



6.2 Reommendations for further studiesFIR �nite impulse response (digital �lter)GHJ Prof. Gerhard H. Jirka, Ph.D.HVP hairpin-vortex pakageIBM Immersed Boundary MethodIfH Institute for Hydromehanis, University of KarlsruheLES large eddy simulationLSB least signi�ant bitMPPS miniaturized piezoresistive pressure sensorPCO PCO AG, manufaturer of speialized ameras, Kelheim, GermanyPDF probability density funtionsPIV partile image veloimetryPSP pressure sensitive paintPTV partile traking veloimetryRAID redundant array of independent disksRANS Reynolds-averaged Navier-Stokes equationsTTL transistor-transistor logiTTL turbulene wall pressure2D two-dimensional3D three-dimensional
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1/0.12 s−1). Conditionally sampled to (a) maximum peak, (b) minimumpeak. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1054.33 Ensemble average of (a) the near-bed veloity �eld (side view) and (b)orresponding reonstruted bed-pressure �utuations (#uni6). From 25splied PIV frames onditionally sampled from the maximum peak of 25most essential pressure drops (riteria: 0.79 Pa/0.1 s). The veloity �eldwas �nally �ltered twie by a 3×3 moving average �lter to failitate inter-pretation. Due to sampling of the maximum pressure peak, the distintive-ness of the low-pressure �eld is weakened. . . . . . . . . . . . . . . . . . . . 1074.34 Ensemble average of (a) near-bed veloity �eld (top view) and (b) orre-sponding reonstruted bed-pressure �utuations (#uni6). From 24 spliedPIV frames onditionally sampled from the maximum peak of 24 most es-sential pressure drops (riteria: 0.79 Pa/0.1 s). The veloity �eld was�nally �ltered twie by a 3×3 moving average �lter. Due to sampling ofthe maximum pressure peak, the distintiveness of the low-pressure �eld isweakened. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1085.1 Bed pressure �utuations pk in a porous gravel bed underlying turbulentopen-hannel �ow. The gravel is of approximately uniform size, the poresare �lled with �ne sediment. The leaning depth due the in�uene of tur-bulene is denoted by λc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1145.2 Cleaning depth λc for two di�erent types of gravel bed, estimated fromeq. 5.18. The irles sketh the referene grain size d in dimensions of thevertial axis. (a) Uniform gravel. (b) Rhine Gravel, armored layer. . . . . . 117

147





List of Tables
3.1 Parameter of the bed materials uniform gravel, gravel from the river Rhine(armoring layer), and spheres. The weighted mean of the whole grain sizedistribution is represented by d (eq. 2.35). For #uni d ≈ d50 and for #uni

d ≈ d70 holds. φ is the roughness geometry parameter (eq. 2.3). . . . . . . 493.2 Experimental �ow onditions. The integers [1,3,6,9℄ at the end of the in-dies refer approximately to the ratios of Qi, Ui, and Reh,i. At #uni9 theprovided �ow led to very slight sediment transport, where single grainswere moving from time to time. . . . . . . . . . . . . . . . . . . . . . . . . 523.3 Performane of the synhronous and the additional measurements. . . . . . 534.1 Shear parameters. 〈τo〉 is alulated by eq. 2.13, and 〈u∗〉 was derived fromthem by applying eq. 2.15. The indies 〈..〉us and 〈..〉ds denote the spatialaverage of the upstream area (x = −9.33 to 0.0 m) and the downstreamarea (x = 0.0 to 4.42 m), respetively. u∗uv was estimated by extrapolating
−〈u′v′〉 to y = 0 (eq. 2.7). u∗ ≡ u∗log is gained from log-law �t (eq. 2.16). . 564.2 Geometri parameters. h = water depth measured by ultrasoni probes,
δh = y(umax), d = harateristi grain size (eq. 2.35), ks = equivalent sandroughness, yt-y = zero plane displaement, y(δR) = upper boundary of theroughness layer, θm = momentum thikness, η = Kolmogorov length sale. 584.3 Flow properties. Q = �ow rate, U = Q/(Bh) = bulk veloity, u∗ = shearveloity, Reynolds-numbers: Reh = Uh/ν, Re∗h = u∗h/ν, Re∗δ = u∗δh/ν,Re∗d = u∗d/ν, Froude-numbers: Frh = U2/(gh), Fr∗∆ = u2

∗/(∆gd), with
∆ = ρs/ρ − 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

149





AknowledgementsFirst of all, I would like to express my sinere gratitude and appreiation to my advisor,Professor Gerhard H. Jirka, for his guidane, enouragement and support during my re-searh. I also wish to thank my o-advisors, Professor Vladimir Nikora, and ProfessorAndreas Dittrih, for their valuable advie, as well as Emeritus Professor Wolfgang Rodi,and Emeritus Professor Hans H. Bernhart, for taking part in the advisor ommittee. Pro-fessor Gary Parker, University of Illinois, is gratefully aknowledged for the developmentof the ideas and the skeletal struture of the 'sediment leaner' hapter. I am indebtedto Bas Ho�and's amazing Ph.D. thesis, whih was partiularly helpful to me. One Ireognized that it is impossible for me to reah his Champions-League standard, I sleptwell again.I wish to thank all my olleagues at the Institute for Hydromehanis for their supportduring my work. In partiular, I am very grateful to Volker Weitbreht for his onstru-tive disussion, to John Fenton for proof-reading my Germanial English, and to AnneNiepelt for her outstanding assistane, patiene and ooperation, in partiular duringthe elongated days of the gravel bed experiments. Many thanks to Gregor 'Gearloose'Kühn for his ingenious ideas, and to Roman von Rhein for being the goddess of LATEX.I would also like to express my gratitude to the 'Werkstatt', inarnated by Jürgen Ul-rih and Mihael Ziegler. Thanks to Aktiv Sensor GmbH, Peter Giraud, Eva Stahl, andthe Tehnial Servie Center of the Institute of Prodution Siene for their ontributionin the development proess of the miniaturized piezoresistive pressure sensors. Thanksto Weener Plasti Pakaging Group for 4000 deodorant balls for free, and to the poorEva Kaltenbah, for �lling them with �ne sand to weaken their buoyany. Furthermore,thanks to Elena Radowski for the amazing PIV puppet theatre and for leaning Augiasliterature stables. I am obliged to Eletta Negretti to be pleased with the �owers, andCornelia Lang, Tobias Bleninger as well as Antje Haug simply for belonging to the IfH.Support by the 'Baden-Württemberg Researh Program Seuring a Sustainable Liv-ing Environment' (BWPLUS, projet BWR 25003) with funds of the State Baden-Württemberg is gratefully aknowledged. I appreiate the �nanial support from theFederal Waterways Engineering and Researh Institute (BAW) for a previous projet andthe material support throughout the entire researh that led to this dotoral thesis. Iam deeply grateful to the State Baden-Württemberg for �naning my teahing assistaneposition during most of the time at the IfH. Last but not least, I am very grateful tomy parents, who have onstantly and unonditionally supported me by muh more thanreanimated biyles and East-Westphalian raspberry-foamake for more than 33 years.I like to give big thanks to the leaning lady, representative for lots of o-workersontributed in their way to this thesis. Finally, thanks to every interested, sti�-nekedreader who managed to study my thesis report even up to this sentene. 151





Curriulum Vitae
Personal data:name: Martin Detertdate of birth: 27/09/74plae of birth: Lübbeke (Westphalia)e-mail: detert�ifh.uka.deMartin.Detert�web.deshool:08/81 - 07/85 Primary Shool Gehlenbek07/85 - 06/94 Wittekind-Gymnasium Lübbekemilitary servie:10/94 - 09/95 Pionierbrükenbataillon 130, Mindenhigher eduation:10/95 - 11/00 Civil engineering, University of Hanover,Topi: hydrauli engineering01/12/00 Graduation erti�ate: Dipl.-Ing.professional experiene:01/01 - 03/02 Engineering o�e Dr.-Ing. V. Patzold(dredging, mining, environmental engineering)04/02 - 06/08 Institute for Hydromehanis, University of Karlsruhe(teahing assistane and researh)

153




