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Abstract
Forest fires can induce severe changes in the morphodynamics and hidrodynamics of mountain rivers,
due to the increased sediment production resulting from the erosion of unprotected soil in the
catchment, that may occur after these events. Sediment overfeeding can lead to salmonids’ habitat
degradation, endangering the specie.
The objective of this dissertation is to study the changes in flow hydrodynamics, in rivers suitable for
salmonid spawning, as a particular impact of sand overfeeding. In particular, the study is concerned
with the impacts over variables that are better related to oxygen supply to redds: near-bed turbulent
and form-induced stresses, velocity profiles and momentum diffusivity.
To accomplish this objective, conditions similar to those found in nature, in what concerns the flow and
the characteristics of the bed material, were reproduced in the laboratory. Three experimental tests
simulated different stream conditions: (i) undisturbed openwork gravel bed; (ii) framework-supported
gravel bed with a sand matrix and, (iii) framework-supported gravel bed with imposed sand transport
at near-capacity conditions.
The raw data necessary to compute the flow variables was obtained using Particle Image Velocimetry
(PIV) techniques and was essentially composed of instantaneous velocity fields. The collected data
was analysed and theoretically framed with double-average methods.
It is shown that in the near-bed region, where the transport of sediments could affect the oxygen
supply to redds, the Reynolds stresses are unaffected by bed porosity or sediment transport.
However, the form-induced stresses are strongly affected and velocity profiles are conspicuously nonself similar. Eddy diffusivity seems to decrease in the presence of sediment transport, which may
represent an adverse impact for salmonids embryos.
Other previously unreported results concerning flow variables in the lower flow layers are presented
and discussed.
Key words: Salmonids, sand transport, habitat degradation, PIV, double-average methods.
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Resumo
Os incêndios florestais podem promover importantes modificações, tanto na morfologia como na
hidrodinâmica dos rios de montanha. Solos expostos, na bacia hidrográfica, devido aos incêndios,
podem aumentar a produção de sedimentos e afectar o equilíbrio morfológico dos rios. A excessiva
alimentação de sedimentos pode levar à degradação do habitat de salmonídeos, pondo em risco
estas espécies.
O objectivo desta dissertação é estudar as alterações nas variáveis hidrodinâmicas de rios de
montanha, susceptíveis de serem locais de desova, sujeitos a deposição e transporte de fracções
finas, nomeadamente areia. Em particular, este estudo visa conhecer os impactes sobre as variáveis
que se encontram relacionadas com o fornecimento de oxigénio aos ovos: tensões turbulentas e
tensões dispersivas junto ao leito, perfis de velocidade e viscosidade turbulenta.
Para concretizar este objectivo, foram reproduzidas em laboratório, condições semelhantes às
encontradas em meio natural, tanto em termos de escoamento como de características do material do
leito. Foram simuladas três diferentes condições: (i) leito de seixos; (ii) leito de seixos em que os
interstícios estão preenchidos com areia, (iii) leito de seixos em que os interstícios estão preenchidos
com areia e transporte de areia em condições de equilíbrio.
Os dados necessários para o cálculo das variáveis em estudo são essencialmente campos de
velocidade instantânea e foram obtidos recorrendo a técnicas de Particle Image Velocimetry (PIV). Os
dados recolhidos foram enquadrados e tratados recorrendo à metodologia double-average (DAM).
Observou-se que, junto ao leito, onde o transporte de sedimentos poderia afectar o fornecimento de
oxigénio aos ovos, as tensões de Reynolds não são afectadas quer pela porosidade do leito quer pelo
transporte de sedimentos. Já as tensões dispersivas são fortemente afectadas e os perfis de
velocidade são claramente não auto-similares. Quanto à viscosidade turbulenta, esta parece diminuir
quando existe transporte de sedimentos, podendo ter um impacte negativo na incubação.
São apresentados e discutidos outros resultados não antes publicados relativos às variáveis das
camadas mais interiores do escoamento.
Palavras chave: Salmonídeos, transporte de areia, degradação de habitats, PIV, metodologia
double-average.

iii

iv

Acknowledgments
The laboratory work of this thesis was performed within the project PTDC/ECM/65442/2006 funded by
the Portuguese Foundation for Science
In what concerns the acknowledgments I want to present them in my mother language, Portuguese,
so that everyone mentioned can understand them.
Este estudo foi realizado no Instituto Superior Técnico sob a orientação do Professor Rui Ferreira, do
Instituto Superior Técnico, e co-orientação do Professor Mário Franca, da Faculdade de Ciências e
Tecnologia da Universidade de Coimbra.
Ao Professor Rui Ferreira agradeço todo o empenho demonstrado no decorrer da dissertação. O seu
conhecimento científico e criatividade foram fundamentais no desenvolvimento de todas as etapas
deste trabalho. Agradeço também ao Professor Mário Franca pelo seu apoio.
Ao Sr. Vítor Sena, antigo responsável pelo Laboratório de Hidráulica e Recursos Hídricos quero
agradecer todo o apoio, empenho e experiência que colocou à disposição para que este trabalho
fosse realizado com sucesso. Ao João Pedro, novo responsável pelo Laboratório de Hidráulica e
Recursos Hídricos, agradeço a colaboração e companhia durante a realização dos ensaios
experimentais.
À Ana Margarida Ricardo, quero agradecer, em especial, a companhia durante o trabalho laboratorial,
realizado no âmbito da dissertação.
Deixo ainda um agradecimento ao Dr. Henrique Pereira, director do Parque Nacional Peneda-Gerês,
e ao biólogo Henrique Carvalho, também do Parque Nacional Peneda-Gerês, que nos levou a visitar
locais de interesse para esta dissertação.
Agradeço ainda à Professora Patrícia Carvalho, do Departamento de Engenharia dos Materiais, por
me ter possibilitado o uso de equipamento do MicroLab do Departamento de Engenharia dos
Materiais. Ao Professor António Luís Moreira, do Departamento de Engenharia Mecânica, gostaria de
agradecer toda a bibliografia que me forneceu acerca do PIV. Ao Professor Gabriel Monteiro, do
Departamento de Engenharia Química e Biológica, queria agradecer as referências que me cedeu
acerca dos salmonídeos.
Os meus mais sentidos agradecimentos vão para os meus pais, António Ferreira e Maria Helena
Ferreira e para o meu irmão, Ricardo Ferreira, que sempre estiveram do meu lado, a apoiar-me e a
dar-me força.

v

Ao Carlos deixo um agradecimento muito especial por todo o amor, carinho, compreensão e
companheirismo. Obrigado por estares sempre ao meu lado!
Finalmente, quero ainda agradecer a todos meus amigos que, cada um à sua maneira, me ajudaram
a ver sempre a vida pelo lado positivo.
Muito obrigado a todos!

vi

Contents
Page
Chapter 1 – Introduction……………………………………………………………………………1
1.1 Motivation……………………………………………………………………………………………………..1
1.2 Objectives………………………………………………………………………………………………..…...3
1.3 Methodology………………………………………………………………………………………………….3
1.4 Dissertation Outline………………………………………………………………………………………….4

Chapter 2 – Impacts of sand overfeeding on the ecology of salmonid species…………5
2.1 Introduction…………………………………………………………………………………………………...5
2.2 Salmonids’ habitat characterization………………………………………………………………………..6
2.3 Effects of forest fires on salmonids’ habitats……………………………………………………………...9
2.4 Consequences of sediment overfeeding in salmonids habitat………………………………………..11

Chapter 3 – Flow hydrodynamics in gravel-bedded rivers. A state-of-the-art review....15
3.1 Description of the physical system………………………………………………………………………15
3.2 The Double-Averaged Navier-Stokes equations…………………………………………………..…...18
3.2.1 The history of the Double-Averaging methodology…………………………………………...19
3.2.2 The development of the Double-Average methodology……………………………………...20
3.3 Stress and pressure vertical distributions in 2D-V uniform flows in the longitudinal direction……..26
3.4 The vertical distribution of the mean longitudinal velocity……………………………………………..29

Chapter 4 – Laboratory facilities and instrumentation……………………………………...31

vii

4.1 Introduction………………………………………………………………………………………………….31
4.2 Laboratory Facilities………………………………………………………………………………………..31
4.3 Instrumentation……………………………………………………………………………………………..34

Chapter 5 – Characterization of the experimental tests…………………………………….39
5.1 Overview of the experimental tests……………………………………………………………………...39
5.2 Characterization of the bed……………………………………………………………………………….42
5.2.1 Grain-sizes present in the bed………………………………………………………………….42
5.2.2 Bed topography…………………………………………………………………………………..44
5.2.3 Void distribution within the bed…………………………………………………………………46
5.2.4 Sediment feed and bed layout………………………………………………………………….49
5.3 Mean flow variables……………………………………………………………………………………….51

Chapter 6 – Flow field measurements and data analysis………………………………….55
6.1 Instantaneous flow field………………………………………………………………………………...….55
6.1.1 Camera positioning……………………………………………………………………………….55
6.1.2 PIV techniques I: visualisation…………………………………………………………………..56
6.1.3 PIV techniques II: air-water interface………………………………………………………..….63
6.1.4 PIV techniques III: laser parameters………………………………………………………..…..64
6.1.5 PIV techniques IV: raw data treatment………………………………………………………....65
6.1.6 Ensemble-averaging of PIV data…………………………………………………………….....70
6.1.7 Data calibration and vertical positioning………………………………………………………..71

viii

6.2 Spatial distribution of the time-averaged flow profiles……………………………………………...…..71

Chapter 7 - Results and discussion………………………………………………………….…75
7.1 Introduction………………………………………………………………………………………………….75
7.2 Near-bed pressure distribution……………………………………………………………………………76
7.3 Shear stress distribution and bed shear stress………………………………………………………....80
7.4 Discussion of form-induced and mean Reynolds stresses…………………………………………….83
7.5 Discussion of the longitudinal velocity profile…………………………………………………………...85
7.5.1 Double-averaged longitudinal velocity profile………………………………………………………....85
7.5.2 Parameters of the log-law……………………………………………………………………………….86
7.5.3 Parameters of the longitudinal velocity profile in the roughness layer……………………………..89
7.6 Discussion of the eddy viscosity………………………………………………………………………….91

Chapter 8 – Conclusions and Future Work…………………..………………………………..93
References………………………………………………………….……………………………….97
Annex 1 – Test S1……………………………………………….………………………………...…I
Annex 2 – Test S2……………………………………………….………………………………....VI
Annex 3 – Test S3…………………………………………….…………………………………....XI

ix

x

List of Figures
Page
Figure 1.1 – Fire event in the margins of a river (in www.guardiacivil.org/.../images/incendio.jpg)........1
Figure 1.2 – Satellite view of the fires in Portugal in the summer of 2003 (Source: MODIS optical data)…………..2
Figure 1.3 – Location of the National Park Peneda-Gerês (from http://earth.google.com)........................................2
Figure 1.4- Framework-supported gravel-bedded. a) In situ (National Park Peneda-Gerês); b) Laboratory
reproduction…………………………………………………………………………………………………………………....4
Figure 2.1 – Illustration of some microhabitats for salmonids (in http://www.boquetriver.org)..................................6
Figure 2.2 – Diagram of a salmonid redd in plan view (adapted from Chapman 1988)……………………………….7
Figure 2.3 – Riffle-pool sequence (Adapted from Kondolf 2000)………………………………………………………...8
Figure 2.4 – Temporal sequence of selected events in response of aquatic ecosystems to fire (from Dunham et al.
2003)………………………………………………………………………………………………………………………….10
Figure 2.5 – DO profiles. a) 10 cm water depth; b) 20 cm water depth (From Reig et al. 2007). x-axis represents
the DO in mg O2 L-1 . y-axis is the distance from the bottom of the bed. The square markers (■) correspond to the
measurement with fish whereas the triangular markers (▲) correspond to measurement without fish……………13
Figure 3.1 - Open-channel flow subdivision into specific layers (adapted from Nikora et al. 2001)…………….…..16
Figure 3.2 - Open-channel flow subdivision into specific layers (adapted from Ferreira et al.2008)………………..17
Figure 3.5 – Decomposition of a velocity signal: temporal mean and fluctuating parts (adapted from Campbell
2005)………………………………………………………………………………………………………………………….21
Figure 4.1 – General view of the CRIV and the PIV system………………...………………………………………….31
Figure 4.2 – General view of the recirculating tilting flume and respective equipment. a) Side view; b) Plan view.
…………………………………………………………………………………………………………………………………32
Figure 4.3 – a) Centrifugal pump with control valve in the compression conduit; b) Flowmeter…………..……..…33
Figure 4.4 – a) Flume inlet and free surface; b) Flume outlet with channel’s manually operated gate and exit
orifices; c) Equipment for evaluating the terminal fall velocity; d) Conveyor belt; e) Polystyrene board)…………..34
Figure 4.5 – a) Point gage mounted on the instrumentation rail; b) Distance Laser Sensor (in www.leica.com)....35

xi

Figure 4.6 –a) Thermometer; b) PIV: laser flashing…………………………………………………………………....35
Figure 4.7 – a) Laser head and mobile support; b) CCD camera in a tripod; c) PIV power supply………….……36
Figure 4.8 – a) Laser safety goggles; b) Ruler and calibrated plane employed for the alignment of the laser; c)
Acetate sheet………..………………………………………………………………………………………………………37
Figure 5.1– Sand and gravel grain-size distribution of the sediment used in the laboratorial work…….…………43
Figure 5.2 – a) Sample of pebbles used for obtain the grain-size distribution. b) Measuring with a paquimeter..44
Figure 5.3 – Aspect of the bed in test S1…………………………………………..…………………………………….44
Figure 5.4 – Bed topography of the working area………………………………………………………………….…...45
Figure 5.5 – Distance laser sensor position in the channel rails. Shadow area…………………………. ………....45
Figure 5.6 – a) Bed profiles of test S2. b) Bed profiles of test S3……………………………………………….…….46
Figure 5.7 – Perspex box used for the determination of the porosity………………………………………………....47
Figure 5.8 – Void fraction: a) test S1; b) test S2; c) test S3………………………………………………………..…..48
Figure 5.9 – Free surface elevation in test S2…………………………………………………………………………...52
Figure 6.1– Scheme of the measuring area, clarifying the five lateral laser sheet positions and the three
longitudinal camera positions……………………………………………………………………………………..……….55
Figure 6.2 – Determination of the longitudinal position recurring to calibration points………………………………56
Figure 6.3 – Seeding tested- pepper………………………………………………………………….………………..…57
Figure 6.4 - Example of one Scanning Electron Microscope S-2400, Hitachi® (in www.rhul.ac.uk).......................58
Figure 6.5 – Electron microscope images from the used seeding. a) Overview of the seeding sample; b) Detail of
the sample……………………………………………………………………………………………………………………59
Figure 6.6 – Balance of forces over a spherical particle in steady flow……………………………..………………....60
Figure 6.7 – Response of pepper seeding particles in a turbulent flow……………………..…………………………62
Figure 6.8 – Sensitivity to the diaphragm aperture. a) f16; b) f22 (Test S2, position 1, 20.5 lateral side
position)……………………………………………………………………………………………………………………….63
Figure 6.9 – Image acquisition scheme………………………………..……………………………………………….....64

xii

Figure 6.10 - Comparison of several time between pulses……………………………………………………………..65
Figure 6.11 – Image captured with the PIV system (DINAMIC STUDIO®) (Test S3, position 3, 20.5 lateral side
position)……………………………………………………………………………………………………………………….66
Figure 6.12 – Average velocity vector’s map (Test S3, position 3, 20.5 lateral side position)……………………....66
Figure 6.13 – Relationship between interrogation area, seeding and velocity………………………………………..68
Figure 6.14 – Comparison between correlations (Test S3, position 3, 20.5 lateral side position). a) Adaptivecorrelation; b) Cross-correlation; c) Average-correlation………………………………………………………………..69
Figure 6.15 – Flow’s average velocity maps with different validation methods (Test S3, position 3, 20.5 lateral side
position). a) Local median; b) Moving average…………………………………………………………………………...70
Figure 6.16 – Matrix of initially envisaged plan-view location of the flow profiles…………………………………….73
Figure 6.17 - Voronoï polygons. a) Test S1; b) Test S2; c) Test S3……………………………………………………74
Figure 7.1 – Overlap of all the profiles (1 to 48) taken for project S1…………………………………………………..75
Figure 7.2 – Overlap of all the profiles (1 to 54) taken for project S2…………………………………………………..76
Figure 7.3 – Overlap of all the profiles (1 to 56) taken for project S3…………………………………………………..76

Figure 7.4 – Non-dimensional double-averaged mean vertical velocity (

w u* ). Open circles (○), open squares

(□) and asterisks (*) stand for tests S1, S2 and S3, respectively.…...…………………………………...……………..77
Figure 7.5 –Non-dimensional double-averaged Reynolds vertical normal stresses ( w ' 2

u*2 ). Open circles (○),

open squares (□) and asterisks (*) stand for tests S1, S2 and S3, respectively………………………….…………...79

Figure 7.6 – Non-dimensional form-induced vertical normal stresses (

w 2

u*2 ). Open circles (○), open squares

(□) and asterisks (*) stand for tests S1, S2 and S3, respectively…………………………...…………………………..79

  ) and Reynolds shear stresses ( − ρ
Figure 7.7 –Form-induced ( ρ uw
computation of the bed shear stress,

τ0

and

u 'w'

) and linear regression for the

τ b . a) Test S1; b) Test S2; c) Test S3. The white makers represent

the Reynolds stresses. The black markers represent the sum of the Reynolds and form-induced stresses…..….81
Figure 7.8 – Non-dimensional double-averaged Reynolds shear stresses ( −

u ' w ' u*2 ). Open circles (○), open

squares (□) and asterisks (*) stand for tests S1, S2 and S3, respectively.…………………………………………….83

xiii

Figure 7.9 – Non-dimensional form-induced shear stresses (

  u*2 ). Open circles (○), open squares (□) and
uw

asterisks (*) stand for tests S1, S2 and S3, respectively.……………..…………………………………………….......84

Figure 7.10 – Non-dimensional double-averaged Reynolds longitudinal normal stresses (

u '2

u*2 ). Open

circles (○), open squares (□) and asterisks (*) stand for tests S1, S2 and S3, respectively.……………..………….85

Figure 7.11 – Non-dimensional form-induced longitudinal normal stresses (

u 2

u*2 ). Open circles (○), open

squares (□) and asterisks (*) stand for tests S1, S2 and S3, respectively.…………………………………………….85

Figure 7.12 – Double-averaged mean longitudinal velocity profiles ( u ). a) Logarithmic plot showing theoretical
log-law; b) Full profile showing logarithmic and bi-lineal reaches. Open circles (○), open squares (□) and asterisks
(*) stand for tests S1, S2 and S3, respectively.………………………...…..…………………………………………….86
Figure 7.13 – Shear rate and linear regression for the computation of the displacement height. a) Test S1; b) Test
S2; c) Test S3. The red line (--) represents the linear regression used………………………………………………..87
Figure 7.14 – Mean longitudinal velocity profile and linear regression, in the logarithmic layer, for the computation
of the displacement height. a) Test S1; b) Test S2; c) Test S3. The red line (--) represents the boundaries of the
linear regression…………………………………………………………………………………………………………….88
Figure 7.15 – Mean longitudinal velocity profile and linear regression, in the interfacial layer, for the computation
of the regression coefficient,

α1

and

β1 . a) Test S1; b) Test S2; c) Test S3. The red line (--) represents the

boundaries of the linear regression………………………………………………………………………………………..90
Figure 7.16 – Mean longitudinal velocity profile and linear regression, in the pythmenic layer, for the computation
of the regression coefficient,

α0

and

β 0 . a) Test S1; b) Test S2; c) Test S3. The red line (--) represents the

boundaries of the linear regression………………………………………………………………………………………..91
Figure 7.17 – Non-dimensional eddy viscosity (ν

(t )

( ks u* ) ).The circle markers (○) represent test S1, the square

makers (□) represent test S2 and the star markers (*) represent test S3……………………………………………..92
Figure A.1 – Test S1, laser sheet at lateral 18.5…………………………………………………………….……………..I
Figure A.2 – Test S1, laser sheet at lateral 19.5…………………………………………………….……………………...I
Figure A.3 – Test S1, laser sheet at lateral 20.5……………………………………………………….…………………...I
Figure A.4 – Test S1, laser sheet at lateral 21.5………………………………………………………….………………..II
Figure A.5 – Test S1, laser sheet at lateral 21.5…………………………………………………………………………...II

xiv

Figure A.6 – Test S1: a) Mean longitudinal velocity profile and linear regression, in the logarithmic layer, for the
computation of the displacement height; b) Double-averaged mean longitudinal velocity profile: logarithmic plot
showing theoretical log-law; c) Double-averaged mean longitudinal velocity profile: full profile showing logarithmic
and bi-lineal reaches; d) Double-averaged mean vertical velocity profile; e) Shear rate and linear regression for
the computation of the displacement height; f) Shear rate………………………………………………………………III
Figure A.7 – Test S1: a) Mean longitudinal velocity profile and linear regression, in the interfacial layer, for the
computation of the coefficient regression,

α1

and

β1 ; b) Mean longitudinal velocity profile and linear regression,

in the pythmenic layer, for the computation of the coefficient regression,

α0

and

β 0 ; c) Form-induced and

Reynolds shear stresses and linear regression for the computation of the bed shear stress,

τ0

and

τ b ; d) Form-

induced and Reynolds shear stresses. e) Non-dimensional double-averaged Reynolds normal stresses. The white
makers represent the Reynolds stresses. The black markers represent the sum of the Reynolds and form-induced
stresses…………………………………………………………………………………………………………………….….IV
Figure A.8 – Test S1: a) Non-dimensional double-averaged Reynolds longitudinal normal stresses; b) Nondimensional double-averaged Reynolds vertical normal stresses; c) Non-dimensional double-averaged Reynolds
shear stresses; d) Non-dimensional form-induced shear stresses; e) Non-dimensional form-induced longitudinal
normal stresses; f) Non-dimensional form-induced vertical normal stresses…………………………………………..V
Figure A.9 – Test S2, laser sheet at lateral 18.5……………………………………………………………...………..…VI
Figure A.10 – Test S2, laser sheet at lateral 19.5……………………………………………………………………..…VI
Figure A.11 – Test S2, laser sheet at lateral 20.5…………………………..………………………………………….…VI
Figure A.12 – Test S2, laser sheet at lateral 21.5……………………………………………………………………….VII
Figure A.13 – Test S2, laser sheet at lateral 22.5………………………………………………………………….…....VII
Figure A.14 – Test S2: a) Mean longitudinal velocity profile and linear regression, in the logarithmic layer, for the
computation of the displacement height; b) Double-averaged mean longitudinal velocity profile: logarithmic plot
showing theoretical log-law; c) Double-averaged mean longitudinal velocity profile: full profile showing logarithmic
and bi-lineal reaches; d) Double-averaged mean vertical velocity profile; e) Shear rate and linear regression for
the computation of the displacement height; f) Shear rate…………………………………………………………….VIII
Figure A.15 – Test S2: a) Mean longitudinal velocity profile and linear regression, in the interfacial layer, for the
computation of the coefficient regression,

α1

and

β1 ; b) Mean longitudinal velocity profile and linear regression,

in the pythmenic layer, for the computation of the coefficient regression,

α0

and

β 0 ; c) Form-induced and

Reynolds shear stresses and linear regression for the computation of the bed shear stress,

τ0

and

τ b ; d) Form-

induced and Reynolds shear stresses. e) Non-dimensional double-averaged Reynolds normal stresses. The white
makers represent the Reynolds stresses. The black markers represent the sum of the Reynolds and form-induced
stresses……………………………………………………………………………………………………….IX

xv

Figure A.16 – Test S2: a) Non-dimensional double-averaged Reynolds longitudinal normal stresses; b) Nondimensional double-averaged Reynolds vertical normal stresses; c) Non-dimensional double-averaged Reynolds
shear stresses; d) Non-dimensional form-induced shear stresses; e) Non-dimensional form-induced longitudinal
normal stresses; f) Non-dimensional form-induced vertical normal stresses…………………………………………..X
Figure A.17 – Test S3, laser sheet at lateral 18.5………………………………………………..……………………….XI
Figure A.18 – Test S3, laser sheet at lateral 19.5………………………………………………..……………………….XI
Figure A.19 – Test S3, laser sheet at lateral 20.5………………………………………………..……………………….XI
Figure A.20 – Test S3, laser sheet at lateral 21.5……………………………………………………………………….XII
Figure A.21 – Test S3, laser sheet at lateral 22.5……………………………………………………………………….XII
Figure A.22 – Test S3: a) Mean longitudinal velocity profile and linear regression, in the logarithmic layer, for the
computation of the displacement height; b) Double-averaged mean longitudinal velocity profile: logarithmic plot
showing theoretical log-law; c) Double-averaged mean longitudinal velocity profile: full profile showing logarithmic
and bi-lineal reaches; d) Double-averaged mean vertical velocity profile; e) Shear rate and linear regression for
the computation of the displacement height; f) Shear rate…………………………………………………………….XIII
Figure A.23 – Test S3: a) Mean longitudinal velocity profile and linear regression, in the interfacial layer, for the
computation of the coefficient regression,

α1

and

β1 ; b) Mean longitudinal velocity profile and linear regression,

in the pythmenic layer, for the computation of the coefficient regression,

α0

and

β 0 ; c) Form-induced and

Reynolds shear stresses and linear regression for the computation of the bed shear stress,

τ0

and

τ b ; d) Form-

induced and Reynolds shear stresses. e) Non-dimensional double-averaged Reynolds normal stresses. The white
makers represent the Reynolds stresses. The black markers represent the sum of the Reynolds and form-induced
stresses………………………………………………………………………………………………………………….….XIV
Figure A.24 – Test S2: a) Non-dimensional double-averaged Reynolds longitudinal normal stresses; b) Nondimensional double-averaged Reynolds vertical normal stresses; c) Non-dimensional double-averaged Reynolds
shear stresses; d) Non-dimensional form-induced shear stresses; e) Non-dimensional form-induced longitudinal
normal stresses; f) Non-dimensional form-induced vertical normal
stresses……………………………………………………………………………………………………………………....XV

xvi

List of Tables
Page
Table 4.1 – Controllable variables of DYNAMIC STUDIO® (adapted from Nogueira 2007)……………………….37
Table 5.1– Adopted values for the discharge, bed slope and gravel framework for all the tests………………….39
Table 5.2 – Parameters for the characterization of the bed in tests S1 to S3……………………………………….40
Table 5.3 – Parameters for the characterization of the mean flow of tests S1 to S3………………………………..40
Table 5.4 – Non-dimensional parameters of tests S1 to S3…………………………………………………………....41
Table 5.5 – Critical values for the Shields parameter for each test…………………………………………………....42
Table 6.1– Results for each of the sedimentation tests………………………………………………………………....60
Table 6.2 – Laser beam parameters set for each test…………………………………………………………………...64
®
Table 6.3 – DINAMIC STUDIO software variables used on the tests………………………………………………...70

Table 6.4 – Summary of the experimental data achieved……………………………………………………………….71
Table 7.1 – Parameters that describe the log-law and the bed………………………………………………………....89
Table 7.2 – Non-dimensional parameters of the log-law and bed………………………………………………………89
Table 7.3 – Non-dimensional parameters of the linear laws for the longitudinal velocity profile in the interfacial and
pythmenic layers……………………………………………………………………………………………………………..91

xvii

xviii

Symbols
Symbol

Description

Abox

Box plan area

bsb

Width of the sediment band

B

Channel width

C1, 2

Coefficients of the roughness layer

Cb

Flux-averaged concentration of moving particles

CD

Drag coefficient

d50( g )

Mean diameter of the gravel

d50( s )

Mean diameter of the sediments

d eq

Equivalent diameter of the seeding particles

dp

Particle diameter

dp X

Distance between the calibration points in the image to the left edge of the board

ds

Displacement of the seeding particles

dt

Time between pulses

Dp

Pressure drag

Dv

Viscous drag

DO

Dissolved oxygen

f 16

Camera’s diaphragm opening 16 mm

f 22

Camera’s diaphragm opening 22 mm

f

Trigger rate

fc

Fluid frequency

fj

Force (per unit fluid mass) arising from the interaction between fluid and particles
moving as bedload

F
FD

Wake function

Fr
g

Froude number
Acceleration due to gravity

h

Flow depth

h*

Equivalent water depth

hsb

Height of the sediment band

Drag force

xix

i0

Bed slope

I

Impulsion

k

von Kármán constant

ksT

Bed’s roughness length

M

Number of pixels in horizontal line

na

Frame a

nb

Frame b, consecutive to frame a

N

Number of pixels, corresponding to M , in vertical line

NI j

Number of flow maps in run j

NR

Number of runs

p'
~
p

Pressure time fluctuation

p

Double-average pressure

Pressure spatial fluctuation

g
p( )

Porosity of the coarse-gravel framework

s
p( )

Porosity of the sand

p0

Porosity of the substratum of tests S2 and S3

( )
psb

Porosity of the sand in the sediment band

qb

Volumetric sediment discharge rate

qs

Sand bedload discharge, in volume per unit channel width

Q
rp

Flow discharge

R*

Hydraulic radius

Re

Reynolds number

Re*

Bed Reynolds number

Re p

Particle Reynolds number

s

Specific gravity of sediment

s( p)

Specific gravity of the pepper

Sint

Solid-fluid interface surface

Sk

Test S2 or test S3

Ti

Initial temperature of the experimental test

Tf

Final temperature of the experimental test

s

Ratio of seeding fall velocity

xx

u

Double-average velocity

u*

Shear velocity

u'
u~

Velocity time fluctuation

ui

ith component of longitudinal velocity vector

up
U

Patch-averaged particle velocity
Depth-averaged mean flow velocity, in the longitudinal direction

U max

Maximum flow velocity

vi

ith component of transverse velocity vector

vb

Conveyor belt velocity

V0

Total averaging domain

Vf

Volume occupied only by fluid

wi

ith component of vertical velocity vector

ws

Seeding terminal fall velocity

W
x

Particle weight
Longitudinal coordinate axe

X ce

Distance between the edge of the board and the beginning of the channel

y

Transverse coordinate axe

Y

Water elevation

Yb
z

Elevation of the lowest troughs
Vertical (bed-normal) coordinate axe

Sk
z( )

Elevation above z0

z box

Each water elevation in the box

z0box

Maximum elevation above the bottom of the box

Sk
z0( )

Bed level

zc

Elevation of the highest crests

zcbox

Water elevation at crests level, in the box

zs(max)

Maximum elevation of the sand deposits in test Sk

zt

Elevation of the troughs

Z

Free surface elevation

Velocity spatial fluctuation

Sk

∀(

water )

( Sk )

in each of the test Sk

Volume of water

xxi

∀(

total )

Total volume

α
α0 , β0

Regression coefficients in the pythmenic layer

α1 , β1

Regression coefficients in the interfacial layer

δ

Bed thickness

δt

Exposure time

∆

Displacement height

∆t

Fall time in the second reach of the column

∆z box

Water elevation variation in the box

ε

Mass diffusivity

ς0

Roughness height

θ

Tensorial quantity defined only in fluid

θ

Generical angle

Double-average flow variable

θ (g)

Shields parameter of the gravel

θ (s)

Shields parameter of the gravel

θcr

Critical value of the Shields parameter

θcr( g )

Critical value of the Shields parameter of the gravel

θcr( i )

Corrected critical value of the Shields parameter

θcr( s )

Critical value of the Shields parameter of the sand

λ

Bed porosity

ν ( w)

Dynamic viscosity of the water

ν ( x, y )

Time-averaged velocity field

ν i ( x, y )

Flow map i

ξ

Scaling constant

ζ (i )

Hiding factor

Π

Wake strength parameter

ρ

( p)

Density of the pepper

ρ ( w)

Water density

σ D( g )

Geometric standard deviation of the gravel

τ

Total shear stress

τ0

Bed shear stress, estimated from the momentum equation

xxii

τb
τc

Bed shear stress, estimated from the linear regression of the Form-induced and
Reynolds shear stresses
Critical shear stress

τ ij
ϕ

Void fraction

ϕ (z )

Roughness geometry function

{ϕ }(z )

Fluid stress tensor

Depth average value of

ϕ

between the top of the pythmenic layer and z within that

layer

ϕ ( S 1)

Void fraction of the bed in test S1

ϕ (Sk )

Void fraction of the bed in tests S2 and S3

ϕm

Mean void fraction

s
Φ( )

Non-dimensional volumetric sediment discharge of sand

ℵ( z )

Function of the effect of the roughness of the bed upon the pressure distribution

xxiii

xxiv

Acronyms and abbreviations
Notation

Description

ACRNPV

Análise da Cobertura da Rede Nacional de Postos de Vigia

BOD

Biochemical oxygen demand

CCD

Charge couple device

CRIV

Recirculating tilting flume

DAM

Double-Average methodology

DANS

Double-Averaged Navier-Stokes equations

DGRF

Direcção Geral dos Recursos Florestais

DLT

Direct linear transformation

DO

Dissolved oxygen

DTM

Digital terrene model

ICN

Instituto de Conservação da Natureza

MODIS

Moderate Resolution Imaging Spectroradiometer

M-PM

Meyer-Peter & Müller 1948 formula

NS

Navier-Stokes equations

PIV

Particle Image Velocimetry

PNDFCI

Plano Nacional de Defesa da Floresta contra Incêndios

PVC

Polyvinyl chloride

RANS

Reynolds Averaged Navier-Stokes equations

rpm

Rotation per minute

TKE

Turbulent Kenetic Energy

YAG

Yittrium Aluminium Garnet

2D

Two dimensional

3D

Three dimensional

xxv

xxvi

Chapter 1
Introduction
1.1 Motivation
Preservation of species requires preservation of its habitats. Negligent land uses and forest fires in the
catchment (Figure 1.1) can have a strong negative impact on salmonids’ habitat.

Figure 1.1 –Fire event in the margins of a river (in www.guardiacivil.org/.../images/incendio.jpg).

Forest fires in Portugal, lead every year to severe social, economical and environmental problems.
There are more than 20 000 ignitions per year and most of them ( 97 %) are caused by anthropogenic
activities (PNDFCI 2007). Since 1980 more than 2.7 million ha of Portuguese forest were burned; this
is equivalent to one third of the Portuguese continental territory. The year of 2003 was particularly
serious in this matter: between June and September 2003, 450 000 ha of forest were burnt in Portugal
(PNDFCI 2007). In the last decades, the burned area per year has been rising. While in other
European countries the probability of a forest fire to occur is 0.5 % per year, in Portugal this
percentage is four to five times higher (DGRF 2006).
The dimension of the public expenses is a conclusive indicator to the socioeconomical component of
the forest fires problem: about 27 euros per ha, in 2006 (much higher than the average of other south
European countries – 16 euros/ha) (DGRF 2006). In addition to the expenses, the loss of human lives
and constructions contributes in large scale to the social component of this problem. The reduction of
natural resources, biodiversity and habitats are the environmental component.
The Peneda-Gerês national park has been disturbed, since the beginning of this century, with forest
fires almost every summer. In the year of 2005, the Peneda-Gerês national park was affected by
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several severe forest fires (Figure 1.2). The consequences of these events are varied and include loss
of individual specimens (animals or plants), degradation of habitats and erosion of the soil.

Figure 1.2 – Satellite view of the fires in Portugal in the summer of 2005 (Source: MODIS optical data).

Created in 1971, by the Decreto-Lei nº 187/71, May 8th, Peneda-Gerês became the first and sole
national park in Portugal. It has a total area of 72 000 ha and it is located in the northwest of
continental Portugal (Fig. 1.3). Its creation aimed at a management capable of support the interaction
between anthropogenic activities (tourism, education and science) and natural environment, so that
the conservation of flora, fauna, water, soil and landscape was possible (ICN 2005).

Figure 1.3 – Location of the National Park Peneda-Gerês (from http://earth.google.com).

Fire is part of the natural regeneration process in some ecosystems: stimulates the germination of
certain species, provides a periodic recharge of nutrients into the soil and makes space available for
the growth of other species (Dawson et al. 2002). However, in what concerns salmonid habitat, forest
fires can introduce severe problems related to sediment overfeeding.
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Sediments resulting from the erosion of riversides, promoted by fire, interact with the stream flow. This
interaction can produce negative effects on the salmonids habitat, especially in what concerns the
dissolved oxygen (DO) supply. The DO supply seems to be connected with the Reynolds (turbulent)
stresses and also with the velocity and pressure on the near-bed region. Oxygen is carried from the
free surface, by turbulent events that generate Reynolds shear stresses. Then it is transported to the
salmonids eggs, by the sub-superficial flow, which is controlled by the near-bed pressure, having the
near-bed velocity as boundary condition.
Due to the importance of the oxygen supply for the success of the salmonid reproduction, it is
necessary to know if there are any impacts, related with sediments overfeeding, on the variables
better related to oxygen supply to the redds, i.e. near-bed turbulent and form-induced stresses, nearbed pressure, velocity profiles and eddy diffusivity profiles. Vertical fluxes of DO greatly depend on the
latter variable.
To assess this problem, the PTDC/ECM/65442/2006 Project was started by a group of researchers
from Instituto Superior Técnico, Universidade da Beira Interior, University of Aberdeen (UK) and
Woods Hole Oceanographic Laboratory (USA), in cooperation with Peneda-Gerês national park. This
Project aims at characterizing fluvial habitats in what concerns: (i) hydrodynamics and sediment
transport; (ii) morphology of mountain rivers subjected to important aggradation. Through laboratory
and field studies, the final objective of the project is to assess the impacts of fine sediments
overfeeding on salmonid habitats.

1.2 Objectives
This dissertation covers part of the aforementioned project. Its general objective is the assessment of
the impacts upon flow variables of excess sand overfeeding and reduced porosity in mountain-river
reaches suitable to constitute salmonid spawning sites.
The flow variables investigated are essentially the terms in the equation of conservation of
momentum, i.e. stress and pressure, and the longitudinal and vertical components of the flow velocity.
The eddy viscosity is also subjected to scrutiny as it accounts indirectly for ecologically relevant
variables like DO.

1.3 Methodology
To meet the proposed objectives, the facilities of the Laboratory of Hydraulics and Environment of
Instituto Superior Técnico were used to recreate natural conditions. The experimental work comprised
the reproduction of the main features of a framework-supported gravel-bedded river (see Figure 1.4).
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Three tests, representing three different stream conditions, were carried out:
(i)

The reference situation, i.e. an openwork gravel bed;

(ii)

The flow over a framework-supported gravel bed with a sand matrix and,

(iii)

The effects of bedload transport in the same conditions of the previous test.

a)

b)

Figure 1.4- Framework-supported gravel-bedded. a) In situ (National Park Peneda-Gerês); b) Laboratory
reproduction.

By using PIV techniques, it was possible to measure non-intensively instantaneous flow velocities.
Velocity and stress profiles were than obtained. Since the bed studied was irregular, the framework for
data treatment was the double-average methodology (DAM), a technique employed in environmental
fluid dynamics (Nikora 2008). The data collection took place in several locations above the bed,
covering an area suitable for space-averaging of relevant flow quantities.

1.4 Dissertation Outline
This chapter has provided the motivation for this dissertation and outlined the objectives sought. The
remainder of this document is organized as follows:
o

Chapter 2 reviews the most important concepts about salmonids, their habitat and their response

to the disturbances caused by forest fires and excess sand aggradation;
o

Chapter 3 presents the double-average methodology;

o

Chapter 4 presents the description of the laboratory facilities and the instrumentation;

o

Chapter 5 characterizes the experimental tests;

o

Chapter 6 presents the flow field measurement and data analysis;

o

Chapter 7 presents the discussion of the results;

o

Chapter 8 concludes this work with a set of conclusions and contributions of this dissertation,

offering also some comments for future research on the topic.
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Chapter 2
Impacts of sand overfeeding on the ecology of
salmonid species
2.1 Introduction
This dissertation is focused on the study of the impact of increased sediment feeding upon salmonid
ecosystems. In the present chapter, the ecology of salmonid species is reviewed. Salmonid or
Salmonidae is a family of ray-finned fish and is the only living family of the order Salmoniformes. The
most common members of this family are the salmon and the trout. The salmonids life cycle involves
residing in fresh water as juveniles before migrating along the river system to the sea and then finally
returning to their natal stream to spawn and die. They use different habitats during their life time, but
when in freshwater, they live in lotic habitats, i.e. running waters, like rivers or brooks (Odum 1988).
The word habitat, in this text, refers to the physical place where an organism lives or where it can be
found (Odum 1988). Salmonid species are found in habitats in which there exist:
(i)

Cold water and dissolved oxygen (DO): most salmonids require high levels of DO, and
their body is adapted to cold water;

(ii)

Clear water: allows salmonids to see their preys and predators;

(iii)

Protection from predators: submerged logs, vegetation, deep undercuts (see Figure 2.1)
and large rocks can be used by salmonids for hiding;

(iv)

Resting places: salmonids rest in places where the current is slower, mostly in pools at
the bottom of riffles or near a large rock;

(v)

Nesting sites: salmonids require clean gravel beds during spawning time.

The dynamics of moving water create small specialized habitats called microhabitats within rivers.
Salmonids microhabitats in rivers include areas of (i) spawn, (ii) feeding, (iii) cover and (iv) resting
(Shamloo et al. 2001). To understand salmonids ecology it is necessary to understand the watershed
and fluvial processes that create, sustain, and destroy their habitats (Montgomery 2004).
In the following sub-chapters the description of salmonids’ habitat will be presented as well as the
description of the main impacts of sediment aggradation.
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Figure 2.1 – Illustration of some microhabitats for salmonids (in http://www.boquetriver.org).

2.2 Salmonids’ habitat characterization
To understand the salmonids habitats, it is necessary to understand the biological factors associated
(e.g. behaviour such as migration, spawning and feeding), interactions and other physical factors
(WRP 1997, Montgomery 2004).
Salmonids’ habitats are essentially lotic. The main characteristics of the lotic habitats are (Odum
1988): (i) a well defined and continuous current; (ii) great quantities of oxygen, due to the great
surface exposure and the constant movement and, (iii) an intimate relationship with the riversides,
traducing the watershed concept.
There are some limiting factors for this kind of habitat (Odum 1988):
(i)

Temperature: most of the aquatic organisms are not tolerant to temperature oscillations,
i.e. they are stenothermical;

(ii)

Turbidity: it reduce primary production, because it limits the penetration of solar radiation
in the water, harming photosynthesis and the ability of salmonids to see their preys;

(iii)

Concentration of respiratory gases: usually this factor is related to the DO and to the
biochemical oxygen demand (BOD); the current determines the distribution of these gases
in the water;

(iv)

Concentration of biogenic salts (e.g. nitrates and phosphates): related to the fish
metabolism.

Salmonids search for particular kinds of habitat suitable to (Montgomery 2004): (i) spawning; (ii) foster
the development of their eggs, while buried in streambed gravel; (ii) shelter their juveniles while they
grow; (iii) feed and; (iv) hide from predators. Riffles are shallow water areas with higher flow velocity
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where water runs over the roughness of the bed material. Pools are deeper areas of the stream, with
lower flow velocity. Essentially, riffles are used for feeding and pools can provide protection and
resting sites (e.g. quiet water margins) (Kondolf et al. 1996, Carré et al. 2005).
In this work more attention will be given to the spawning habitat, since it is the most vulnerable
microhabitat to the effects of excessive aggradation of sand sizes.
Female salmonids deposit several eggs, that stick together in a kind of bag, called egg pocket; the egg
pocket is laid in nests, usually called redds, within the gravel at depths about 300 mm (Chapman 1988,
Lisle 1989, Kondolf et al. 1993, Malcom et al. 2003). Natural streambed gravels consist of a mixture of
sizes and the spawning gravel requirements of salmonids differs during redd construction, incubation
and emergence of the fry (Kondolf 2000).
Redds consist on depressions in freshwater stream gravels to protect the eggs during incubation. To
produce redds, female salmonids start removing small gravel and fine sediment from the river bed,
making a pocket for the eggs. This is accomplished by a lifting action created when the female
salmonids turns on her side and quickly flexes her body, within a few centimetres of the surface of the
bed. The removed bed material is transported by the current downstream: the fine sediments travel
well downstream and the larger sediments move into a pile usually called “tailspill”, below the pocket
(Chapman 1988, Kondolf et al. 1993, Kondolf 2000).
Female salmonid deposit the first group of eggs in redd’s centrum and the male fertilizes them. After
that, the female begins digging again, to construct a new pocket, directly and obliquely upstream from
the first pocket. This way, the sediments lifted drop into the first egg pocket or onto the tailspill,
depending on the size of the excavated material. This process is continuous, progressing upstream
(Chapman 1988, Montgomery et al. 1996). In Figure 2.2 a diagram of a redd plan view is presented.
Solid black circles represent the egg pocket centrum location. It is possible to see the evolution of the
excavation (to downstream) as well as the growth of the tailspill (to upstream).
Other interesting feature is that females do not deposit their eggs in all initial pockets; they test
substrate suitability and can even move to a new area for spawn (Chapman 1988).

time
downstream

tailspill

Figure 2.2 – Diagram of a salmonid redd in plan view (adapted from Chapman 1988).
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As a result of the female salmonid excavation activity, the completed redd contains less fine
sediments than the surrounding undisturbed substrate. This explains why the quality of spawning
habitat can decline when the spawning population decreases (Chapman 1988).
The riffle-pool sequence (see Figure 2.3) is extremely important for salmonids, specially in what
concerns spawning. In Figure 2.2, is indicated the preferred location for spawning: an area between
the riffle and the pool. Kondolf (2000) stated that irregularities in the bed profile tend to promote
exchanges of water between the stream and the interstices of the bed material. This can be explained
by a fundamental equation of groundwater flow, Darcy’s Law, which states that the rate of
groundwater flow is the product of the permeability (or hydraulic conductivity) and the hydraulic
gradient. The lower elevation of the water surface in the riffle creates a hydraulic gradient that induces
downwelling at the tail of the pool.

Spawning site
Pool
Riffle

Figure 2.3 – Riffle-pool sequence (Adapted from Kondolf 2000).

This sub-superficial flow carries oxygen to the eggs and removes metabolic wastes (Chapman 1988,
Kondolf et al. 1993, Kondolf 2000, Heywood & Walling 2007). The magnitude of this flow depend on
the permeability of the bed and on the difference of pressure between the local where redds are
placed and the local where the flow upwells.
The supply of oxygen to the eggs will depend, not only on the amount of oxygen present in the nearbed flow, i.e. in the pythmenic layer (see chapter 3), but also on the magnitude of the sub-superficial
flow.
The usual explanation for spawning site selection is species-specific preferences for depth, velocity
and grain-size of the bed material (Montgomery et al. 1999, Carré et al. 2005). Salmonids typically
spawn in gravel to cobble-sized substrate. Gravel-bedded rivers can be considered to have two main
components: (i) a framework of larger particles that support one another; it is called an openwork
structure, if the voids are free from fine sediments; (ii) finer material called the matrix that may fill the
voids of the framework. That is why gravel-bedded rivers have often a bimodal size frequency
distribution (Crisp 2000).
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The availability of suitably sized spawning gravel can be considered a limiting factor for salmonids
(Kondolf et al. 1993, Kondolf & Wolman 1993). The size of the available spawning gravels may vary
substantially from site to site due to factors such as the climate, watershed and land use.
Chapman (1988) stated that the diameter of the gravel used by salmonids as spawning habitat varies
between 6.3 - 254 mm. Kondolf and Wolman (1993) studied 135 types of gravel suitable for spawning.
The median diameter, d 50 , was 22 mm and the range was quite large: 5.4 to 78 mm. They suggested
that different species use different ranges of gravel sizes, with larger salmonid generally spawning in
the coarser substrate of larger channels (see also Kondolf et al. 1993).
Salmonids have an important role in the creation and the maintenance of their own habitat. They
modify bed topography and size distribution of streambed gravels during spawning. Spawning
salmonids construct redds for their eggs and from this process results sorting and coarsening of
stream-bed gravels (e.g. Everest et al. 1987, Chapman 1988, Kondolf et al. 1993, Kondolf 2000).

2.3 Effects of forest fires on salmonids’ habitats
Forest fires are an ecological process capable of inducing complex fluvial response. Its effects depend
on several factors like location, intensity, extension as well as the characteristics of the affected
ecosystems, species and a host of indirect physical and ecological linkages (Dunham et al. 2003). The
modifications of the hydrologic cycle and erosional processes can provoque stream adjustments as
well as alterations in lotic communities (Legleiter et al. 2002).
In lotic habitats, the fire events can result in (Dunham et al. 2003):
(i)

Reduction of ground cover and altered soil properties of the riversides, promoting particle
detachment and increased erosion;

(ii)

Increased flow discharge, due to the elimination of plant biomass, in which results a
decrease on transpiration, reduced storage and infiltration (Legleiter et al. 2002);

(iii)

Increased sediment feeding (sand, ashes and coarse woody debris);

(iv)

Disturbed balances of oxygen and nutrients.

The effects of forest fires in lotic habitats can be direct (and immediate) or indirect, occurring over an
extended period. The direct effects are related to short-term biological and physical changes, resulting
directly from the fire, like turbidity and variation of the nutrients balance. The indirect effects occur over
a longer temporal scale resulting from the fire-induced changes on the ecosystems, like morphologic
alterations (reduction of porosity) and changes on flow hydrodynamics (disturbance on the fluxes of
oxygen and nutrients, Dunham et al. 2003).
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Figure 2.4 shows a temporal sequence with the results for pre and post fire years. It is interesting to
notice the evolution of the fish population, nutrients outputs and primary production. It is possible to
see that fish populations decrease during the following months after the fire, and during those months
the nutrients output increases. Fine sediments in the water column increase turbidity, limiting light
penetration and potentially reducing primary production (Wood & Armitage 1997).

Figure 2.4 - Temporal sequence of selected events in response of aquatic ecosystems to fire (from
Dunham et al. 2003).

Primary production is performed by primary producers, like algae, green plants and some bacteria. It
consists in the production of organic compounds from inorganic compounds, mainly by
photosynthesis. These organic compounds are the basis of the food chain in lotic habitats and for this
reason, the primary production is an important parameter to evaluate the health of the lotic habitats.
The response of native salmonid populations to fire disturbances is highly variable (Dunham et al.
2003). These disturbances can result in the death of few individuals or even in complete extinction, in
areas where the population of fishes has been isolated and/or subjected to invasions of nonnative
species. In larger interconnected systems, the resilience is higher. For example, the population can be
reestablished within a year with the return of the spawning migratory individuals that were elsewhere
during the fire event.
In the remainder of the dissertation, attention will be focused on the effects of increased sediment
feeding.
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2.4 Consequences of sediment overfeeding in salmonids habitat
Water quality and its delivery rate, temperature and bed composition are important environmental
factors from which the embryos development depends in their initial stages of the salmonids life cycle
(Malcom et al. 2003). Excess sand size sediments can change these factors. Sediment aggradation
in salmonids spawning habitats has been described as a major limiting factor for salmonids
reproduction (Alexander & Hansen 1986, Chapman 1988, Heywood & Walling 2007).
There are two main sources of sediments: channel sources and non-channel sources. The channel
sources of fine particles are: (i) river banks subject to erosion due to high shear, long exposure to
water, and location; (ii) fine bed materials, stored within the interstices or from surficial deposits, (iii)
fine particles trapped within aquatic macrophytes or associated with the seasonal growth and decline
of aquatic vegetation and; (iv) other organic particles including phytoplankton and zooplankton (Wood
& Armitage 1997). The non-channel sources of fine sediment supplied to a stream are: (i) exposed
soils subject to erosion, (ii) mass failures within the catchment, such as landslides, (iii) urban areas
and anthropogenic activities, which increase sediment delivery and, (iv) litter fall, principally leaf
material from vegetation adjacent to the channel (Wood & Armitage 1997). These non-channel
sources, can be related to forest fires, e.g. to the erosion of exposed soils.
There are three major adverse effects related to fine sediments overfeeding in salmonids’ habitat
(Chapman 1988, Heywood & Walling 2007): (i) the reduction of the supply of DO to egg pockets; (ii)
the harming of fry (alevin) emergence; (iii) the reduction of light penetration, which affects the primary
production and the efficiency of hunting.
The spawning female can alter the grain-size and porosity of gravel to ensure that the egg
development begins with an adequate flow of oxygenated water (Lisle & Lewis 1992). It is necessary
to exist a balance between the grain-size of the bed material used for the redds’ construction: if the
bed material is too coarse, redds cannot be dug. This phenomenon of the gravel becoming too coarse
is often called “armouring” (Kondolf 2000). Kondolf and Wolman (1993) stated that the relation
between fish size and gravel size can be compared directly by plotting median gravel size against fish
length showing that salmonids can use gravels with median diameters up to 10 % of their body length
(see also in Kondolf 2000). However, if the bed material is too small, the success of the eggs
incubation and alevins emergence is compromised (Kondolf et al. 1996, Milhous 1998).
The construction and location of redds promote the removal of fine sediments, increasing gravel
permeability and sub-superficial flow to oxygenate the eggs; also, redd’s configuration and placement
of the embryos seem to lead to optimal physical conditions for egg incubation and fry emergence
(Chapman 1988, Kondolf et al. 1993, Malcom et al. 2003). Chapman (1988) reveals that mean particle
diameter and permeability are higher in gravel surrounding the embryos than elsewhere.

11

During the incubation period redds are vulnerable to the deposition of fine sediments (Chapman 1988,
Lisle & Lewis 1992) and, although all the effort of the female salmonid, fine sediments inevitably move
back into the cleaned gravel (Lisle 1989). This intrusion reduces the gravel permeability, or more
specifically, intrinsic permeability of the gravel (Kondolf et al. 1993), avoiding the entrance of surface
water in redds (Chapman 1988).
Permeability represents the capacity of the gravel to transmit water per unit of time and it is a function
of water viscosity and density, grain-size of the bed material, porosity of the bed and surface texture of
the gravel.
The accumulation of sediments on and within redds can have negative effects on the salmonids eggs
and on the fry that incubates within the gravel voids. A significant increase in the volume of fines can
result in reduced egg survival and in an increase in the number of premature alevins. Due to the
presence of fine sediments, interstices between the substrate can clog, preventing alevins from
emerging (Chapman 1988, Kondolf et al. 1993, Heywood & Walling 2007).
Reducing bed’s permeability, i.e. the sub-superficial flow, results in lower DO supply to the incubating
embryos and in a deficient removal of toxic metabolic waste products from the egg pocket (Heywood
& Walling 2007), which can also be a problem for their development, since salmonids are particularly
sensitive to low pH values and to the presence of toxic materials. So, embryo mortality, their poor
development and their reduced fitness at emergence can be related to substrate permeability: DO
concentrations and water exchange in intragravel are negatively related to the accumulation of fine
sediments within redds (Chapman 1988, Malcom et al. 2003, Heywood & Walling 2007).
Chapman (1988) stated that every sediment particle inferior to 6 mm can be considered a fine
sediment. More recently, Kondolf (1996, 2000) clarified this range stating that sediments finer than 1
mm can reduce the permeability of the gravel and sediments in the 1 − 10 mm size range can block the
fry emergence. Both permeability and fry emergence problem will be addressed further on this
chapter. Heywood & Walling (2007) presented a study about the sedimentation of salmonids spawning
gravel. The study showed that embryo survival fell below 50 % when sediments smaller than 2 mm
and smaller then 1 mm composed more than 9 % and 8 % of redd, respectively. When the
percentages were around 14 % and 12 %, respectively, embryo survival was zero. Kondolf (2000)
stated that embryo survival fell below 50 % when fine sediments composed about 12 to 14 % of the
redd. Several factors can justify this difference; for instance, it is known that the embryo survival tends
to be more related to the sediments within the egg pocket than within the redd.
These results confirm that the survival of the embryos can be adversely affected by the excessive
accumulation of sediment within redds. In this same study, it was possible to notice that the
relationship between sediment accumulation and survival was highly sensitive: a small increase in the
sediment content in the redd could produce a large decrease in embryo survival.
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The survival rates correlate positively with DO and apparent velocity of the intragravel water, as well
as to gravel permeability and gravel size. It relates negatively to percentages of fine sediments
(Chapman 1988).
Until now, the problem of sediment overfeeding was only addressed to the static situation, i.e.
sediments filling the intragravel spaces. However, the impacts of moving sediment, transported by the
near-bed flow, have not been sufficiently studied.
Sediment transport, in the near-bed flow, can affect environmental and hydrodynamics variables of
lotic habitats, especially in what concerns pressure distribution and DO supply in near-bed flow.
Vertical profiles of measured DO concentrations show that the near-bed concentration is lower than
that of the flow near the free surface. Reig et al. (2007) found that the near-bed concentration could be
as low as 70% of the free-surface. The equilibrium profile of DO in a uniform flow can be calculated
from the advection-diffusion mass balance equation if the flow variables, namely vertical mean velocity
and eddy viscosity, and the sources and sinks are known. Especially relevant is eddy viscosity (or
momentum diffusivity), of which the vertical diffusive flux of DO greatly depends.

b)

a)

Figure 2.5 - DO profiles. a) 10 cm water depth; b) 20 cm water depth (From Reig et al. 2007). x-axis
-1
represents the DO in mg O2 L . y-axis is the distance from the bottom of the bed. The square markers (■)

correspond to the measurement with fish whereas the triangular markers (▲) correspond to
measurement without fish.

Models for the eddy viscosity (e.g. Dade 1993) are yet to be modified to account for the productiondissipation imbalance due to roughness effects. Given the little amount of empirical and theoretical
work on the values of the eddy viscosity, their quantification constitutes one of the objectives of this
work.
Mass diffusivity, ε , is, for the sake of simplicity, identified with eddy viscosity, or momentum diffusivity
(Kundu 1990, Sanford 1997) by potentially affecting Reynolds stresses and shear rates, sediment
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transport may affect momentum (or mass) diffusivity and, thus, have an impact on the vertical diffusive
fluxes of DO,

∂  ∂DO 
ε
 , and other ecological variables.
∂z  ∂z 
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Chapter 3
Flow hydrodynamics in gravel-bedded rivers. A
state-of-the-art review
3.1 Description of the physical system
In this chapter the fundamental concepts of open-channel flows over hydraulically rough poorly sorted
gravel-sand beds are presented. A brief summary of the reference works will also be presented. It is
important to state that this dissertation will only focus on rough permeable beds, since these are the
principal habitat for salmonids.
Open-channel flows over gravel beds are almost exclusively rough-turbulent, governed by gravity
(Campbell 2005). They are typified by the presence of an air-water interface (free surface) open to
atmospheric pressure. Velocity and turbulent structure in the water column is influenced by both the
enclosing boundary and free surface.
Nezu and Nakagawa (1993), working within the tradition of classical fluid mechanics (e.g. Schlichting
1968), proposed that the flow field in open channels can be sub-divided into three main zones: (i) wall
region, (ii) free-surface region and, (iii) intermediate region. The open-channel flow layers described
by Nezu and Nakagawa (1993) were revised by Nikora et al. (2001), with specific reference to the
double-averaging methodology (DAM). It was suggested that the open-channel flow should be divided
in five layers (see Figure 3.1). Working from the bed up to the water surface, the general features of
each layer suggested by Nikora et al. (2001) may be described as follows.
(i) Subsurface layer
This layer is specific of permeable beds, since in this layer the flow occupies the voids between the
gravel from the bed. This intragravel flow is driven by the fluid motion in the overlying layers and by
the gravity force. The characteristic scales are the voids characteristic length and the shear
velocity, u * . As indicated in Figure 3.1, the upper boundary of this layer may be identified as the locus
of

dϕ
dz

= 0 , where ϕ ( z ) is the roughness geometry function, void fraction or void distribution in the bed,

which varies from 1, at the crests of the bed roughness elements, to the bed porosity, λ , at the level
of the lowest bed troughs.
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dϕ
dz

Figure 3.1- Open-channel flow subdivision into specific layers (adapted from Nikora et al. 2001).

(ii) Interfacial sublayer
Interfacial sublayer lies in the region between the crests and troughs of the bed roughness and its
thickness is given by δ I = z c − zt .
(iii) Form-induced sublayer
This sublayer is situated between the logarithmic layer, which is the upper boundary and the interfacial
sublayer. It sits just over the crests of the bed roughness, which influence flow by causing its
separation from individual elements. This separation causes the appearance of form-induced stresses.
Taken together, the interfacial and form-induced sublayers constitute the roughness layer. Nikora et
al. (2001) preferred the term roughness layer instead of roughness sublayer as named by Raupach et
al. (1991) because of the subdivision in two sublayers (interfacial and form-induced). The roughness
layer includes the entire layer of flow dynamically influenced by the length scales associated with
roughness elements. The main characteristic scales of the roughness layer are the characteristic
length of the bed topography and the shear velocity, u* .
(iv) Logarithmic layer
This layer corresponds to the upper part of the wall region. The flow behaviour in the logarithmic layer
displays negligible dependence on viscous effects or form-induced fluxes and therefore the doubleaveraged equations are identical to temporally-averaged ones. The characteristic scales for this layer
are the distance from the bed, z , shear velocity, u* , and a set of characteristic scales of the bed
topography. The roughness layer and the logarithmic layer can then be interpreted as the wall region
as identified earlier in the work of Nezu & Nakagawa (1993). Assuming that the relative submergence
of the roughness elements is sufficiently high ( 3 − 5 , according to Graf & Altinakar 1998), the
logarithmic layer is also a part of the free-surface region and the velocity profile is logarithmic.
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(v) Outer layer
The outer layer covers the near-surface zone of flow and is a part of the free-surface region (Nezu &
Nakagawa 1993). Like in the logarithmic layer, viscous effects and form-induced fluxes are negligible.
The characteristic scales for this layer are the maximum flow velocity, U max (assumed to occur at the
free-surface), shear velocity, u* , flow depth and the distance from the bed. It is a region of relatively
weak shear as the velocity gradients are less than when close to the wall; hence, the turbulence
structure in this region is similar. It is not the site of the dominant instability mechanisms that generate
turbulence, nor the site of the strongest production of turbulent kinetic energy (Campbell 2005).
Ferreira et al. (2008 a) proposed an open-channel flow layered system (see Figure 3.2) adapted for
flows with mobile beds. Going up from the bed to the free-surface, the general features of each layer
suggested by Ferreira et al. (2008 a) may be described as follows.
(i) Pythmenic layer
This layer takes into account the region between the highest crests and the lowest troughs of the bed
surface. Its thickness is δ , in Figure 3.2. Form-induced stresses are present if the bed load is small or
inexistent, and viscous stresses are negligible. Pressure and viscous drag become dominant as the
bottom of this layer is reached; they act as a momentum sink on the immobile bed particles.

h

ksT

δ

∆

z=0
Yb

Figure 3.2 - Open-channel flow subdivision into specific layers (adapted from Ferreira et al. 2008).

(ii) Interfacial layer
Situated above the crests of the bed surface, in this layer, the pressure and viscous drag are
negligible. In the absence of sediment transport both form-induced and Reynolds stresses are
important. In the presence of bed load, drag on moving particles acts as a sink in the equation of
conservation of momentum so, form-induced variables may disappear.
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(iii) Logarithmic layer
The logarithmic layer is situated above the interfacial layer and was named due to the fact that nondimensional vertical gradient of the mean longitudinal velocity exhibits complete similarity with respect
to inner and outer scales, allowing the derivation of the logarithmic law. In this layer the Reynolds
stresses are dominant.
(iv) Free-surface layer
The free-surface layer corresponds to the region where dissipation exceeds production of turbulent
kinetic energy. In this layer Reynolds stresses are also dominant.
The inner region, considered by Ferreira et al. (2008 a) takes into account the characteristic length of
the roughness elements, k sT . This length is the thickness of the layer where the effects of the
roughness elements and of the moving particles are felt: it is the sum of the thicknesses of the
interfacial and pythmenic layers. When most size fractions are in movement, k sT , may be considered
identical to the thickness of the transport layer (Ferreira 2005).
The time-averaged Navier-Stokes equations or Reynolds Averaged Navier-Stokes equations (RANS)
can be used to describe flow in the outer and logarithmic layers, because spatial differences across
the fluid field at this level can be neglected, as already said. However, this is not true in the roughness
layer where the flow at any point is highly influenced by the local spatial variations. Nikora et al. (2001)
suggested that the double-averaged momentum equations (in temporal and in spatial domains)
provide a natural basis for the hydraulics of rough open-channel flows, particularly those with small
depth.
In the following subchapters will be explained how to analyse open-channel flows, specially the ones
with permeable rough beds.

3.2 The Double-Averaged Navier-Stokes equations
3.2.1 The history of the Double-Averaging methodology
The Double-Averaging methodology (DAM) is the process by which the fundamental flow equations
are averaged in both temporal and spatial domains. In fact, this double-average is applied to the fluid
velocity and pressure terms that are contained in the equations (Campbell 2005). The DoubleAveraged Navier-Stokes (DANS) equations, applying time and space averaging to the Navier-Stokes
(NS) equations are deduced. A brief introduction to the principal works developed in this field is now
offered.
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The double-averaging methodology (DAM) can be traced to the work of Whitaker (1967) and Gray and
Lee (1977) who first developed general conservation equations in multiphase systems in porous
media flows (ground-water flow hydrodynamics).
The first application of DAM in hydraulics was made by Smith and McLean (1977) who applied the
DAM in the analysis of flow over large dunes, in the Colombia River (USA). Wilson and Shaw (1977)
took a step forward, initiating the use of DAM, improving the mean momentum and stress equations,
applied to atmospheric flows (air flow within vegetative canopies). Some years later, Raupach and
Shaw (1982) formalized the spatial averaging procedure and described the key properties of the
averaging operator, also related with the flow within vegetation canopies. The averaging areas
considered in both Wilson & Shaw (1977) and Raupach & Shaw (1982) works were horizontal planes,
intersecting the vegetation.
Finnigan (1983, 1985) generalized the averaging technique to consider a volume, within a plant
canopy, for averaging instead of a horizontal plane. The result of applying spatial-volume averaging to
an extensive, infinitesimally thin horizontal slab is the collapse to a spatial-area averaged result. So, it
is possible to say that the methods are equivalent (Campbell 2005).
The form-induced stress term was introduced by Gimenez-Curto & Corniero Lera (1996) to describe
the spatial disturbances in the time averaged flow, considering oscillating turbulent flow over rough
surfaces.
The application of DAM to open-channel flows was done by Nikora et al. (2001, 2004). His effort was
to formalise the DAM in environmental flows. His work was followed by others, e.g. Campbell (2005),
Pokrajac et al. (2006), Ferreira (2008 b).
The latest woks using DAM, all published this year, were performed by Pokrajac et al. (2008)
presented a study that aimed the clarification of the stress terms presented by Pedras and de Lemos
(2001). It is stated that each of these additional terms should be parameterised to enable the full
exploration of the turbulence models based on the DANS. Aberle et al. (2008) recurred to DAM to
analyse spatial flow heterogeneity over rough gravel beds for shallow flows, in terms of form-induced
stresses.
Ferreira et al. (2008 b) worked on the characterization of flow resistance in open-channel flows with
porous hydraulically rough beds composed of cohesionless particles and water-worked under
equilibrium bedload transport of poorly sorted sand and gravel mixtures. The main objectives were the
quantification of the variations of the law of the wall parameters with the non-dimensional bed shear
stress and to assess the impacts of the perceived variation in the resistance law.
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3.2.2 The development of the Double-Average methodology
The Navier-Stokes (NS) equations are second order, non-linear, partial differential equations, which
provide solutions for problems related with viscous flows (Graf & Altinakar 1998). They form the
starting point for describing any Newtonian fluid flow. For an incompressible flow, NS can be written as
follows (Schlichting 1968):

∂ui
∂u
∂ 2ui
1 ∂p
(3. 1)
+ u j i = gi − ( w)
+ ν ( w)
∂t
∂x j
∂x j ∂x j
ρ ∂xi
where, ui is the ith component of velocity vector, ρ

( w)

is the fluid density, g i is the ith component of

gravitational acceleration, p is the local fluid pressure and ν

( w)

is the fluid kinematic viscosity.

The double-averaged momentum equation can be derived in time/space or in space/time order with
identical results. Before explaining the averaging procedure, it is important to clarify the simbology
applied to this matter. Concerning to the time-averaging, u and p , are the mean time-averaged
velocity and pressure, respectively; u ' and p ' , are the velocity and pressure instantaneous
fluctuation, respectively. Related to space-averaging, u

and

p are the mean spatially-averaged

velocity and pressure, respectively; u and p are spatial disturbances of the velocity and pressure,
respectively.
The Reynolds (time) decomposition of velocity (see Figure 3.3) is given by the sum of the mean timeaveraged velocity, u , and an instantaneous fluctuation, u ' ( Schlichting 1968):

u ( x, y , z , t ) = u ( x, y, z ) + u ' ( x, y , z , t ) (3. 2)
The same applies to pressure:

p ( x, y, z , t ) = p ( x, y, z ) + p ' ( x, y, z , t ) (3. 3)
The right-hand coordinate system used throughout this dissertation is the following one: x streamwise;

y - transverse; z - bed-normal. Substituting temporal mean and fluctuating parts of

velocity and pressure into equation (3.1), the Reynolds-Averaged Navier-Stokes (RANS) equation is
obtained.
' '
∂ui
∂u
∂ 2ui
1 ∂p ∂ui u j
+ u j i = gi − ( w)
−
+ν ( w)
∂t
∂x j
∂x j ∂x j
ρ ∂xi ∂x j
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(3. 4)

Equation (3.4) shows a new term, introduced only after time averaging: the Reynolds stress term
( −ρ

( w)

ui' u 'j ). It arises as a by-product of the averaging operation due to the non-linearity of the

convective acceleration term.

Figure 3.3 – Decomposition of a velocity signal: temporal mean and fluctuating parts (adapted from
Campbell 2005).

To proceed with DAM, it is necessary to implement the spatial-averaging step, for which the flow must
be steady (or steady-on-average) for time-averaging. Spatial-averaging requires that the bed
roughness is statistically homogeneous, and that the flow is globally uniform. The procedure for
spatial-averaging at level z is defined as,

θ

( x, y , z ) =

1
Vf

∫∫∫

V0

θ dxdydz

(3. 5)

where, θ is a time-averaged flow variable (pressure or velocity), defined in the fluid but not at points
occupied by the roughness elements, V f is the volume occupied only by fluid, within the fixed
averaging region centred at (x,y,z) and V0 is the total averaging domain. The angle brackets denote
volume averaging. θ

is obtained considering only the fluid parts of the total averaging domain.

The simpler superficial average, θ

t

is computed from the whole averaging domain, V0 . The two

averages are related to each other by,

θ
where,

ϕ

t

=ϕ θ

(3. 6)

is the void fraction given by the quotient between the volume occupied only by fluid and the

total volume, i.e.

ϕ=

Vf
V0
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(3. 7)

Similar to the time-averaging step, the mean velocity (and pressure too) can be split into a mean
spatial-averaged,

ui and a spatial disturbance, uii . This allows the development of the spatially-

averaged Navier-Stokes equations.
The application of the spatial-volume averaging operator, defined in equation (3.5) to the RANS
equations (3.4), the result obtained varies depending on whether the averaging plane or volume
intersects the roughness elements or not. Above the roughness crests the averaging region is simply
connected and completely occupied by fluid (i.e. ϕ = 1 ). However, below the crests the averaging
plane or volume is intersected by roughness elements and may become multiply connected.
The operation of averaging for the flow region below roughness crests is not trivial because operator
(3.5) does not commute with spatial differentiation for variables that are not constant at the water-bed
interface. So, local averaging theorems must be invoked (e.g. Whitaker, 1967; Gray & Lee, 1977). For
this matter, there are two important theorems for DAM: (i) the spatial-average theorem and (ii) the
time-average theorem.
The spatial-average theorem is given by the following expression:

∂θ
1 ∂φ 1
=
−
∂xi
φ ∂xi V f

∫∫ θ n

i

dS

(3. 8)

Sint

where, θ is a tensorial quantity defined only in fluid, Sint is the solid-fluid interface surface and ni is
the ith component of the unit normal vector, directed from the solid to the fluid. This theorem, presented
by Whitaker (1967) relates to obtaining the volume average of a quantity that varies in space.
The time-average theorem is expressed by the general transport equation,

∂θ
1 ∂φ θ
1
=
+
∂t
φ ∂t
Vf

∫∫ θ v n
i

i

dS

(3. 9)

Sint

where vi is the ith component of the velocity vector of the solid-fluid interface. The integral in the righhand side usually disappears because of the non-slip condition.
The DANS equations can be formulated in two ways: to the flow above the roughness crests ( z > zc )
and to the flow below the roughness crests ( z < zc ).
For the flow above the roughness crests, the decomposition of the time-averaged velocity into a
spatial mean and spatial disturbance about the mean is given by,
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u ( x, y , z ) = u

( z ) + u ( x, y, z )

(3. 10)

where, the straight overbar and the angle brackets denote the time and spatial-volume average of flow
variables, respectively. The wavy overbar denotes the difference between the time-averaged and
double-averaged values.
Substituting the equation (3.10) in the RANS equation (3.4), it is obtained,
' '
∂ uii uij
∂ ui
∂ ui
∂ 2 ui
1 ∂ p ∂ ui u j
+ uj
= gi − ( w)
−
−
+ν ( w)
∂t
∂x j
ρ
∂xi
∂x j
∂x j
∂x j ∂x j

(3. 11)

Equation (3.11) is the double-averaged equation for the flow above the roughness crests, where
porosity is ϕ = 1 .
The relationship between the double-averaged equation (3.11) and the RANS equation (3.4) is
analogous to the relationship between the RANS equation and the NS equation (3.1). Therefore,
similar to the Reynolds stress, which appears after the time averaging process, the application of the
spatial averaging operator generates the form-induced stress term (the last term of equation 3.11)
(Campbell 2005). This term is different from zero in the roughness layer and is linked to the
differences between time-averaged and double-averaged velocities (Campbell 2005). Giménez-Curto
and Corniero Lera (1996) presented a mathematical analysis to show that a necessary condition for
the form-induced stress to be non-zero is the existence of vorticity in the disturbed flow.
For the flow below the roughness crests ( z < zc ) a different formulation is required. The Reynolds
averaging conditions (Monin & Yaglom 1977, Raupach & Shaw 1982) are not accomplished when the
spatial-volume averaging is interrupted by the individual roughness elements. Equation (3.12) is the
double-averaged equation for the flow below the roughness crests, where porosity is

' '
∂ ui
∂ ui
1 ∂ p 1 ∂φ ui u j
+ uj
= gi + − ( w)
−
∂t
∂x j
ρ
∂xi
φ ∂x j

−

where ϕ ( z ) =

Vf
V0

ii
1 ∂φ ui u j

φ

∂x j

ν ( w)

∂ ui
1
− ( w)
∂x j ∂x j ρ
2

ϕ <1:

(3. 12)

∂ 2 uii
∂ ip
+ν ( w)
∂xi
∂x j ∂x j

is the void function, which enables to account for spatial variation in the roughness

geometry. The last two terms of equation (3.12) are the extra terms resulting from the noncommutativity of the averaging and differential/Laplacian operators. These terms represent
components of form drag and viscous drag respectively.
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The explanation to the appearance of the form drag term in equation (3.12) is linked with pressure
variations around individual roughness elements. The pressure field has a pressure differential
existing across each individual roughness element because of the occurrence of form drag (details in
Campbell 2005).
The DANS equations can be written in an alternative form render exact the terms of viscous and
pressure drag. For a flow over a rigid, no-slip and nonporous bed it is obtained, above the roughness
elements,

∂ ui
∂ ui
1 ∂ϕ p
+ uj
= gi − ( w)
∂t
∂x j
ρ ϕ ∂xi
' '
ii
∂u
1 ∂ϕ ui u j
1 ∂ϕ ui u j
1 ∂
−
−
+
ϕ ν ( w) i
ϕ ∂x j
ϕ ∂x j
ϕ ∂x j
∂x j

(3. 13)

For the flow below the roughness elements,
' '
∂ ui
∂ ui
1 ∂ϕ p
1 ∂ϕ ui u j
1 ∂ϕ ui u j
+ uj
= gi − ( w)
−
−
∂t
∂x j
ρ ϕ ∂xi
ϕ ∂x j
ϕ ∂x j

∂u
1 ∂
1
+
ν ( w) i + ( w)
ϕ ∂x j
∂xi
ρ Vf

1
p ni dS −
∫∫
Vf
Sint

 ( w) ∂ui 
ν
 n j dS
∂
x
j



(3. 14)

The explicit inclusion of these drag terms is one of the key benefits won by double-averaging the
momentum equations.
Strictly, DANS equations are valid for fixed beds, for which the bed topography and the void
distribution, ϕ , in the spatial-averaging volume are constant in time. Ferreira et al. (2008 b) proposed
that DANS equations are useful for framework supported beds and to beds where the movement is
limited to size fractions much smaller to those of the framework. If the bed elevation is stationary in
time and if the sediment concentration is low, Ferreira et al. (2008 b) suggests that equations (3.13)
and (3.14) can be used provided that the void function is interpreted as a mean value. i.e. ϕ ≡ ϕ and
that an extra term, accounting for momentum sink due to sediment transport, is introduced. The DANS
equations become

ui

∂ uj
∂xi

= gj −

1

ϕρ ( w)

jj
∂ϕ p 1 ∂ϕ u ' j u 'i
1 ∂ϕ u j ui
−
−
+
∂x j
ϕ
∂xi
ϕ
∂xi

∂u
1 ∂
1
ϕ ν ( w) j + ( w)
ϕ ∂xi
ρ Vf
∂xi

∫S

int

1
p n j dS −
Vf
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∫S

ν
int

( w)

∂u j
∂xi

ni dS + f j

(3.15)

where

fj

stands for the force (per unit fluid mass) arising from the interaction between fluid and

particles moving as bedload. In a steady flow under quasi-equilibrium sediment transport (zero or low
time rates of aggradation or erosion) inertial effects are negligible to characterize statistically particle
movement. Under this hypothesis, the fundamental term to characterize the force that express fluidparticle interactions should be drag on the moving sediment. Should the drag coefficient ( C D ) be
constant, the drag force in the longitudinal direction may be approximated by

fx =

1
CD
2

∫

hb

0

(

ϕ Cb u − u p

)

2

dz (3.16)

where hb is the thickness of the transport layer, Cb is the flux-averaged concentration of moving
particles and

u p is the path-averaged particle velocity (Ferreira et al. 2006).

A summary of the key components of this double-averaged momentum balance is now listed:

∂ ui

o

Local fluid acceleration:

o

Convective fluid acceleration: u j

o

Gravity acceleration:

o

Pressure force per unit mass:

∂t

;

∂ ui
∂x j

;

gi ;
∂ϕ p

1

;

ρ ϕ ∂x j
( w)

' '
1 ∂φ ui u j
;
o Gradient of turbulent (Reynolds) stresses: −
φ ∂x j

o

Gradient of form-induced stresses: −

o

Gradient of viscous stresses:

o

Form drag (per unit mass of fluid):

o

1 ∂φ ui u j
;
φ ∂x j

∂u
1 ∂
ϕ v ( w) i ;
ϕ ∂x j
∂x j

1

ρ

Viscous drag (per unit mass of fluid):

( w)

Vf

∫∫ p n dS ;
i

Sint

 ( w) ∂ui 
ν
 n j dS ;
∂x j 
ρ ( w) V f S∫∫int 
1
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o Interaction force between fluid and particles moving as bedload (per unit fluid mass): f j .
For the flow region above roughness crests form and viscous drag necessarily disappear and the void
function, ϕ , is constant and equal to 1 .
The mass conservation or continuity equation can be treated in a similar manner to the doubleaveraging of the momentum conservation equation. It reduces to the divergence of the mean velocity
field,

∂ϕ ui
∂xi

= 0 (3.17)

where ϕ is equal to 1 above the crests of the roughness elements.

3.3 Stress and pressure vertical distributions in 2D-V uniform flows in the
longitudinal direction
A full description of the near-bed momentum balance in rough open-channel flows requires a measure
of the spatial variability in the time-averaged flow. As this spatial heterogeneity can contribute
significantly to momentum transfer in the roughness layer, the form-induced stress should be
considered together with Reynolds and viscous stresses. So, in double-averaging, the fluid stress
tensor comprises three distinct components,



τ ij = ρ ( w) ν ( w)




∂ui
− ui'u 'j − uii uij 

∂x j


(3. 18)

The first term in Equation (3.18), is the viscous fluid stress and it is normally considered to be
negligible compared to the Reynolds stress (the second term), in rough turbulent flows, except in the
immediate vicinity of the wall, where velocity gradients are large (see discussion in chapter 7). In most
cases, until now, form-induced stress (the third term) have been ignored in studies of rough openchannel flow; however they are not always negligible. Under uniform, 2D flow conditions in openchannels the primary Reynolds and form-induced stress terms act to balance the downstream
component of the gravity force.
The open-channel flow studied in this dissertation was uniform and steady-on-average and therefore
readily spatially-averaged along the x-direction at all levels, z, through the flow depth. Furthermore, it
was assumed to be 2D, high Reynolds number flow over a very rough (regular) bed. Thus, the
following assumptions are justified (Campbell 2005):
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(i)

There are no long-term trends in flow properties ( ∂

(ii)

All temporal variations are due to turbulence only, i.e. flow is steady-on average;

(iii)

Longitudinal ( ∂

∂x

) and transverse( ∂

∂y

= 0 , i.e. steady flow);

) gradients of spatially averaged quantities are

negligible compared to vertical changes ( ∂
(iv)

∂t

∂z

) (2-D flow condition);

Void fraction, ϕ , depends only on the vertical coordinate,

z (bed elevations are

statistically homogeneous in the x, y plane), and;
(v)

Viscous shear stress is negligible (high Reynolds number condition).

Furthermore, it follows from continuity that the spatially-averaged transverse and vertical velocities
( v

and w ) are equal to zero.

Considering the above assumptions, the double averaged momentum equations reduce to:
o

Above the crests:

x-direction: g sin α −

∂ u ' w'
∂z

−


∂ uw
∂z

= 0 (3. 19)
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Below the crests:

x-direction: g sin α −

1

ρ ( w)

' '
i
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1 ∂ϕ uw
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−
−
+ fx = 0
∂x
ϕ
∂z
ϕ ∂z

'2
i
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1 ∂ ip
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+
+
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ρ
ρ
ϕ ∂z
ϕ ∂z

(3. 21)

2

− fx = 0

(3. 22)

The bed shear stress can be calculated from the integration of (2.21) and (2.22). The integration of the
equation (3.22) renders a hydrostatic pressure distribution if the form-induced and Reynolds turbulent
intensities are at least one order of magnitude smaller than the gravity term. Introducing this result in
the equation of conservation of momentum in the longitudinal direction and performing its depth
integration in the roughness layer it is obtained, in uniform flow conditions
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0 = − ρ ( w ) gh*

+

1
Vf

δ

∫ ∫
0

ϕ

Sint

p nx dSdη −

ρ ν
( w)

∂ Yb

(

 i (0)
+ ρ ( w ) λ u ' w ' (0) + uw

∂x
( w)

Vf

δ

∫ ∫
0

ϕ

Sint

{

)
(3. 23)

}

∂u
∂u
n1 +
n3 dSdη + ρ ( w )
∂x
∂z

∫

δ

0

ϕ (η ) f x dη

Equation (3.23) provides a way to compute the bed shear stress. The first term is the gravity force in
the direction of the flow. It must be equilibrated by internal stresses (second and third terms) and
contact forces between fluid and bed particles (fourth and fifth terms) and fluid and moving sediment
(sixth term). The latter three are momentum sinks in the longitudinal direction. Hence, the bed shear
stress can be calculated by

τ 0 = − ρ ( w ) gh*

∂ Yb
∂x

(3. 24)

which will be called momentum-balance bed shear stress.
If (i) direct measurements of drag available, (ii) form induced and Reynolds stresses at the bed are
negligible and (iii) the interaction force between moving sediment and fluid is negligible, the bed shear
stress can be also computed from

τ0 =

1
Vf

δ

∫ ∫
0

ϕ

Sint

p n x dS dη −

ρ ( w )ν ( w )
Vf

δ

∫ ∫
0

ϕ

Sint

{

}

∂u
∂u
n1 +
n3 dSdη + ρ ( w )
∂x
∂z

∫

δ

0

ϕ (η ) f x dη

(3. 25)

Alternatively, in uniform flows, the bed shear stress can be calculated from the profile of the total
stresses. One fins the value of the bed shear stress at the interception of the line that express total
stresses with the horizontal line that express h − h* = δ (1 - ϕ m ) , where ϕ m is the mean void fraction
in the bed.

3.4 The vertical distribution of the mean longitudinal velocity
Assuming an overlap of inner and outer regions and making use of similarity arguments regarding
inner and outer geometrical scales geometrical scales, a the vertical profile of the longitudinal velocity
can be expressed by a logarithmic law (Dittrich and Koll 1997, Franca & Lemmin 2004, Ferreira 2005).
In this layer (Figure 3.2), the velocity profile can be expressed by

u
1  z−∆  u I
= ln 
+
u* κ  ksT − ∆  u*
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(3. 26)

where u* = τ 0 ρ ( w ) is the friction velocity, ksT is the thickness of the roughness layer (Figure 1), ∆
is the displacement height (Figure 3.2), u I is the velocity at the top of the interfacial layer, κ = 0.41
is the von Kármán constant. The displacement height can be considered an ad hoc parameter to
preserve a good data fitting to the log-law wile retaining the von Kármán as universal constant. Nikora
et al. (2002) sought to attribute it the physical meaning of the height above the lowest troughs in the
bed for which turbulent eddies play a relevant role in mixing.
A summary of the parameters of the log-law and of the bed (Figure 3.2) is presented below.
o

h , flow depth, defined as the distance between the water elevation, Y , and the bed
elevation,

o

Yb , i.e. he mean elevation of the lowest troughs on a control area;

Yb , elevation of the lowest troughs ;

o

z , vertical coordinate;

o

z C , elevation of the highest crests;

o

δ

, distance between the lowest troughs and the highest crests formed by the roughness

elements of the bed;
o

∆ , displacement height;

o

k sT , thickness of the layer influenced by roughness elements and near-bed particle
movement, i.e. the characteristic length of the roughness elements;

o

ϕ , void fraction in the bed (or void fraction).

Coles (1956) showed hat a correction to the logarithmic law, depending on the flow depth, should be
enough to fit open-channel flows. This correction is given by the wake function,

( h ) = 2kΠ sin

F y

2

π y

 (3. 27),
2 h

where, Π is the wake strength parameter (approximately 0.5 ).
In what concerns thze inner layer, the only available theory was proposed by Nikora et al. (2001). It
consists in an analogy to the viscous sublayer in smooth beds (Schlichting 1968). However, the values
proposed in Nikora’s study are different from those found by Ferreira (2005, 2008 a). Nikora et al.
(2001) proposed that the velocity profile in the roughness layer is linear in z
Ferreira et al. (2008 a) present a different expression for the linear law,

u (z )
z
= C1 + C 2
u*
ks
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(3. 28).

ks

. Ferreira (2005) and

The values achieved for the coefficients C1 and C2 by Ferreira (2008 a) are in the range 4.5 − 6.5 and

3.5 − 5.0 , respectively.
The magnitude of the parameters of the velocity profile and the impacts of bedload transport upon
their values will be discussed in chapter 7.
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Chapter 4
Laboratory facilities and instrumentation
4.1 Introduction
The purpose of the experimental work done in the aim of this dissertation is the characterization of the
impacts over turbulent flow descriptors resulting from the introduction of sand size-fractions in gravel
bedded rivers. The experiments were performed in the Recirculating Tilting Flume (CRIV), of the
Laboratory of Hydraulics and Environment of Instituto Superior Técnico.
Turbulent quantities, necessary to characterize the flow are derived from two-dimensional (in the
vertical plane) maps of instantaneous velocities. Particle Image Velocimetry (PIV) was employed to
obtain these maps. The laboratory facilities, with emphasis on the CRIV and its accessories, and the
instrumentation, with special attention given to the PIV system, will be described on the next subsections.

4.2 Laboratory Facilities
The CRIV is an 12.5 m long and 409 mm wide prismatic channel with 300 mm tall rectangular cross
sections. The slope is adjustable in the range −

1
200

to +

1
40

. It has 10 m of effective length and it is

supported by a metallic structure. The channel has side walls made of glass, enabling flow
visualization and laser measurements. A general view of the CRIV is shown in Figure 4.1. Figure 4.2
is a scheme of the CRIV and accessories. The PIV system is mounted for measurements in vertical
planes.

Figure 4.1 – General view of the CRIV and the PIV system.
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j.

k.

e.

i.

a)

l.
b)

g.

j.

a.

a. upstream tank
b. middle tank 1
c. middle tank 2

b.

d. downstream tank
e. channel inlet
f. gate

g. pump
h. flowmeter
i. channel outlet

c.

h.

f.

d.

j. instrumentation rails
k. glass panels
l. water recirculation

Figure 4.2 – General view of the recirculating tilting flume and respective equipment. a) Side view; b) Plan view.
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The recirculation circuit is composed of: (i) 4 storage and inertia tanks of equal capacity, working like
communicating vessels, with a maximum storage volume of 1.1 m3; (ii) a PVC pipe system with

200 mm diameter, and; (iii) a centrifugal pump (see Figure 4.3a) whose maximum discharge is
220 m3h-1.
As accessories, the recirculation circuit has (i) a valve upstream the pump, (ii) a valve in the
compression conduit, used to control the discharge and (iii) a digital electromagnetic flowmeter,
capable of measuring from 0 to 200 m3h-1, with 0.3 m3h-1 of precision (Figure 4.3b).

a)

b)

Figure 4.3 – a) Centrifugal pump with control valve in the compression conduit; b) Flowmeter.

Water is pumped from one of the intermediate tanks (see Figure 4.2 - c. middle tank 2), to avoid
collecting air and sediments into the recirculation circuit, and transported into the inlet of the flume.
In the inlet, the flow is accelerated into the channel reach and free surface oscillations are eliminated
by means of a wooden stabilizer (Figure 4.4a).
At the outlet, the flow is vertically discharged to a tank through a pair of orifices. These orifices can be
closed so that water can be stored within the channel (Figure 4.4b). A manually operated gate, whose
position is fine-tuned by a screw-pole, is employed to control the water level helping, hence, to set
uniform flow conditions in subcritical regime (Figure 4.4b).
To feed the system with sediments, a conveyor belt was used (Figure 4.4d). It is placed on the
channel rails and it introduces the specified sediment load at a distance of 2.5 m downstream the inlet.
The sediment discharge is controlled by the velocity of the belt and the thickness and width of the
sediment streak. The velocity of the belt is set by an electric engine equipped with a variator, which
allows a continuous range of 0 to 270 rpm.
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The introduction of sediments through the free surface causes a considerable disturbance on the
latter. A polystyrene board (Figure 4.4e) is used to stabilize the free surface, preventing small wavenumber oscillations to propagate downstream.

a)

b)

c)

d)

e)

Figure 4.4 – a) Flume inlet and free surface; b) Flume outlet with channel’s manually operated gate and
exit orifices; c) Equipment for evaluating the terminal fall velocity of solid particles; d) Conveyor belt; e)
Polystyrene board.

Settling tubes were used to estimate terminal fall velocities, ws (Figure 4.4c). This equipment is
composed of two columns, with 94 mm internal diameter, filled with distilled water. Fluorescent light
enables a better visualization of the settling sediment. These columns are divided in two regions. The
first region is 34 cm long and it is intended to dissipate the inertia of the water and sediment mixture
introduced in the column. The second region consists in an 1 m reach, where it is expected that the
particles fall with its terminal velocity in still water at rest.

4.3 Instrumentation
This work required the measurement of: (i) free-surface elevation, (ii) water temperature, (iii) bed
topography and, (iv) 2D instantaneous flow velocity.
The free-surface elevation above the channel floor was measured with an 1 mm precision ruler.
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In order to get the bed topography, bed profiles were measured with two different equipments: (i) a
0.1 mm precision point gage (see Figure 4.5a) and, (ii) a distance laser sensor (Figure 4.5b), both

running along the instrumentation rails. The laser sensor was a LEICA TPS 705.

a)

b)

Figure 4.5 – a) Point gage mounted on the instrumentation rail; b) Distance Laser Sensor (in
www.leica.com).

The temperature of the water was measured with a digital thermometer (Figure 4.6a). The
instantaneous flow velocities were measured non-intrusively with Particle Image Velocimetry (Figure
4.6b).

a)

b)

Figure 4.6 –a) Thermometer; b) PIV: laser flashing.

The PIV system used in this experimental work is composed of: (i) laser head and lens (Figure 4.7a),
(ii) CCD camera (charge-couple device) (Figure 4.7b), (iii) laser beam generator or PIV power supply
(Solo PIV operator) (Figure 4.7c) and (iv) acquisition system and control.
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a)

b)

c)

Figure 4.7 – a) Laser head and mobile support; b) CCD camera in a tripod; c) PIV power supply.

The laser head of the PIV system was placed above the CRIV in the instrumentation cart supported on
the channel’s rails. The laser is a Nd:YAG (YAG crystal - Yittrium Aluminium Garnet) and it is
classified as class four radiation hazards. Therefore, its operation requires wearing appropriate laser
safety goggles (Figure 4.8a). The laser head has an optical system (lens) that projects the light sheet
to a given area. The laser sheet alignment is manually made using a calibrated plane and a 1 mm
precision ruler (Figure 4.8b).
The system is based on a double-cavity laser which allows the user to set the delay between two laser
pulses. It emits fundamental light in the infra-red (IR) which is not useful for PIV because standard PIV
cameras are not sensitive to near-IR, nor visible to the operator making the laser alignment more
difficult and dangerous. However, this equipment has a system that transforms the near-IR light into
green, visible light ( 532 nm).
The positions of the seeding particles illuminated by the laser were captured with a CCD camera
usually positioned at right angle to the light sheet (see Figure 4.7b).
It is in the PIV power supply that the laser beam is generated and where it is possible to control it
(Figure 4.7 c). The laser can be operated in an internal or external mode. In the latter case, it is
controlled by the acquisition software.
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a)

b)

c)

Figure 4.8 – a) Laser safety goggles; b) Ruler and calibrated plane employed for the alignment of the
laser; c) Acetate sheet.

The acquisition software is DYNAMIC STUDIO®. It allows for the setting and control of the variables
listed in Table 4.1.
Table 4.1 – Controllable variables of DYNAMIC STUDIO® (adapted from Nogueira 2007).

Laser beam

Time Between Pulses

characteristics

Trigger Rate
Correlation Type

Cross-Correlation

Validation Method
Data analysis

Size of the

( µs )

( Hz )
Adaptive-Correlation

Moving Average

8×8

16 × 16

Average-Correlation
Local Median

32 × 32

64 × 64

128 × 128

Interrogation Area

In the measuring region, the free surface is stabilized by an acetate sheet (figure 4.8c). This avoids
laser refraction from free surface oscillations that would result loss of data. A seeding particle
illuminated in the first pulse could fail to be illuminated in the second pulse, due to refraction-induced
tilting of the laser sheet. The acetate sheet will affect the velocity field in the upper flow layers.
However, the main phenomena addressed in this work occurs in the inner flow region and is, thus,
unaffected by this outer region perturbation.
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Chapter 5
Characterization of the experimental tests
5.1 Overview of the experimental tests
To assess the impact of sediment transport upon the near-bed flow in gravel-bedded streams, three
laboratorial tests, named S1, S2 and S3, were performed. In order to work within the double-averaged
methodology described in Chapter 3, flow profiles, uniformly distributed over an area orders of
magnitude larger than the diameter of the bed pebbles, are sought. The imposed conditions, both
hydrodynamic and morphological, are described in this chapter.
Test S1 simulated the flow over a hydraulically rough openwork (Hogan & Ward 1997) gravel bed,
immobile for the imposed flow conditions. The results of this test provided a reference situation
inasmuch the flow in the pythmenic and interfacial layers is influenced only by the roughness provided
by the gravel bed.
In test S2, the voids of the gravel bed were filled with sand. Relatively to test S1, the porosity was
reduced in the substratum but remained fairly identical in the pythmenic layer. There was no sediment
transport in test S2 since the sand was stored well below the crests of the surface pebbles and
effectively hidden by these. Hydrodynamic conditions were influenced by reduced bed porosity and
reduced thickness of the pythmenic layer.
For test S3, sand content in the bed was increased until its discharge approached capacity transport
rates. Test S3 allowed for the characterization of the impact of moving sediment over the turbulent
flow in the pythmenic and interfacial layers.
The bed slope, i0 , the flow discharge, Q , and the gravel framework were kept constant in tests S1 to
S3. The adopted values are shown in Table 5.1. The properties of the gravel framework shown in
Table 5.1 are the mean diameter, d

(g)
50

(g)

and the geometric standard deviation, σ D

(Cardoso 1998).

Table 5.1– Adopted values for the discharge, bed slope and gravel framework for all the tests.

i0

d (g)
50

σ D( )

(ls–1)

(–)

(mm)

(mm)

23.3

0.00445

28

14

Q

39

g

Salmonid species excavate their redds in the transition between pools and riffles in mountain rivers
(Chapman 1989, Kondolf 2000). The chosen slope is of the order of magnitude of the slope found in
these reaches and used in several laboratory studies (cf. Tonina & Buffington 2007). The discharge
was chosen to achieve reasonable riffle-pool transition characteristics, namely low to moderate
(g)

relative submergence, i.e. h / d 50 < 3 − 5 (Graf & Altinakar 1998) where h is the flow depth and the
mean diameter is the one found in the gravel framework. Evidently, the flow depth is a function of the
sand content, so only the order of magnitude is relevant in this inequality. It should also be kept in
mind that the present work was performed within a research project (see Chapter 1) in which the study
of the environmental variables, mostly hydrodynamic, is envisaged under other values of discharge
and bed slope.
A summary of the remaining main parameters that characterize the flow and the bed in the measuring
area, in each of the tests, are shown in Tables 5.2 and 5.3.
Table 5.2 – Parameters for the characterization of the bed in tests S1 to S3.

Yb

zc

δa

ϕm

λ

(m)

(m)

(m)

(–)

(–)

S1

0.092

0.146

0.054

0.646

0.38

S2

0.095

0.146

0.051

0.657

0.31

S3

0.107

0.146

0.039

0.7197

0.22

Test

Table 5.3– Parameters for the characterization of the mean flow of tests S1 to S3.

Y

h

h*

U

τ 0 (1)

u* (1)

τ 0 (2)

(m)

(m)

(m)

(ms–1)

(Pa)

(ms–1)

(Pa)

(ms–1)

S1

0.246

0.154

0.135

0.570

3.538

0.059

3.614

0.060

S2

0.244

0.149

0.131

0.582

4.182

0.065

4.111

0.064

S3

0.234

0.127

0.116

0.648

3.218

0.057

3.060

0.057

Test

u*

(2)

The previously unidentified parameters and variables in Tables 5.2 and 5.3 are ϕm , the mean void
fraction in the bed surface (the volume confined between the plane of the troughs and the plane of the
crests), h* , the equivalent water depth for the calculation of the bed shear stress and U , the depthaveraged mean flow velocity in the longitudinal direction.
The non-dimensional parameters derived from the quantities in Tables 5.2 and 5.3 are shown in Table
5.4.

1
2

Calculated from the equation of conservation of momentum in the x direction.
Calculated from the total shear stress profile.
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Table 5.4– Non-dimensional parameters of tests S1 to S3.

Test

θ

Fr

(g)

θ

(s)

Re

Re*

(–)

(–)

(–)

(–)

(–)

S1

0.50

0.008

0.263

78580

3320

S2

0.51

0.008

0.299

77964

3312

S3

0.61

0.008

0.223

76606

2181

The referred parameters are the Froude number of the mean flow, Fr , the Shields parameters for the
gravel and the sand sizes, θ

(g)

and θ

(s)

, respectively, the Reynolds number of the mean flow, Re ,

and the bed Reynolds number, Re* . The definitions employed in the calculation of the values shown
in Table 5.4 are,

Fr =

θ (g) =

θ (s) =

U
gh

(5.1)

u*2

(5.2)

u *2

(5.3)

(g)
( s -1) g d 50

(s)
( s -1) g d50

Re =

Uh

ν ( w)

(5.4)

u k
Re* = * sT (5.5)

ν ( w)

The Reynolds number expresses the relationship between the inertial and the viscous forces in the
mean flow. Formally, it is the quotient of two length scales, h and ν

( w)

/ U , where the latter is the

viscous length scale of the mean flow. When the value of Re is superior to approximately
700 (corresponding to u 4 R* ν < 2000 ), the open-channel flow is turbulent, which is the case of the

flow in tests S1 to S3.
The bed Reynolds number is the quotient of the length scale of the bed roughness elements,

k sT (Twonsend 1976) and the length scale of the viscous sub-layer, ν ( w) / u* , (Yalin 1977, Cardoso
1998). If Re* < 5 the bed is hydraulically smooth; if 5 ≤ Re* < 70 the bed is transitional; if Re* ≥ 70 the
bed is hydraulically rough (Nezu & Nakagawa 1993).
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The Froude number expresses a relation between forces of gravity and of inertia in terms of velocity
scales. Fr < 1 stands for subcritical flows (downstream controlled) whereas Fr > 1 stand supercritical
flows (upstream controlled). The values of Fr in tests S1 to S2 are in the range expected for a poolriffle transition, as intended.
The Shields parameter is formally a Froude number. It is a relation between the kinematic scale of the
inner region in a boundary layer, u* and a kinematic scale derived from particle inertia,

( s - 1) g d50 .

The values of the Shields parameter are a measure of particle mobility since the turbulent flow actions
upon the bed particles can be scaled with u* and the resisting forces scale with

( s - 1) g d50 .

In fact, the magnitude of the sediment transport in an turbulent steady uniform open-channel flow, with
a rough boundary, scales with (θ - θ cr ) , where n is an empirically determined exponent and θcr is
n

the critical value of the Shields parameter, associated with the beginning of measurable sediment
transport (Yalin 1977, Paintal 1971). The critical values for the Shields parameter of each size fraction
are shown in Table 5.5.
Table 5.5 – Critical values for the Shields parameter for each test.
(g)
θ cr

(s)
θ cr

(–)

(–)

S1

0.05

0.099

S2

0.05

0.093

S3

0.05

0.072

Test

The values of the Shields’ parameter and of the critical Shields’ parameter seen in Tables 5.4 and 5.5
are from gravel size always immobile. The sand size is mobile in test S3 ( θ
hidden in test S2 ( θ

(s)

<θ

(s)

cr

(s)

>θ

(s)

cr

) while it remains

).

The methodology followed for the quantification of the variables and parameters listed in Tables 5.2 to
5.5 will be explained in the following sub-chapters.

5.2 Characterization of the bed
5.2.1 Grain-sizes present in the bed
The flume bed is framework-supported (Hogan et al. 1999) in all three tests, i.e. the coarse-gravel
elements were in contact forming a stable 3D structure whose voids were empty in test S1 (openwork
gravel bed) and filled with sand, in different proportions, in tests S2 and S3. The coarse-gravel sizes
consisted on naturally rounded pebbles, brought from an actual mountain river, Zêzere at Covilhã,
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whose diameters ranged from 0.5 cm to 7 cm, all immobile under the imposed flow conditions. The
mean diameter of the sand sizes is d 50 = 0.9 mm and the geometric standard deviation, σ
(s)

(s)

is 2.6 .

D

The grain size distribution of the coarse-gravel and sand size fractions can be seen in Figure 5.1.
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Figure 5.1 – Sand and gravel grain-size distribution of the sediment used in the laboratorial work.

The grain-size distribution of the finer sediment (the one in the left) was measured by Nogueira (2007)
by dry-sieving sand samples.
The grain-size distribution of the coarse-gravel (on the right) was obtained by directly measuring the
intermediate diameter (equal to the sieving diameter (Sibanda 2000)) of a sample of 110 particles of
coarse-gravel (Figure 5.2a), with a 0.1 mm precision paquimeter (Figure 5.2b). The curve was
obtained by plotting the diameter of the pebbles (divided in ranges of diameters) and the respective
percentage of the pebbles, with the diameter of the each range.
Figure 5.1 shows that the bounds of grain-size distribution employed are similar to that found in
salmonid spawning areas (cf. Kondolf 2000, WRP 1997). The sand fraction is close to the 1.00 mm
limit, proposed by Kondolf (2000). Excess aggradation of size fractions smaller than this limit is
harmful for redds (Chapman 1988, Kondolf et al. 1993).
There is no overlapping between the grain-size curve of the coarse-gravel and the one of the sand,
something not expected to occur in Nature (cf. Kondolf 2000, WRP 1997). However, the clear
distinction between potentially mobile (sand) and immobile (coarse-gravel) size fractions is expected
to render sharper effects, easier to quantify, of sand movement upon flow field descriptors.
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b)

Figure 5.2 – a) Sample of pebbles used for obtain the grain-size distribution. b) Measuring with a
paquimeter.

The coarse-gravel framework laid out in the CRIV is about 13 cm thick, occupying the full 10 m working
reach of CRIV. The pebbles, at the bed surface, in the measurement area were painted in black to
reduce the reflection of the PIV laser beam during instantaneous velocity measurements. They were
also numbered for an eventual subsequent reconstruction (Figure 5.3).

Figure 5.3 – Aspect of the bed in test S1.

5.2.2 Bed topography
Prior to test S1, the bed topography was measured in two different ways: recurring to a point gage
(Figure 4.5a) and to a distance laser sensor (Figure 4.5b). The point gage was manually operated to
render a staggered matrix of elevation samples with a density of 1 sample/cm2. The laser sensor
measured the bed elevation at random locations with a density of 1.9 samples/cm2 and resampled into
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a staggered grid with MATLAB©. The results of the bed topography measurement, with the point gage
is shown in Figure 5.4.
Although the resolution of the distance laser sensor is higher, this technique has important drawbacks.
D

Since the laser is fired at an angle no smaller than 60 with the horizontal plane, some important
altimetry information is missed due to shadow areas (see Figure 5.5). Hence, these measurements
were essentially employed for validating the topographic model performed with the point-gage.

Figure 5.4 – Bed topography of the working area.

For each of the tests S2 and S3, additional bed profiles (Figure 5.6) were taken in order to assess the
elevation of the sand deposits.

Distance Laser
Sensor

Flow direction

Shadow
area

Figure 5.5– Distance laser sensor position in the channel rails. Shadow area.
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It is apparent that the average bed elevation increases from test S1 to S3 due to the sand deposits.
The parameters that characterize the bed, namely the elevation of the lowest troughs,

Yb , and

highest crests, zc , in the measuring area and the bed thickness, δ , are seen in Table 5.4. It is noted
that, since the elevation survey was performed at an area larger than the measuring area for
instantaneous velocities, the values of

Yb

and

zc

for tests S2 and S3 are actually those of the

percentile 2.5 and 97.5 of the cumulative distribution of bed elevation above the lowest point in the

18

18

16

16
Bed elevation (cm)

Bed elevation (cm)

records (Figure 5.6).
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Figure 5.6 – a) Bed profiles of test S2. b) Bed profiles of test S3.

5.2.3 Void distribution within the bed
The void fraction was calculated directly for test S1 as that of the gravel framework. For tests S2 and
S3, the void distribution was synthesized from the one of the gravel framework, the elevation of the
bed deposits and the porosity of the sand.
The determination of the volume of voids in the gravel framework was performed in a perspex box with
a plan area A

box

= 0.238 m2 (Figure 5.7). Several pebbles similar to the ones used in the bed were

distributed homogenously in layers to form a 20 cm deep bed clone. The box was filled with water up
to the level of the crests, zcbox . The water elevation in the box was measured with 0.5 mm precision
with a piezometer installed in one of the walls. The perspex box has a tap, near its bottom, through
which the water was removed to a graduated cylinder. The void volume at each elevation z box ,
box
box
∀( w) ( z box ) , is equal to the volume of water contained in the box between z + ∆z

z

box

− ∆z box

2

. Hence, the sought void fraction of the framework is
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2

and

Q(z δ ) =

and the non-dimensional vertical coordinate z

∀( w )

(5.6)

∆z box Abox

δ is

z box − z0box
zcbox − z0box

(5.7)

where z box
is the maximum elevation above the bottom of the box for which the porosity remains
0

p ( g ) , the porosity of the coarse-gravel framework. The distribution thus obtained was considered
representative of test S1 without further adaptations (see Figure 5.8a). It is noted that this work should
ideally have been done in the channel, more precisely, in the area in study. However it would have
been quite difficult to control the water height and also to do the measurements.

Figure 5.7 - Perspex box used for the determination of the porosity.

The void fraction of the bed in tests S2 and S3 was obtained from that of test S1 considering the
distribution of sand in the interstices. The elevation of the lowest troughs was calculated from the bed
topography survey (Figures 5.4 and 5.6). The maximum elevation of the sand deposit was obtained
from the same measurements. It was assumed that the elevation of the sand deposits is linearly
distributed between the levels of the troughs and the crests. The void fraction of the bed in tests S2
and S3 was thus calculated from,



ϕ (Sk ) (ξ ) = ϕ (S1) (ξ )  p ( s ) + (1- p ( s ) )


Where: (i) Sk is S2 or S3; (ii)
( Sk )

troughs) in test Sk; (iv) z s

max

ξ = z(

Sk )

δ

( Sk )
a

(Sk )

; (iii) z0

z (Sk ) - z (0Sk ) 
 (5.8)
k)
- z (0Sk ) 
z (sSmax
is the bed level (elevation of the lowest

is the maximum elevation of the sand deposits in test Sk; (v) z
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(Sk )

is the

( Sk )

elevation above z 0

in each of the test Sk, and; (vi) p ( s ) is the porosity of the sand. The void

fractions thus estimated can be seen in Figures 5.8a), 5.8b) and 5.8c).
It is clear from Figure 5.8 that the bed porosity is reduced, from test S1 to S3, due to the increasing
presence of sand in the voids of the gravel framework. The porosity of the substratum of both tests S2
and S3 is ϕ ( 0 ) ≡ p0 ≈ p ( g ) p ( s ) .
The sand porosity was estimated in the laboratory. Twelve porosity tests were performed the following
way: dry sand was poured in a graduated vase containing 250 ml of water until a fully saturated sand
matrix was obtained. The volume of the mixture of sand and water was registered and the porosity
was computed from

p ( s ) = ∀( water ) ∀(total ) . The average sand porosity thus computed was

p ( s ) = 0.42 .

b)

a)

c)

Figure 5.8 – Void fraction: a) test S1; b) test S2; c) test S3.
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In order to use the void fraction in the momentum equation, best fit curves were adjusted. The best fit
distribution function is a negative exponential, similar to a Gaussian curve. The following expressions
are the best fit curves for tests S1, S2 and S3, respectively.

ϕ (ξ ) = p (0S1) +

ϕ (ξ ) = p (0S 2) +

ϕ (ξ ) = p (0S 3) +

∫

ξ

0

∫

ξ

∫

ξ

0

0

1  η -0.57 
- 

1.55e 2  0.16 

2

1  η -0.51 
- 

1.54e 2  0.17 

2

1  η -0.20 
- 

1.25e 2  0.35 

2

dη (5.9)

dη (5.10)

dη (5.11)

5.2.4 Sediment feed and bed layout
In test S2, the voids of the coarse-gravel framework were filled with sand. Since it was required that no
movement occurred, the bed was water-worked for several hours to ensure that all mobile sand
particles would be transported out of the flume. The process is identical to the formation of an
armoured bed (Ferreira 2005, Aberle 2006). The remaining sand was effectively hidden by the
pebbles in the bed surface.
It was intended that test S3 would be performed under equilibrium – or capacity – sediment transport
conditions (Yalin 1977, Cardoso 1998). It was also necessary that no bed-forms would develop so that
the bed would be comparable to the preceding tests.
Since the CRIV could not recirculate sediment, a constant sediment feed was imposed through a
conveyor belt (Figure 4.4d) and the bed evolution was monitored. The equilibrium sediment feed was
found when it was verified that the bed was not aggrading or degrading.
A first estimate of the equilibrium sediment transport was attempted with the Meyer-Peter & Müller (MPM) 1948 formula (Yalin 1977). The non-dimensional volumetric sediment discharge of sand, Φ ( s ) is
(s)
Φ ( s ) = 5 (θ ( s ) - θ cr
)

where Φ ( s ) = qs

(s)
g ( s -1) ( d 50
)

3

and

qs

3

2 (5.12)

is the sand bedload discharge in volume per unit channel

width. The value of the constant, 5 instead of 8 , in equation (5.12), is a correction proposed by
Paintal (1971).
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Shields (1937) (cf. Yalin 1977, Cardoso 1998), proposed that the critical value of θ ≡ Y for which
uniform sediments, in a flat bed, would start to move should be a function of Re* ≡ X . For
hydraulically rough beds, the value of θcr ≡ Ycr is independent of Re* ≡ X , which indicates that
viscous forces are of second order in the computation of u* and, hence, that the direct effects of
viscosity are negligible. In this case, Shields proposed that

θcr = 0.05

(5. 13)

If the bed is composed of non-uniform sediment, the values of the critical Shields parameter must be
altered to render the finer sizes less mobile (hiding effect) and the coarser fractions more mobile
(exposure effect). The critical Shields parameter becomes
(i )
θ cr
= ζ (i ) 0.05

(5.14)

where i = s stands for sand and i = g stands for gravel. For a review of the concepts associated with
incipient motion of poorly-sorted mixtures of gravel and sand see Ferreira et al. (2007) or Ferreira
(2005). The empirical formula for the hiding-exposure coefficient proposed by Ferreira et al. (2007) for
gravel-sand mixtures is, in this work, adapted to

ξ

(i )

 d (i ) 
= 1.01

 δa 2 

−0.96

(5.15)

Equation (5.15) was applied only to the sand sizes. Since the bed remains framework supported, the
presence of sand will not affect the mobility of the gravel and it is likely that the critical Shields
parameter of the latter remains unaltered.
The critical values for the Shields parameter of each size fraction are shown in Table 5.4. The
estimated value of the sediment transport in the conditions of test S3 is
(s)
qs = Φ ( s ) g ( s -1) ( d 50
) = 4.29 × 10-3 ls–1 (5.16)

3

The sediment feed is set at the conveyor belt by adjusting the belt velocity, vb (in ms-1) and the height
(in m), hsb , and width (also in m), bsb , of the sediment band:

qb =

vb hsb bsb (1- p
B

1− p

50

(s)
sb
(s)

)

(5.17)

In equation (5.17), qb is the volumetric sediment discharge rate, B stands for the channel width and

p

(s)
sb

is the porosity of the sediment in the sediment band and p

(s)

bed. A correction coefficient of 1.2 was employed for the latter, i.e. p

is the porosity of the sand in the
(s)
sb

= 1.2 p .
(s)

In order to set up equilibrium sediment transport conditions in the channel, a sediment feeding
equivalent to the solid discharge calculated with the M-PM formula was initially imposed in an
upstream section of the channel ( qs = qb ). The bed was then monitored and the value of qb finetuned. After an iterative process, were the conveyor belt was left running for a long time, bed
equilibrium conditions, i.e. neither aggradation nor degradation, eventually emerged. The final
equilibrium discharge was qb = 4.77 × 10 ls–1.
-3

In these conditions, the conveyor belt was operated at a velocity of 3.5 × 10 ms-1 (approximately
−4

45 − 50 rpm) with a sand band size of 20 × 4 cm (width × height).

5.3 Mean flow variables
Tests S1 and S3 were performed under uniform flow conditions. To achieve the uniform flow
conditions a heuristic process took place, involving the adjustment of the downstream gate (see Figure
4.4b) followed by the measurement of the water elevation, Z , above the bottom of the flume. It was
necessary that the same elevation could be measured in all the length of the channel, except the first
and the last 1.5 m. Evidently, it is assumed that the bed thickness is constant so that the plane of the
lowest troughs is parallel to the bottom of the flume.
The flow depth was obtained from water elevation as

h = Z - z0 (5.18)
The values of the uniform flow depth for tests S1 and S3, h are 0.154 and 0.107 m, respectively (see
Table 5.3).
Uniform flow conditions were not attained in the case of test S2. In this case, the values of the free
surface elevation were fitted to a third order polynomial so that it was possible to calculate the freesurface slope from the derivative of that polynomial. The results of the data fitting are seen in Figure
5.9. It was obtained,

dY
dx

= 0.00013 at the measuring area (section x = 6.7 ). Water elevation in the

measuring section was also taken from Figure 5.9. Thus, for test S2 the water elevation was
Y = 24.167 m.
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Figure 5.9 – Free surface elevation in test S2.

The equivalent flow depth for the calculation of the bed shear stress (see Chapter 3) is computed from

h* = h - δ a (1- ϕm ) (5.19),
where

ϕm =

1

∫ ϕ (η ) dη

(5.20),

0

is the mean void fraction in the bed surface.
The depth-averaged mean flow velocity in the longitudinal direction, U , is defined as

U=

Y

1  δ a
u (η ) ϕ (η δ a ) dη +
u (η ) dη  (5.21),

h '  z '
δa


∫

∫

where h ' = z - z ' , z ' is the elevation above which it is observable that the longitudinal velocity profile is
greater than zero and Z is the elevation of the free surface. The values of z ' can only be determined
from the velocity profiles discussed in Chapter 7. Hence, for practical aspects of characterizing the
flow, it was considered the depth-averaged registered above the crests of the bed elements

U=

Q

B (Y − zc )

where B is the channel width.
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(5.22),

The bed shear stress, τ0 and the friction velocity, u* = τ 0 ρ ( w ) , were computed from the total stress
profiles and from the direct application of the equation of conservation of momentum in the longitudinal
direction (Chapter 3). The latter made use of equation 3.24, adapted to account for channel wall
confinement,

 dz h dY 
τ 0 = ρ ( w) g R*  - 0 
 dx h* dx 

(5.23),

where the hydraulic radius is

R* =

B h*
2 h* + B

(5.24).

It is noted that no side-wall corrections were introduced. The calculation of τ 0 from the total stress
profiles is further discussed in Chapter 7.
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Chapter 6
Flow field measurements and data analysis
6.1 Instantaneous flow field
6.1.1 Camera positioning
The measuring area where instantaneous velocities were obtained was located between 6.62 m to
6.84 m from the channel entrance. Three longitudinal camera positions with a minimum of 30 %

overlap (the minimum occurred for the position closest the wall) were considered (see Figure 6.1).
This overlap assures that the entire measuring area is covered with redundant information, which is
useful to correct measurement errors. In each of the three longitudinal positions, five lateral planes
were tested at 18.5 , 19.5 , 20.5 , 21.5 and 22.5 cm from the right channel sidewall. The position 20.5
represents the central line of the channel. This ensemble of camera positions and lateral planes
defines a measuring area of 22 × 6 cm2 (longitudinal X lateral). The lateral dimension is of the order of
magnitude of the bed elevation fluctuation and the longitudinal dimension is one order of magnitude
greater than the latter. Hence, the measuring area is conforming to the double-average methodology
(DAM see Chapter 3).

6.62 m

6.84 m

Flow

Central
Line

3

2

1

Figure 6.1- Scheme of the measuring area, clarifying the five lateral laser sheet positions and the three
longitudinal camera positions.
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This dissertation is mainly concerned with the near-bed flow. Due to the restrictions of the PIV
technique it was not possible to measure the entire flow depth with good precision. Hence, the region
selected for visualization encompassed the bed surface and the water column with an elevation of
approximately 70 % of the flow depth.
The coordinates of each camera image, defined as the pair (i) camera position and (ii) lateral position
in the referential of the channel, are defined as follows. The desired lateral position is measured from
the channel’s right side, with a 1 mm precision ruler (Figure 4.8b). A graduated plane (Figure 4.8b) is
filmed, suspended in a frame so that it does not touch the bed. The image of this graduated plane is
later used for calibration.
The longitudinal position is determined with a calibration board with reference images, placed in the
right side wall (see Figure 6.2). The distance of the calibration points in the images to the left edge of
the board, dp X , is known. The distance between the left edge of the board and the beginning of the
channel, X ce , is also known. Thus, and in the premise that the camera is at right angles with the
channel wall, the coordinates of all points in every camera image can be determined.

dpX
X ce
Figure 6.2– Determination of the longitudinal position recurring to calibration points.

6.1.2 PIV techniques I: visualisation
The PIV is a non-intrusive optical technology that allows obtaining the velocity of the fluid, by
measuring seeding particle’s velocity. The introduction of targets (usually named seeding), ideally noninertial, in the flow. Their density should be similar to water density so that the gravity force, acting in
the seeding particles, is balanced by hydrostatic impulsion. Ideally, the seeding particles should be: (i)
able to follow the flow; (ii) good light scatters; (iii) conveniently generated and cheap; (iv) non-toxic,
non corrosive and non-abrasive; (v) non-volatile and; (vi) chemically inactive and clean (Melling 1997,
Raffel et al. 1998).
A compromise between increasing the particle size to improve light scattering and reducing the
particle size to improve flow tracking should be found (Melling 1997). Uniform size of the seeding
particles avoids background noise and excessive intensity from larger particles that could induce
errors in the acquired data (Meeling 1997). The distribution of seeding particles in the flow should be
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as homogeneous as possible in order to prevent errors, such as the occurrence of non-physical
velocity gradients in the flow maps.
Preliminary tests were performed, under controlled conditions, in laboratory, to analyse which was the
best seeding to use in the experimental work. Two organic and widely available seeding particles were
tested: pollen (highly used as seeding) and pepper (see Figure 6.3).

Figure 6.3– Seeding tested- pepper.

It was verified that that both pollen and pepper had a similar mixing capacity in the water. However,
pollen particles were quickly attacked by fungi, within less then two days. Used in the channel as
seeding, it would certainly cause serious contamination problems, since the experimental work lasts
for several weeks. The pepper is more stable in what concerns the organic behaviour. The seeding
particle’s motion in a fluid is affected by: (i) their shape, size and relative density, (ii) their
concentration in the fluid and, (iii) body forces (e. g. gravity effects). The concentration (issue ii) is
closely related to the size of the interrogation area. Hence, its value is not determined by
hydrodynamic considerations. In a turbulent flow, body forces are considered negligible, given the
small volume of the particles and the high values of inertial forces and drag (Melling 1997). To
evaluate the ability of the pepper particles to follow the flow it is necessary to know its equivalent
diameter and its density. The size and the shape of the pepper particles were investigated with the aid
of an electronic microscope.
An electronic microscope is a type of microscope that uses electron to illuminate a specimen and
create an enlarged image. They have much greater resolving power than light microscopes and can
obtain much higher magnifications. Some electronic microscopes can magnify specimens up to
2 million times, while the best light microscopes are limited to magnifications of 2 000 times. Electronic

microscopes use electrostatic and electromagnetic lenses in forming the image by controlling the
electron beam to focus it at a specific plane relative to the specimen in a manner similar to how a light
microscope uses glass lenses to focus light on or through a specimen to form an image. The samples
have to be viewed in vacuum, as the molecules that make up air would scatter the electron.
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Using one of the electronic microscopes existent on the Materials’ MicroLab, in Instituto Superior
Técnico, a Scanning Electron Microscope S-2400, Hitachi (see Figure 6.4), it was possible to analyse
a sample of the seeding used.

Figure 6.4- Example of one Scanning Electron Microscope S-2400, Hitachi® (in www.rhul.ac.uk).

Electronic microscopes usually image conductive or semi-conductive materials best. Non-conductive
materials can have a common preparation technique that consists in coating the sample with a thin
layer of conductive material. Pepper is a non-conductive material; it was necessary to coat the
sample. Therefore, it was used the gold coating as conductive coating technique.
The result of the observation of the seeding particles in the electronic microscope can be seen in
Figure 6.5. Pepper particles are widely heterogeneous in size and shape. It will be assumed that the
pepper particles can be modelled as ellipsoids with the smaller diameters identical. The range of the
smaller diameters in the sample is 10 to 300 µm. The range of the larger diameters in the sample is
10 to 500 µm. This analysis was carried out by direct measuring in the digital image. This range is in

agree with the typical values of other seeding used in liquids that were already studied (Raffel et al.
1998). The larger particles of seeding, in small concentrations, are not likely to reach the measuring
section. Their ranges for the grater and smaller diameters are, respectively, 10 to 100 µm and 10 to

(

70 µm. The range of equivalent diameter, d eq = d1 d 22

)

1

3

, is thus 10 to 80 µm approximately.

The shape of the particle can significantly affect the flow resistance and, as already said, pepper
particles are widely heterogeneous in shape. However, the immediate surroundings of the particle,
within a fluid, are supposed to consist of the same fluid molecules, consistent with there being little
relative motion between the particle and the fluid (Meeling 1997). This effect is also called “added
mass effect” (Brennen 1982). So, even the irregular pepper particles are assumed as spherical
particles.
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a)

b)

Figure 6.5 – Electron microscope images from the used seeding. a) Overview of the seeding sample; b)
Detail of the sample.

When a particle is placed inside a flow, a time lag exits until the velocity of the particle equals the
velocity of the flow. To evaluate the ability of the particles of the seeding to follow the flow its fall
velocity is determined.
After the characterization of the characteristic diameters of the seeding, a sedimentation test was
carried out, in order to indirectly determine the density. The seeding terminal fall velocity, ws was
obtained by tracking a small group of particle of pepper falling along the axis of the column, filled with
distilled water (Figure 4.4c). The particles are introduced in the column with little initial velocity. The
particle attains its terminal fall velocity in the initial 34 cm of the column. The transit time in the
remaining 1 m is recorded with a stop-watch. The particles are not expected to feel wall effects due to
its small number in the column.
A set of 10 tests, aimed at the size fractions smaller than 80 µm, took part. Since the size analysis of
the falling particles was not possible due to the apparatus used, the results were highly subjective, i.e.
dependent on the operator. For this reason, and in the aim of trying to minimize the associated error,
the tests were all made in the same day, all at once, and by the same operator. For each test a
sample of 0.4 cl of a mixture of water and pepper was used. The sample had always the same
proportion of water and pepper ( 2 g of pepper to 3 cl of distilled water). Table 6.1 shows the results for
the set of 10 tests. The transit time average is 9 ' 9 '' and the standard deviation is 1' 7 '' .
The seeding terminal fall velocity, ws , was estimated using the following expression,

ws =

1
∆t
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(6.1)

where, ∆t is the fall time in the second reach of the column. The ws obtained is the average of the 10
tests made, and it has the value of 0.0018 ms-1. It is assumed that this is the fall velocity of 80 µm
particles.
Table 6.1- Results for each of the sedimentation tests.
Test

Transit Time

(-)

(min)

1

6’54’’

2

9’37’’

3

8’51’’

4

9’05’’

5

10’09’’

6

10’41’’

7

9’32’’

8

7’53’’

9

8’49’’

10

10’01’’

In the sedimentation test, in the steady flow reach, the balance of forces over a particle can be seen in
Figure 6.6. There are three forces acting over a particle: the gravity force ( W ), the impulsion ( I ) and
the drag ( F ). This balance can be expressed by:
D

FD + I = W (6.2)

FD

ws

W −I

Figure 6.6 – Balance of forces over a spherical particle in steady flow.

Stokes’ law for drag is valid if the particle Reynolds number

Re p =

ws d p
ν ( w)
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(6.3)

Since ws = 0.0018 ms-1, d p = 0.00008 m and ν( w) = 1× 10−6 ms-1, one has Re p = 0.14 . Hence, the drag
force is

π d 2p 2
1
FD = ρ( p ) CD
ws (6.4)
2
4
where ρ

( p)

is the density of the pepper and the drag coefficient, from Stokes’ law, is
CD =

24
Re p

(6.5)

The submerged weight (weight minus buoyancy) is

W −I =

1 ( p)
( ρ − ρ( w) ) g πd 3p (6.6)
6

From this balance of forces, the terminal fall velocity is

W − I = FD ⇔ ws =

ws = ( s ( p ) − 1)

1 ( ρ( p ) − ρ( w ) ) g 2
dp
18
ν
ρ( w )

g 2
d p (6.7)
18ν

The formula for the calculation of the specific gravity of the pepper particles is thus
s ( p ) = 1 + ws

18ν
gd 2p

(6.8)

The value of the specific gravity of the pepper particles employed in this work is s ( p ) = 1.51 .
To evaluate the capacity of the particles of seeding to follow the flow, the solution of Hjemfelt and
Mockros (1996), for the limit case s ( p )  s ( w) (Melling 1997), is employed:
ws2

2π f c 

≡ rp =  1 +

2
C 

u

−1
(6.9)

where

C=

18ν
(6.10)
s d 2p
( p)

and f c is the fluid frequency. Equation (6.9) expresses the ability of the seeding particle to follow the
fluid turbulent micro-structure whose scale is f c (expressed in terms of frequencies) as a function of
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its density and diameter, included in parameter C . The closer the ratio

rp is to unity, the better the

tracking capability.
In the present case, the difference of densities is not large. The application of equation (6.8) is
justifiable for its conceptual simplicity as it retaining the most important effects of drag and inertia
(Melling 1997). It renders thus a conservative estimate of the tracking ability of the pepper. The
graphical expression of equation (6.9) is seen in Figure 6.7 for three particle diameters.
Melling (1997) proposed a threshold of acceptability of rp = 0.95 to quantify the tracking ability. Using
this criterion, it is clear from Figure 6.7 that pepper particles of 300 microns are unsuitable to visualize
the flow as they can only express scales smaller than 1 Hz. In any case, it was observed that these
particles only seldom arrive to the measuring section.

1

rp ( - )

0.75

0.5

d p = 300 microns
d p = 80 microns
d p = 10 microns

0.25

0
1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

f c (1/s)

Figure 6.7- Response of pepper seeding particles in a turbulent flow.

As for particles of 80 µm, it is observed that they can follow structures of 15.5 Hz with the proposed
level of accuracy. Given that the PIV acquisition frequency is 15 Hz and that its Nyquist frequency is,
thus, 7.5 Hz, it is concluded that these particles are suitable for the time and Fourier analysis of the
data acquired with the present set-up. However, these particles are insufficient for space analysis,
since the space sampling of the PIV measurements can be as low as 8 pixels. At conversion rates of
1200

0.11

pixel/cm, one has a spatial resolution of 0.00073 m. At a mean velocity of 0.5 ms-1 the

Nyquist frequency is about 340 Hz. These scales would be well reproduced by pepper particles of
about 16 µm.
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In what concerns to the quality of the acquired images, the less light in the laboratory the better. The
main concern is to eliminate the shades of grey caused by ambient light, because these shades could
introduce correlation errors in the data treatment. The camera’s diaphragm should be open at f 16 ,
f 22 or greater (where f 16 corresponds to a wider opening and

f 22 to a narrower opening),

depending on the seeding conditions. When the water had enough seeding the f 22 opening was
chosen allowing a better contrast (Figure 6.8). It is noted that the ambient light on the Figure 6.9a)
decreases the contrast between particles and background.

a)

b)

Figure 6.8 – Sensitivity to the diaphragm aperture. a) f16; b) f22 (Test S2, position 1, 20.5 lateral side
position).

The seeding is added to the water in the second tank (see Figure 4.2 - c. middle tank 2), near the
pump intake. It quickly diffuses in the elevation conduit and in the channel. The particles larger than
100 µm are lost in the channel inlet due to the sharper fall velocity. The remaining particles are

uniformly distributed in the water column when arriving to the measurement area. The transit time is
about 20 s.

6.1.3 PIV techniques II: air-water interface
At the imposed discharge, the high Reynolds number is reflected in the free surface as turbulent
oscillations. PIV measurements cannot be performed in these conditions because the light sheet is
diffracted at the free surface. To attenuate this problem, an acetate sheet was placed at the free
surface. It removes all high-frequency oscillations, subsisting only low frequency vertical movements.
Because of this vertical motion, air bubbles are sometimes captured underneath the acetate sheet.
One other problem is the deformation of the acetate sheet which results into a lens effect that may
concur into a deformation of the recorded images. This effect is not easy to quantify but is expected to
be negligible.
In test S3, as referred before, a polystyrene board (Figure 4.4e) was used to stabilize the free surface
downstream the cross-section where sand was introduced in the flow. This board prevented small
wave-number oscillations to propagate downstream.
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6.1.4 PIV techniques III: laser parameters
The laser parameters that can be set by the user are the time between pulses, dt , and the trigger
rate, f , and they should be chosen as a function of the flow characteristics. In table 6.2 are presented
the laser beam parameters set for each test.
Table 6.2- Laser beam parameters set for each test.
Test

S1

S2

S3

Laser beam

Time between pulses (µs)

700

750

750

parameters

Trigger rate (Hz)

15

15

15

The exposure time, δ t , a built-in variable, is the amount of time that the diaphragm is open to collect
each of the images in the double pulse. Figure 6.9 shows the relation between dt , δ t and f .

Frame
1_a

δt

Frame
15_a

Frame
1_b

Frame
15_b

dt
t = 1 s, 15 frames ( f = 15 Hz)

Figure 6.9 – Image acquisition scheme.

The time between pulses, dt , i.e. the time between the two pulses emitted by the laser, is the
parameter that allows for the conversion between the raw velocity in pixel and the velocity in length
per time unit:

u =ξ

ds
dt

(6.11)

where u is the instantaneous velocity (in SI units), ds is the displacement of the seeding particles,
also called raw velocity, in two sequential images and ξ is the scaling constant (in m/pixel).
For a given flow velocity, the appropriate value of dt can be obtained through a heuristic process. A
sensitivity analysis was performed under the conditions of test S3. Figure 6.10 shows a time averaged
velocity profile, achieved with images acquired in a frequency of 15 Hz; it is possible to see that the
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results are not significantly different. The adopted values were 700 µm, in test S1 and 750 µm in tests
S2 and S3.

1200
300 µs
350 µs
400 µs
450 µs
500 µs
550µs
700 µs
750 µs
900 µs
1150 µs

1100
1000

Elevation (pixel)

900
800
700
600
500
400
300
200
100
0

0

0.5

1

Velocity (pixel)

1.5
x 10

-3

Figure 6.10 - Comparison of several time between pulses.

The trigger rate, f , is the reverse of the time between two consecutive frames. A trigger rate of 15 Hz
was used in all the tests, since this is maximum frequency allowed by the PIV system. The higher the
values of the trigger rate the smaller the flow scales captured and, for a given recording time, the
better the second order moments are calculated.

6.1.5 PIV techniques IV: raw data treatment
PIV is based on the identification of the small displacements of the targets provided by the seeding,
between the double-pulsed images. The particles of seeding are small groups of pixels (Figure 6.11).
The correlation between the particles of seeding, within the interrogation area (the illuminated area of
the flow field), allows the knowledge of the displacement. In double pulse mode the laser and the
camera are synchronized so that the illuminated seeding particles set at frame 1a are captured on
frame 1b .
PIV results are biased towards integer pixel values when the seeding particle image is coded on less
than a few pixel pitches. It is therefore necessary to ensure that the seeding particles are images on
more than 3 − 4 pixels pitches to avoid the bias effect.
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Figure 6.11 – Image captured with the PIV system (DINAMIC STUDIO®) (Test S3, position 3, 20.5 lateral
side position).

To make possible the analysis of the acquired image, the camera image is divided into M×N pixels
interrogation areas, being M the number of pixels in horizontal line and N the corresponding number
in the vertical line. Each of these regions are correlated, frame n a to frame n b , over the time between
two laser pulses ( dt ), so that the particles displacement is evaluated. This way, an average particle
displacement vector is produced. This same procedure, applied to all the interrogation areas,
generates a vector map, by transforming camera displacements (mm) and dividing them by the
elapsed time (sec) between the two frames (Equation 6.11). This way the captured displacement
vectors are converted into velocity vectors map (Figure 6.12).

Figure 6.12 – Average velocity vector map (Test S3, position 3, 20.5 lateral side position).

The PIV velocity vector corresponds to a locally-averaged seeding particle velocity within a 2D image
(plane) interrogation area. As a consequence the interrogation area should always be chosen so there
is almost no velocity variation within this interrogation region.
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The raw vector map is built with the vectors calculated in each interrogation area. It represents the
velocity field of the measuring area (the illuminated area of the flow field). With the velocity values
taken from the raw vector maps, it is possible to obtain other data, e.g. streamlines and vector
statistics.
To achieve a good quality vector fields, some factors should be optimised. Of these, three factors are
related to the correlation algorithm: (i) good contrast; the particles must have a high refraction index;
(ii) the seeding particles captured by the camera in n a should remain in the illuminated plane in n b ; if
this is not the case, there will be the problem of loss of pairs (Raffel 1998) and spurious correlations
and bias-to-zero error will be obtained (Sveen & Cowen 2004); the bigger the dt the higher the
probability of the seeding particles to get out of the plane; (iii) the flow within the interrogation area
most not be complex, i.e. there should be no strong gradients; if these strong gradients exist it is
necessary to use an adaptive-correlation algorithm, as will be explained further on.
The instantaneous vector field has the dimension of the final number of the interrogation areas, i.e.
each interrogation area produces one vector. The factors concerning the interrogation area are: (vi)
the number of seeding particles in the interrogation area; it is desirable to have more than 9 ; (v) the
movement of the particles within the interrogation area; it should be about 25 % of the lateral side.
Issue (ii) is related to the thickness of the light plane. The thicker the light plane the lower the quantity
of the lost pairs, relatively to the number of illuminated particles. However, the results may lose quality
as a 3D spatial average will be taking place. The problem is specially critical if the flow is fully 3D.
The factor identified above have a direct impact in the choice of the values of: (i) the time between
pulses, (ii) the size of the interrogation area and the seeding quality, (iii) quantity and dimension.
The relations among these parameters are illustrated in Figure 6.13. Instead of the time between
pulses, it is used the pulse velocity (its inverse). The time between pulses is correlated with the
interrogation area size, that depends itself on the quantity of seeding captured in the image. It
depends also on the camera zoom. The higher the size of the interrogation area, the smaller the
quantity of seeding needed and the smaller must be the pulse velocity.
The choice of the time between pulses should result from a commitment between the necessity not to
lose particles in the transition between pulses and the accuracy of the measurements (Sveen &
Cowen 2004). If the chosen time between pulses is large, the results would have a high precision.
Larger displacements require large interrogation areas, and a greater quantity of seeding. This way,
the results will have a low resolution and a type of bias-to-zero error (Sveen & Cowen 2004): a one
loss of a great number of particles, which results in a high probability that the algorithm correlates non
correlational particles. On the other hand, if the time between pulses is small, small interrogation areas
can be chosen, resulting on high resolution vector maps. However, small seeding particles will be
necessary and only detailed maps can be obtained. If the time between pulses is too small and the
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seeding particles are also small, another type of bias-to-zero error can occur, as a result of poor
precision: the movement of the particle may not be quantifiable by the sub-pixel interpolation
algorithm.

Size of
interrogation area

Seeding
quantity

Pulse
velocity

Figure 6.13 – Relationship between interrogation area, seeding and velocity.

In this work, the optimization of the resolution and the minimization of the loss of pairs problem led to
final interrogation areas of 16 × 16 pixel and 50 % overlap. Figure 6.11 shows a PIV image with the
16 × 16 grid superimposed.

DYNAMIC STUDIO® software allows the user to choose between three types of correlations: (i) crosscorrelation, (ii) average-correlation, (iii) adaptive-correlation. The adaptive-correlation was chosen
because normally it gives better results when the flow has strong gradients. To support this decision
several runs were compared, using always the same parameters. In Figure 6.14, it is possible to verify
that with the adaptive-correlation the instantaneous velocity profiles less errors and do not seem
excessively smoothened.
Adaptive-correlation requires the specification of: (i) the sizes of the initial and final interrogation area,
or (ii) the initial interrogation area size and the number of steps. The algorithm does firstly the
correlation for a wide interrogation area to make a rough characterization of the flow. Several
successive steps with smaller interrogation areas conduct to better estimates of the flow field. In each
step, in order to validate the correlation, the information of the previous step is used on direction and
sense of the flow. In this work the correlation started with an interrogation area of 64 × 64 pixels and
ended with one with 16 × 16 pixels. It is a progressive process which enables a proper description of
the gradients.
By the application of a validation algorithm to the vector maps obtained, the incoherent vectors are
replaced so that the quality of the results is improved. Validation methods check the plausibility of
each vector comparing them with vectors in the nearest neighbourhood. This improvement can be
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done in two ways: with procedures based on the calculation of the moving average or the median of
the nine adjacent vectors.

a)

b)

c)

Figure 6.14 – Comparison between correlations (Test S3, position 3, 20.5 lateral side position). a)
Adaptive-correlation; b) Cross-correlation; c) Average-correlation.

The local median filter was chosen. It compares each velocity vector defined at the centre of each
interrogation area, with the median vector of the sample constituted by the vectors of the 8
neighbouring interrogation areas. If the difference between the vectors is superior to a pre-determined
threshold value it is considered an outlier. The outlier vectors are substituted by the median. The other
validation techniques are similar. The differences reside on the type of statistic performed upon the 8
neighbouring vectors.
As seen in Figure 6.15, the instantaneous velocity profiles exhibit less diffusion in the case of the
median validation method.
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a)

b)

Figure 6.15 – Flow’s average velocity maps with different validation methods (Test S3, position 3, 20.5
lateral side position). a) Local median; b) Moving average.

Table 6.3 expresses the used controllable variables of the DYNAMIC STUDIO® for processing and
acquiring data.
Table 6.3 – DINAMIC STUDIO® software variables used on the tests.
Test

Data analysis

S1

S2

S3

Correlation type

Adaptive

Adaptive

Adaptive

Validation method

Local median

Local median

Local median

-

-

50

50

64 × 64 to

Initial and final sizes of interrogation area

16 × 16
50

Overlaping (%)

6.1.6 Ensemble-averaging of PIV data
To obtain the average velocity maps, it is necessary to get a considerable number of instantaneous
velocity maps. The time-averaging of the vector maps was performed with,

v ( x, z ) =

1
NR

NR

NI j

1

∑ NI ∑ v ( x, z )

(6.12)

i

j =1

j

i =1

where, NR is the number of runs in each camera position, NI is the number of flow maps in run j ,
j

vi ( x, z ) is the flow map (velocity field) i and, v ( x, z ) is the time-averaged velocity field.

In this work, for each camera and lateral position, 4 000 to 5 000 images were captured. The
maximum value of images per run is limited by the memory capacity of the workstation buffer. To
overcome this limitation several runs were done for a single position. The number of flow maps
acquired for each camera position, temperature and dt can be seen in Table 6.4.
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Table 6.4 – Summary of the experimental data achieved.

Ti

Tf

dt

(ºC)

(ºC)

(µs)

S1P1.1

24.5

25.5

700

12x340

S1P1.2

-

26.5

700

12x340

S1P1.3

-

26.5

700

12x340

S1P1.4

-

27

700

12x340

S1P1.5

-

27.5

700

12x340

S1P2.1

23.5

-

700

12x340

S1P2.2

24

25

700

12x340

S1P2.3

-

25

700

12x340

S1P3.1

-

23.5

700

12x340

S1P3.2

-

24.5

750

12x340

S1P3.3

-

25.5

700

12x340

S1P3.4

-

26.5

700

12x340

S1P3.5

-

24

700

12x340

S2P1.1

24.8

25.4

750

16x270

S2P1.2

22.2

23.1

750

18x200

S2P1.3

23.5

24.4

750

16x270

S2P1.4

24.2

24.7

750

8x500

S2P1.5

24.7

25.2

750

10x500

S2P2.1

22.8

23.2

750

8x500

S2P2.2

27.6

27.7

750

8x500

S2P2.3

27.5

27.6

750

8x500

S2P2.4

27.4

27.6

750

8x500

Test

Number of maps

S2P2.5

27.6

27.7

750

8x500

S2P3.1

17.9

18.7

750

8x500

S2P3.2

19.1

20.1

750

9x500

S2P3.3

20.2

20.7

750

8x500

S2P3.4

20.7

21.2

750

8x500

S2P3.5

22.2

22.8

750

8x500

S3P1.1

19.9

20.2

750

8x500

S3P1.2

20.5

20.9

750

8x500

S3P1.3

21.3

21.6

750

8x500

S3P1.4

21.7

22.1

750

8x500

S3P1.5

16.7

17.7

750

8x500

S3P2.1

17.5

18.2

750

8x500

S3P2.2

18.4

19.3

750

8x500

S3P2.3

19.5

20.2

750

8x500

S3P2.4

17.9

18.9

750

8x500

S3P2.5

19.3

20

750

8x500

S3P3.1

18.2

18.8

750

8x500

S3P3.2

19

19.6

750

8x500

S3P3.3

19.8

20.3

750

8x500

S3P3.4

17.2

17.8

750

8x500

S3P3.5

18

18.7

750

8x500
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6.1.7 Data calibration and vertical positioning
The instantaneous velocity maps are originally calculated in pixel per sec. Furthermore, to obtain data
deeper in the bed, the CCD camera was tilted at a 10º angle (details in Ferreira 2008). To convert
velocities from pixel/s to m/s, a calibration algorithm, developed from the principles of the Direct Linear
Transformation, was applied to the flow maps. the algorithm requires a calibration image with a set of
more than 5 points whose coordinates are known in the plane of the image and in the chosen
Cartesian referential of the physical system (Abdel-Aziz 1971, Abdel-Aziz et al. 1974). The algorithm
renders a matrix of conversion factors, accounting for linear perspective, to be applied to the entries of
the flow velocity map, in original units.
The vertical coordinates of the entries of the flow map are determined as follows: a calibration image
of the vertical area to measured with PIV is captured with the CCD camera; a point-gage with 0.5 mm
precision is placed over a bed roughness element reading its location above the channel bed
(absolute elevation); the coordinate of that point is transformed into the metric units by the DLT
algorithm; knowing the conversion factors of each point in the map and the absolute location of one
point in the map, the absolute elevations of all other points in the map are obtained with simple
geometrical calculations.

6.2 Spatial distribution of the time-averaged flow profiles
The distribution of the profiles in the measuring area should be as uniform as possible. The minimum
number of profiles, necessary to achieve good quality spatial averages of flow variables over rough
beds, has not yet been addressed in research works. Koll (2008, personal communication) used
20 profiles in a study under similar conditions.

The measuring area is a rectangle of 0.22 × 0.06 m2. It was sough to cover the area with 60 profiles,
distributed as shown in Figure 6.16. The area of influence of each would be 0.011 m2, smaller than the
plan-view projected area of the median bed surface elements. To achieve this number, 4 profiles
would have to be selected form the vector maps of each camera position (Figure 6.16).
For different reasons this number was not attained in any of the performed tests. In test S1, the lateral
side position at 22.5 cm from the right side wall of the channel, longitudinal position 3 did not have
data. The same occurred at 19.5 and 21.5 of longitudinal position 2. However, in the latter case, the
overlap of longitudinal positions 1 and 3 avoided the loss of data: 6 profiles were defined at 19.5 and
21.5 in both the longitudinal positions 1 and 3.

In test S2, the laser was miss-aligned in longitudinal position 1 ( 18.5 , 19.5 , 21.5 and 22.5 cm). The
only valid data for this lateral position was the one from the centre of the channel ( 20.5 cm). Again, the
overlapping of the longitudinal camera positions allowed for retrieving most of the flow profiles.
6 profiles were selected at 18.5 , 19.5 , 21.5 and 22.5 cm, both at longitudinal positions 3 and 2.
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In test S3 the same problem with the laser position occurred but only for the lateral side position 19.5
of the position 2. Once more, the overlap of the surrounding lateral side positions avoided the loss of
data: 6 profiles were sampled at 19.5 cm, both at longitudinal positions 3 and 1.

Figure 6.16 – Matrix of initially envisaged plan-view location of the flow profiles.

The quality of the time-averaged quantities depends on the size of the sample. It was sought that each
time-averaged profile would be computed from approximately 1000 maps. This would be attained by
averaging time-averaged runs until the number of maps would approach 1000 . For instance, profile
(1.4) in the test S1 would be obtained by averaging the first three runs of position 3, 21.5 (Table 6.4).
Underlying his procedure is the principal that each profile must be computed from time-independent
flow data. Hence, for example flow profile (2.4) would be computed from runs 4 to 6 of longitudinal
position 3, 21.5 . Because of the loss of flow profiles and given that strict independence of flow data
was maintained, the positions oversampled with more than 4 profiles had to be captured from less
than 1000 maps.
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In some cases, it was not possible to oversample the flow maps. In this case, a no-data profile was
kept in the measuring area. This procedure was followed in order to maintain the area of influence of
each of the three profiles uniformly distributed in the measuring area.
The measuring area is confined by a number of fictitious points called frame profiles, distributed as if
they were actual flow profiles. The areas of influence of each profile (including the fictitious points and
those of the frame) are the areas of the Voronoï polygons generated by the mesh of profiles (Figure
6.17). Voronoï polygons (or Thiessen polygons) can be determined after the mesh of points is
subjected to Delaunay triangulation. The sides of each polygon are perpendicular to the sides of the
Delaunay triangles.

S1: 48 profiles

S2: 54 profiles

S3: 56 profiles

Figure 6.17 - Voronoï polygons. a) Test S1; b) Test S2; c) Test S3.
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Chapter 7
Results and discussion
7.1 Introduction
Mean flow variables are shown and discussed in this chapter. The time averaged vertical profiles of
the mean longitudinal and vertical velocities, the longitudinal and vertical turbulent intensities, the
Reynolds shear stresses and the shear rate are superimposed for each test and shown in figures 7.1
to 7.3.

Figure 7.1 – Overlap of all the profiles (1 to 48) taken for project S1.

Figures 7.1 to 7.3 show the high spatial variability of the flow variables over the measuring area.
Important spatial variations are registered in the vertical and longitudinal velocities in all three tests.
However, it is observable that in test S3 the variability of the longitudinal velocity is smaller, which is
probably a consequence of a smoothing effect due to the excess sand in the bed surface. Forminduced stresses are bound to be smaller in this test, a feature to be confirmed in the next sections.
The normalized profiles of mean (double-averaged) vertical and longitudinal velocity, Reynolds
stresses, form-induced stresses, shear rates and eddy viscosity of tests S1 to S3 are discussed and
compared in the next sections. In annexes I to III, these profiles are shown in detail for each test. The
computation of the bed shear stress and of the parameters of the longitudinal velocity profile will also
be discussed.
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Figure 7.2 – Overlap of all the profiles (1 to 54) taken for project S2.

Figure 7.3 – Overlap of all the profiles (1 to 56) taken for project S3.

7.2 Near-bed pressure distribution
In a gradually-varied flow longitudinal gradients are small when compared with vertical gradients. The
flow is turbulent and, hence, viscous stresses are negligible. Introducing the continuity equation (3.17)
in the vertical component of equation (3.15) it becomes
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Viscous drag on bed elements is assumed to be small due to the small value of the water viscosity.
The mean interaction force between sediment and fluid in the vertical direction should be small as the
forces arising in the upward motion should be cancelled by the forces developed in the downward
motion. As for pressure drag, it is noted that, from definition (3.10) and equation (3.8), one has
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Introducing these hypotheses and definitions in equation (7.1) it is obtained
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(7.3)

The vertical velocity distribution is small throughout the water column, as seen in Figure 7.4. The
vertical convective acceleration, estimated from the data of Figure 7.4, is about 0.3 ms-2, considerably
smaller than the acceleration of gravity. This term will thus be neglected. Equation (7.3) becomes

ϕ

∂ p
∂z

= −ρ

( w)

gϕ − ρ

∂ϕ w '2
( w)

∂z

−ρ

( w)

∂ϕ w 2
∂z

−ϕ

Figure 7.4 – Non-dimensional double-averaged mean vertical velocity (

∂p
∂z

(7.4)

w u* ). Open circles (○), open

squares (□) and asterisks (*) stand for tests S1, S2 and S3, respectively.
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Considering that ϕ

∂ p
∂z
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=
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, equation (7.4) becomes
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∂ϕ
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(7.5)
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The last two terms in equation (7.5) represent the effect of bed roughness upon the pressure
distribution. The last term should not be negligible since the gradient of the void function can be large

p and, hence, impossible to solve by simple integration. For

(Figure 5.8). The equation is implicit in

the purpose of evaluating the effects of bedload transport upon pressure distribution, the last two
terms will be grouped in a function of the bed elevation, ℵ( z ) , and the integration carried out
considering such function as an extra unknown. Integrating between a generic elevation z and the flow
depth it is obtained,
δ
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ℵ(η )dη

Carrying out the integrations and re-grouping the terms it is obtained

ϕ ( z ) p ( z ) = ρ ( w ) g {ϕ } ( z ) (δ − z ) + ρ ( w ) g ( h − δ ) − ρ ( w )ϕ ( z )  w '2 ( z ) + w 2 ( z )  +
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{ϕ } ( z )
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δ
z

ℵ(η )dη (7.7)

is the depth-averaged value of ϕ between the top of the pythmenic layer and an

elevation z within that layer.
At the bottom of the pythmenic layer one has

p (0) = ρ ( w ) g

An approximation for the term
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1
− ρ ( w )  w '2 (0) + w 2 (0)  +
λ

 λ

∫

δ

0
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ℵ(η )dη (7.8)

ℵ(η )dη can be obtained if it is considered that the pressure varies

little in the pythmenic layer. In that case, it can be concluded that the pressure would deviate
considerably from hydrostatic since the term

∫

δ

0

ℵ(η )dη would be of the order of magnitude of

ρ ( w ) gh* .
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The influence of sediment transport on the pressure distribution can occur through the form-induced
normal stresses, the Reynolds stresses and void fraction. It has been seen (Figure 5.8) that the form
of the void fraction function is not significantly altered by the existence of near bed transport. Hence, at
a given height above the bottom, the deviation from the hydrostatic profile, due to sediment transport,
is limited to the impacts in the normal stresses. Figures (7.5) and (7.6) show the normal vertical mean
Reynolds and form-induced stresses.

Figure 7.5 – Non-dimensional double-averaged Reynolds vertical normal stresses ( w ' 2

u*2 ). Open

circles (○), open squares (□) and asterisks (*) stand for tests S1, S2 and S3, respectively.

Figure 7.6 – Non-dimensional form-induced vertical normal stresses (

w 2

u*2 ). Open circles (○), open

squares (□) and asterisks (*) stand for tests S1, S2 and S3, respectively.

Figure 7.5 shows that mean normal vertical Reynolds stresses seem unaffected by sediment
transport. The magnitude of form-induced vertical normal stresses decreases as the sand content in
the bed increases, as it is possible to check on Figure 7.6. This should be caused by restrictions to the
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fluctuations of the vertical velocity as the coarse elements in the bed become immersed in sand.
Indeed, such restriction is apparent comparing Figures 7.1 to 7.3, vertical velocity.
Hence, it is concluded that the pressure distribution may be indirectly affected by sediment transport in
the pythmenic layer as a result of changes in the normal vertical form-induced stresses. This impact is
of second order, relatively to the dominant hydrostatic term. At the bottom of the pythmenic layer,
there is no effect of sediment transport as the normal stresses tend to zero.

7.3 Shear stress distribution and bed shear stress
In a gradually varied flow, assuming that the bed thickness does not vary, the longitudinal pressure
gradient is simply

∂
∂h
(7.9)
p = ρ ( w) g
∂x
∂x
Assuming that longitudinal convective accelerations are small and that the viscous drag is negligible
and eliminating the terms with the mean vertical velocity, the equation of conservation of momentum in
the longitudinal direction becomes
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Introducing the pressure gradient in equation (7.10) and integrating equation (7.7) between z and the
water depth it is obtained
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Form-induced and Reynolds stresses are zero at the free surface. Equation (7.11) becomes
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n3 dSdη + ρ ( w )
∂x
∂z

∫

δ

z

ϕ (η ) f x dη

Equation (7.12) reveals that, in a uniform flow, the total shear stress profile is linear above the crests
of the roughness elements. In general, in a gradually varied flow, the vertical profile of the total shear
stress is

 ∂ Yb
∂h 
 i ( z ) = − ρ ( w ) g 
− ρ ( w ) u ' w ' ( z ) − uw
+  ( h − z ) (7.13)
∂x 
 ∂x

(

)

The profiles of the total and Reynolds shear stresses obtained for tests S1 to S3 are shown in Fig. 7.7.

a

b)

c

  ) and Reynolds shear stresses ( − ρ
Figure 7.7 – Form-induced ( ρ uw
the computation of the bed shear stress,

τ0

and

u 'w'

) and linear regression for

τ b . a) Test S1; b) Test S2; c) Test S3. The white makers

represent the Reynolds stresses. The black markers represent the sum of the Reynolds and form-induced
stresses.

81

The computation of the bed shear stress can be carried out by intersecting the linear profile with an
adequate reference level. This reference level can be found by integrating the equation of momentum
in the longitudinal direction between zero and the flow depth. It is obtained

0 = − ρ ( w ) gh*

+

1
Vf

δ

∫ ∫
0

ϕ

Sint

∂ Yb

− ρ ( w ) gh*

∂x

p nx dSdη −

ρ ν
( w)

( w)

Vf

δ

(

h ∂h
 i (0)
+ ρ ( w ) λ u ' w ' (0) + uw
h* ∂x

∫ ∫
0

ϕ

Sint

{

)
(7.14)

}

∂u
∂u
n1 +
n3 dSdη + ρ ( w )
∂x
∂z

∫

δ

0

ϕ (η ) f x dη

or, equivalently

 ∂ Yb
h ∂h 
( w)
i
− ρ ( w ) gh* 
+
 = ρ λ u ' w ' (0) + uw (0) + DP + Dv + Fx (7.15)
x
h
x
∂
∂
*



(
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where

DP =

δ

1
Vf

∫ ϕ∫
0

Sint

p nx dSdη (7.16)

is the pressure drag

Dv = −

ρ ( w )ν ( w )
Vf

δ

∫ ϕ∫
0

Sint

{

}

∂u
∂u
n1 +
n3 dSdη (7.17)
∂x
∂z

is the viscous drag and

Fx = ρ ( w )

∫

δ

0

ϕ (η ) f x dη

(7.18)

is the drag on moving particles. All forces are per unit area.
The bed shear stress can be computed directly from the right-hand side of equation (7.15), in the case
of drag terms be amenable to calculation and the shear stress profile is known. Equivalently, it is
realized that the right-hand side balances gravity and pressure terms on the left-hand side. It is clear
from equation (7.15) the adequate flow depth for computing the gravity and pressure forces that equal
drag on the pythmenic layer is

h* = h − δ (1 − ϕ m ) (7.19)
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Figure 7.7 shows the application of this principle. The bed shear stress is calculated from the
intersection of the line that fits total stresses and the reference line δ (1 − ϕ m ) above the lowest
troughs.

7.4 Discussion of form-induced and mean Reynolds stresses
It is observed in Figure 7.7 that, for a given slope and water discharge, the bed shear stress is smaller
when there is near-bed sand transport. This effect is mainly due to bed smoothening: the roughness
elements become immersed in a layer of moving sand and, as a result, the thickness of the bed
decreases. Therefore, viscous and pressure drag decrease because the total area of fluid-solid
interface decreases. Drag on moving sand particles is, due to the small concentration of moving
particles, not enough to raise the values of the bed shear stress.
Equation (7.12) reveals that the interaction force between moving sediment and fluid is an extra sink in
the momentum equation. An increase of this term, at constant bed shear stress must represent a
decrease in either or all mean Reynolds stresses, form-induced stresses or form drag. This is an
especially relevant issue for the characterization of environmental fluids since vertical turbulent
transport of momentum (Reynolds stresses) should be related to fluxes of ecologically relevant
variables. Figures 7.8 and 7.9 show mean Reynolds stresses and form-induced stresses and allow for
the characterization of the effects of sediment transport.

Figure 7.8 – Non-dimensional double-averaged Reynolds shear stresses ( −

u ' w ' u*2 ). Open circles (○),

open squares (□) and asterisks (*) stand for tests S1, S2 and S3, respectively.

It is observed in Figure 7.8 that mean Reynolds shear stresses seem unaffected by sediment
transport. Considering that the drag force on near-bed moving particles is a sink in the equation of
momentum in the longitudinal direction and that mean Reynolds stresses are unaffected by sediment
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transport, it is concluded that drag on moving particles feeds on form-induced stresses and,
presumably on form drag.

Figure 7.9 – Non-dimensional form-induced shear stresses (

  u*2 ). Open circles (○), open squares (□)
uw

and asterisks (*) stand for tests S1, S2 and S3, respectively.

As seen in Figure 7.9, form-induced shear stresses are smaller when the bed undergoes sediment
transport. The profile of form-induced shear stresses is typical the one of rough beds in test S1
(openwork gravel bed), showing an alternation between positive a negative maxima in the pythmenic
layer. In test S2 (increased sand content in the bed) the positive maximum is attenuated. In test S3
(sand transport in the pythmenic layer), the positive maximum disappears; form-induced shear
stresses become negative throughout the pythmenic layer. This confirms that drag on moving
elements is feeding on form-induced stresses rather than on mean Reynolds stresses. The direct
effect on form drag is not assessable. The main impact, the reduction of the bed thickness, was
already discussed.
Vertical normal stresses were already discussed. Figures 7.10 and 7.11 show longitudinal normal
mean Reynolds and form-induced stresses, respectively.
It is verified in Figure 7.10 that mean normal Reynolds stresses are nor significantly affected by
sediment transport. Unlike vertical normal form-induced stresses, whose magnitude decreases with
sediment transport, longitudinal form-induced stresses (Figure 7.11) appear to be essentially unaltered
as the sand content in the bed increases and sand transport develops.
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Figure 7.10 – Non-dimensional double-averaged Reynolds longitudinal normal stresses (

u '2

u*2 ).

Open circles (○), open squares (□) and asterisks (*) stand for tests S1, S2 and S3, respectively.

Figure 7.11 – Non-dimensional form-induced longitudinal normal stresses (

u 2

u*2 ). Open circles (○),

open squares (□) and asterisks (*) stand for tests S1, S2 and S3, respectively.

7.5 Discussion of the longitudinal velocity profile
7.5.1 Double-averaged longitudinal velocity profile
In open-channel flow over hydraulically rough beds with large enough relative submergence, the
longitudinal velocity profile may be fitted to logarithmic law above the roughness-influenced layer
(Dittrich and Koll 1997, Nikora et al. 2001). For rough mobile beds, Ferreira et al. (2008) noted that the
parameters of the log-law change with the increase of bed mobility and that, as a consequence, the
velocity profiles could not be self-similar.
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Figure 7.12 shows the velocity profiles obtained for tests S1 to S3. It is clear that a log-low can indeed
be fitted to the measured mean longitudinal velocity profiles. It was verified that there is no universal
self-similar log law; the profile for test S3, influenced by sediment transport, does not collapse over the
same curve of profiles for S1 and S2.

a)

b)

Figure 7.12 – Double-averaged mean longitudinal velocity profiles ( u ). a) Logarithmic plot showing
theoretical log-law; b) Full profile showing logarithmic and bi-lineal reaches. Open circles (○), open
squares (□) and asterisks (*) stand for tests S1, S2 and S3, respectively.

It is also clear from Figure 7.12 that the velocity profile in the roughness layer can be expressed by a
bi-linear law, i.e. two linear reaches with different slopes. The linear profile in the interfacial layer was
already reported by Nikora et al. (2001), Ferreira (2005) and Ferreira et al. (2006). The linear reach in
the pythmenic layer is a previously unreported feature.
The parameters of the logarithmic reach and of the linear reaches are quantified in the next subsections.

7.5.2 Parameters of the log-law
The velocity profile in the logarithmic layers is

u
ui

=

1  z−∆  u r
(7.20)
ln 
+
k  k sT − ∆  ui

The displacement height, ∆ , is derived from the shear rate. The derivation of the log-law is,
d  u 

−1

 






 = 1 d ln  z − ∆   = 1  z − ∆  d  z − ∆  =
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}

−1

 d  u 

  = kz − k ∆
= 
 dz  ui  

(7.21)

Maintaining the von Kármán constant as k = 0.405 , a linear regression on the values of
−1

 d  u 
  ≈ a z + b will render the value of ∆ from the origin of the regression line,
 

 dz  u* 
∆=−

b
k

(7.22)

Since the slope of the line is previously set, the regression procedure involves minimizing the mean
quadratic error, by positioning the straight line through successive vertical displacements. Figure 7.13
shows the outcome of the procedure for tests S1 to S3.

a)

b)

c)

Figure 7.13 – Shear rate and linear regression for the computation of the displacement height. a) Test S1;
b) Test S2; c) Test S3. The red line (--) represents the linear regression used.

The roughness height, ksT , and the velocity at the top of the interfacial layer must be determined
together. A regression on the values of

u I
1
 z−∆ 
and
versus those of ln 
 is performed. The
κ
u*
 ksT − ∆ 

bounds for the regression are adjusted so that the von Kármán constant approaches 0.405. The value
of ksT corresponds to the lower bound of the regression reach. When a good adjustment of the von
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Kármán constant is attained, the values of

u I
and ksT are found. Figure 7.14 shows the results of
u*

this procedure for tests S1 to S3.

a)

b)

c)

Figure 7.14 – Mean longitudinal velocity profile and linear regression, in the logarithmic layer, for the
computation of the displacement height. a) Test S1; b) Test S2; c) Test S3. The red line (--) represents the
boundaries of the linear regression.

It is noted that the value of the non-dimensional velocity in the interface between the roughness layer
and the logarithmic layer is, in the presence of bedload, 11.4 . This is a sign of the non-self-similarity
as it is much different from the classical value of 8.5 (Graf & Altinakar 1998).
The values of the parameters that characterize the log-law are listed in table 7.1. The bed thickness is
also included for comparison. A derived quantity, useful for the characterization of bed roughness is
the roughness height

ς 0 = ks e

−κ

u I
u*

(7.23)

The values of the roughness height are also included in Table 7.1.
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Table 7.1 – Parameters that describe the log-law and bed.

λ

δ

ksT

∆

ui u*

ksT δ a

(-)

(m)

(m)

(m)

(-)

(-)

S1

0.38

0.054

0.076

0.047

9.50

1.40

S2

0.34

0.051

0.081

0.049

9.18

1.60

S3

0.22

0.039

0.063

0.037

11.40

1.63

Table 7.2 shows the values of non-dimensional quantities that will help characterizing the bed and the
influence of sediment transport.
Table 7.2 – Non-dimensional parameters of the log-law and bed.
(g)
ksT d50

ksT δ

ksT ς 0

ς 0 ks

(g)
δ a d50

(g)
∆ d50

(g)
ς 0 d50

S1

2.71

1.4

120.76

0.021

1.93

1.66

0.022

S2

2.89

1.6

104.23

0.024

1.81

1.75

0.028

S3

2.25

1.63

246.14

0.010

1.38

1.33

0.009

From Tables 7.1 and 7.2 it is possible to conclude that the thickness of the roughness layer, relatively
to the thickness of the bed, appears to increase with the increase of the sand content on the
pythmenic layer. Near-bed sand transport does not have an appreciable impact. For these facts, no
explanations are readily available from the collected data. The vertical flux of turbulent kinetic energy
(TKE) and the near-bed TKE production should be investigated for a better understanding of the
apparent increase of the thickness of the roughness layer with the decrease of bed porosity.
The smoothening effect provided by the existence of moving sand in the pythmenic layer can be
observed in the values of the roughness height. For the immobile bed cases, the non-dimensional
roughness height ς 0

( ksT

− ∆ ) approaches the classical Nikuradse value, ς 0

( ksT

− ∆ ) = 0.032 . In

the presence of near-bed sand transport, the value of the non-dimensional roughness height
decreases, as seen by Ferreira et al. (2008 b), expressing the bed smoothening effect.

7.5.3 Parameters of the longitudinal velocity profile in the roughness layer
In the interfacial layer the velocity profile is (Ferreira 2005)
u
u*

 z 
 + β1
 k sT 

= α1 

(7.24)

In this work to obtain the parameters of the linear equation, a regression was performed for which
bounds be specified. The results of the regression are shown in Figure 7.15.
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The order of magnitude of the values of parameters α1 and β1 proposed by Ferreira et al. (2008 a) is

α1 ≈ 6 and β1 ≈ 4 and are independent of bed mobility. The values obtained in this study agree with
this order of magnitude and seem indeed unaffected by near bed sand transport.

a)

b)

c)

Figure 7.15 – Mean longitudinal velocity profile and linear regression, in the interfacial layer, for the
computation of the regression coefficient,

α1

and

β1 . a) Test S1; b) Test S2; c) Test S3. The red line (--)

represents the boundaries of the linear regression.

This study revealed that, in the pythmenic layer, the velocity profile is
u
u*

 z 
 + β0
 k sT 

= α0 

(7.25)

The regression bounds and parameters are shown in Figure 7.16. The effect of sand transport is
evident in the values of the parameters of the linear equation. In particular, the slope obtained in test
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S3 is much larger than those of tests S1 and S2, which indicates that flow acceleration due to smaller
bed thickness takes place in the pythmenic layer.
A summary of the parameters of the linear laws that express the velocity profile in the interfacial and
pythmenic layers is offered in Table 7.3.

a)

b)

c)

Figure 7.16 – Mean longitudinal velocity profile and linear regression, in the pythmenic layer, for the
computation of the regression coefficient,

α0

and

β 0 . a) Test S1; b) Test S2; c) Test S3. The red line (--)

represents the boundaries of the linear regression.
Table 7.3 – Non-dimensional parameters of the linear laws for the longitudinal velocity profile in the
interfacial and pythmenic layers.

α1

β1

α0

β0

S1

6.351

3.231

17.062

-4.649

S2

6.756

2.473

17.669

-4.918

S3

6.664

4.775

28.209

-8.215

7.6 Discussion of the eddy viscosity
The turbulent viscosity, eddy viscosity or turbulent momentum diffusivity, can be calculated as the ratio
of the Reynolds stresses and the shear rate
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ν(t ) = −

ϕ u 'w'
d u dz

(7.26)

Figure 7.17 shows the profiles of the eddy viscosity for tests S1 to S3. It is observed that the turbulent
viscosity decreased in test S3, relatively to the values of S1 and S2, which is mainly an effect of the
non-self-similarity of the velocity profile. Vertical fluxes of mass may be affected, in the hypothesis that
mass diffusivity is approximately equal to momentum diffusivity (Sanford 1997).

Figure 7.17 – Non-dimensional eddy viscosity (ν

(t )

( ks u* ) ).The circle markers (○) represent test S1, the

square makers (□) represent test S2 and the star markers (*) represent test S3.

The equation of conservation of the mass of ecologically relevant variables, such as DO, obeys an
advection-diffusion equation

∂DO
∂DO
∂ ∂DO
+ ui
=
ε
− γ (7.27)
∂t
∂xi
∂xi ∂xi
where ε ≈ ν ( t ) stands for mass diffusivity and γ for the rate of production/reaction/dissipation of DO.
In the present case, it is observed that advective fluxes of this quantity should be of little importance
since the vertical velocity profile (Figure 7.4) is small throughout the water column irrespectively of the
presence of sediment transport. However, the vertical diffusive flux of DO,

∂  (t ) ∂DO 
ν
 , may be
∂z 
∂z 

affected by the presence of near-bed sand transport since the eddy viscosity apparently decreases
with sediment transport. Hence, the main adverse impact for salmonid egg incubation may be a
reduction of the concentration of DO in the near bed region due to a reduction of its vertical diffusive
flux.
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Chapter 8
Conclusions and future work
This dissertation is aimed at the assessment of the impacts upon flow variables of excess sand
overfeeding and reduced porosity in mountain-river reaches suitable to constitute spawning sites. To
meet this objective, experimental work, comprising the reproduction of the main features of a
framework-supported gravel-bedded river, took place in laboratory facilities. Instantaneous velocity
data, acquired with PIV, was analysed and treated to render mean flow variables.
The flow variables investigated were essentially the stress terms and the longitudinal and vertical
components of the flow velocity. The bed shear stress and the near-bed pressure distribution were
assessed from the equations of conservation of momentum. The eddy viscosity was also investigated
due to its indirect relation with vertical fluxes of DO.
The main conclusions can be listed as follows.
For a given slope and water discharge, the bed shear stress is smaller when there is near-bed sand
transport. This effect is mainly due to bed smoothening: the roughness elements become immersed in
a layer of moving sand and, as a result, the thickness of the bed decreases. Therefore, viscous and
pressure drag decrease because the total area of fluid-solid interface decreases. Drag on moving
sand particles is, due to the small concentration of moving particles, not enough to raise the values of
the bed shear stress.
Reducing porosity alone does not appreciable affect the value of the bed shear stress. This should be
related to the fact that the bed thickness remains essentially unaltered and hence form drag is not
affected.
The pressure distribution may be indirectly affected by sediment transport in the pythmenic layer as a
result of changes in the normal vertical form-induced stresses. This impact is of second order,
relatively to the dominant hydrostatic term. At the bottom of the pythmenic layer, there is no effect of
sediment transport as the normal stresses tend to zero.
Mean Reynolds stresses, both shear and normal, seem unaffected by sediment transport. This result
is especially relevant to understand flow dynamics in the longitudinal direction. Considering that the
drag force on near-bed moving particles is a sink in the equation of momentum in the longitudinal
direction, it was important to study whether Reynolds shear stresses would be affected. The result that
mean Reynolds stresses are unaffected by sediment transport reveals that drag on moving particles
feeds on form-induced stresses.
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Form-induced shear stresses are smaller when the bed undergoes sediment transport. The profile of
form-induced shear stresses is typical of rough beds in test S1 (openwork gravel bed), showing an
alternation between positive and negative maxima in the pythmenic layer. In test S2 (increased sand
content in the bed) the positive maximum is attenuated. In test S3 (sand transport in the pythmenic
layer), the positive maximum disappears; form-induced shear stresses become negative throughout
the pythmenic layer. This confirms that drag on moving elements is feeding on form-induced stresses
rather than feeding on mean Reynolds stresses.
The magnitude of form-induced vertical normal stresses decreases as the sand content in the bed
increases. This should be caused by restrictions to the fluctuations of the vertical velocity as the
coarse elements in the bed become immersed in sand. Longitudinal form-induced stresses appear to
be essentially unaltered as the sand content in the bed increases and sand transport develops.
The profile of the mean longitudinal velocity appears to conform to the classical log-law description
above the roughness-influenced layer. However, sand transport seems to render the velocity profiles
non-self-similar, which confirms other researchers’ results. The value of the non-dimensional velocity
in the interface between the roughness layer and the logarithmic layer is, in the presence of bedload,
11.4 much different from the classical value of 8.5 .

The von Kármán constant for the logarithmic velocity profile can be kept equal to 0.405 (as in classical
hydrodynamics) provided that a displacement height is introduced. The values of the displacement
height are sensitive to existence of near-bed sand movement and appear to decrease in the latter
case, which confirms other researcher’s results.
The thickness of the roughness layer normalized by thickness of the bed appears to increase with the
increase of the sand content on the pythmenic layer. Near-bed sand transport does not have an
appreciable impact. No explanation is readily available from the collected data.
The smoothening effect provided by the existence of moving sand in the pythmenic layer can be
observed in the values of the roughness height. For the immobile bed cases, the non-dimensional
roughness height ς 0

( k sT

− ∆ ) approaches the classical Nikuradse value. In the presence of near-bed

sand transport, the value of the non-dimensional roughness height decreases, as seen by other
researchers, expressing the bed smoothening effect.
The longitudinal velocity profile in the roughness layer seems to be double-linear. A linear reach in the
interfacial layer (previously reported) is articulated with a different linear reach in the pythmenic layer.
The vertical velocity profile is essentially zero in the water column independently of the sand content in
the bed and of the existence of moving particles. The small differences in the values of this variable, in
the pythmenic layer, encountered among the tests, are not amenable to discussion due to its small
magnitude.
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The turbulent viscosity, calculated as the ratio of the Reynolds stresses and the shear rate, shows that
it can be affected by near-bed sediment transport. In fact, it was observed that the turbulent viscosity
decreased in test S3, relatively to the values of S1 and S2, which is mainly an effect of the non-selfsimilarity of the velocity profile. Vertical fluxes of mass may be affected, in the hypothesis that mass
diffusivity is approximately equal to momentum diffusivity.
In what concerns ecologically relevant variables, such as DO, it is observed that advective fluxes of
this quantity should be of little importance since the vertical velocity profile is small throughout the
water column, irrespectively of the presence of sediment transport. However, the vertical flux of
ecologically relevant variables may be affected by the presence of near-bed sand transport since
momentum diffusivity (eddy viscosity) apparently decreases with sediment transport. Hence, the main
adverse impact for salmonid egg incubation may be a reduction of the concentration of DO in the near
bed region due to a reduction of its vertical flux.
Related to this dissertation, as future work it should be interesting to:
o

Perform more tests with different sand transport rates, and different sediment mixtures, in
order to study the impacts of different sediment overfeeding situations;

o

Perform tests that could assess directly the environmental variables, like actual measurement
of DO and correlate them with the already studied eddy viscosity;

o

Perform simultaneous observations of sub-superficial flow and flow on the pythmenic layer, in
order to study the real impact of the sediment transport near the bed, in the levels of DO
present in the intragravel flow and hence, knowing if the oxygen supply to redds is affected;

o

Perform tests in situ, to characterize the morphology of the bed as well as the hydrodynamic
of the river, so that it was possible to compare to the ones achieved in laboratory facilities;

o

Perform new data treatment, with the raw data collected for this dissertation, to compare the
results when the von Kármán constant for the logarithmic velocity profile, changes its value
from the 0.405 used; this approach can reveal new features in what concerns the eddy
viscosity and hence, the transport of DO;

o

Perform tests to assess TKE in the near-bed region, in order to explain why the thickness of
the roughness layer relatively to the thickness of the bed appears to increase with the
increase of the sand content on the pythmenic layer.

95

96

References
Abdel-Aziz, Y. A. (1974). Estimation of asymmetrical lens distortion parameters from laboratory
camera calibration data. Proceedings of the American Society of Photogrammetry: pp. 443-452.
Abdel-Aziz, Y. A.; Karara, H. M. (1971). Direct linear transformation from comparator coordinates into
object space coordinates in close-range photogrammetry. Proceedings Proceedings of the American
Society of Photogrammetry: pp. 1-18.
Aberle, J. (2006). Spatially averaged near-bed flow field over rough armor layers.Int. Conf. on Fluvial
Hydraulics River Flow 2006, Lisbon, Portugal, pp. 153-162.
Aberle, Jochen; Koll, Katinka and Dittrich, Andreas (2008). Form induced stresses over rough
gravel-beds. Acta Geophysica.
Alexander, Gaylord R. and Hansen, Edward A. (1986). Sand Bed Load in a Brook Trout Stream.
North American Journal of Fisheries Management: Vol. 6, pp. 9-23. American Fisheries Society.
Bentham, Tom and Britter, Rex (2003). Spatially averaged flow within obstacles arrays. Atmospheric
Environment: Vol. 37, pp. 2037-2043.
Bilby, Robert E.; Beach, Eric W.; Fransen, Brian R.; Walter, Jason K.; Bisson, Peter A. (2003).
Transfer of Nutrients from Spawning Salmon to Riparian Vegetation in Western Washington.
Transactions of the American Fisheries Society: Vol. 132, No. 4 pp. 733–745. American Fisheries
Society.
Brennen, C. E. (1982). A Review of Added Mass and Fluid Inertial Forces. Naval Civil Engineering
Laboratory, Port Hueneme, California.
Burnett, Kelly M.; Reeves, Gordon H.; Miller, Daniel J.; Clarke, Sharon; Vance-Borland, Ken;
Christiansen, Kelly (2007). Distribution of Salmon-Habitat Potential Relative to Landscape
Characteristics and Implications for Conservation. Ecological Applications: Vol. 17 (1), pp. 66-80.
Ecological Society of America.
Campbell, Lorna J. (2005). Double-Averaged Open-Channel Flow over Regular Rough Beds.
Department of Engineering University of Aberdeen. University of Aberdeen.
Carbonneau, Patrice E. and Bergeron, Normand E. (2000). The effect of bedload transport on
mean and turbulent flow properties. Elsevier. Geomorphology: Vol. 35, pp. 267-278.
Cardoso, A. H. (1998). Hidráulica Fluvial. Fundação Calouste Gulbenkian. Lisboa. pp. 190.

97

Carré, David M.; Biron, Pascale M.; Gaskin, Susan J. (2005). Flow dynamics and sediment
transport around paired deflectors for fish habitat enhancement. 17th Canadian Hydrotechnical
Conference. Hydrotechnical Engineering: Cornerstone of a Suitable Environment. pp. 345-353.
Chapman, D. W. (1988). Critical Review of Variables Used to Define Effects of Fines in Redds of
Large Salmonids. Transactions of the American Fisheries Society: Vol. 117, No. 1 pp. 1–21.
Coles, D. (1956). The law of the wake in turbulent boundary layer. J. Fluid Mech.: Vol. 1, pp.191-226.
Crisp, D. T. (2000). Trout and Salmon: Ecology, Conservation and Rehabilitation. Fishing News
Books, Chapter 3, pp. 37-60.
Dade, W. B. (1993). Near-bed turbulence and hydrodynamic control of diffusional mass transfer at the
sea floor. Limnol. Oceanogr.: Vol. 38 (l), pp.52-69.
Dawson, Terence P.; Butt, Natalie; Miller, Florence (2002). The Ecology of Forest Fires. ASEAN
Biodiversity: Vol. 1, pp. 18-21.
Direcção Geral dos Recursos Florestais (DGRF) (2006). Estratégia Nacional para as Florestas.
Versão Intermédia para Discussão Pública, pp. 33-38.
Dittrich, A. and Koll, K. (1997). Velocity field and resistance of flow over rough surface with large and
small relative submergence. Int. J. Sediment Res.: Vol. 12, No.3, pp. 21-33.
Dunham, J. B.; Young, M. K.; Gresswell, R. E. and Rieman, B. E. (2003). Effects of fire on fish
populations: landscape perspectives on persistence of native fishes and nonnative fish invasions.
Forest ecology and management. 178, pp. 183-196.
Everest, F.H. et al. (1987). Fine sediment and salmonid production: a paradox. In Streamside
management: forestry and fishery interactions. Edited by E.O. Salo and T.W. Cundy. Institute of
Forest Resources, University of Washington, Seatle, Wash.
Ferreira, R. M. L. (2005). River Morphodynamics and Sediment Transport. Conceptual Model ad
Solutions. PhD Thesis. Instituto Superior Técnico. Universidade Técnica de Lisboa. Lisbon.
Ferreira, R. M. L.; Leal, J. G. A. B.; Cardoso, A. H. (2006). Conceptual model for the bedload layer
of gravel bed streams based on laboratory observations. River Flow 2006 - International Conference
on Fluvial Hydraulics: Vol. 1, pp. 947-956. Sept. 6-8, Lisbon.
Ferreira, R. M. L.; Franca, M. J.; Leal, J. G. A. B. (2007). Laboratorial and theoretical study of the
mobility of gravel and snd mixtures. Proc. 5th River, Coastal and Estuarine Morphodynamics, RCEM
2007, Dohmen-Janssen & Hulscher (eds), pp: 531-539.

98

Ferreira, R. M. L.; Franca, M. J.; Leal, J. G. A. B. and Cardoso, A. H. (2008 a). Closure models for
the simulation of unsteady open-channel flows with mobile beds based on grain-scale mechanics.
Canadian Journal of Civil Engineering (accepted).
Ferreira, Rui. M. L.; Franca, Mário. J.; Leal, João. G. A. B. (2008 b). Flow resistance in openchannel flows with mobile hydraulically rough beds. River Flow 2008: Vol. 1, pp. 385-394. Altinakar et
al. Editors.
Finnigan, J. J. (1983). Turbulent heat and mass transport in flexible plant canopies. 8th Australian
Fluid Mechanics Conference. University of Newcastle, New South Wales. 1A.9-1A.13.
Finnigan, J. J. (1985). Turbulent transport in flexible plant canopies. The Forest-Atmosphere
Inteactions. B. A. Hutchinson & B. B. Hicks (eds.) Reidel. Dordrecht, The Netherlands. pp. 443-480.
Finnigan, J. J. (2000). Turbulence in plant canopies. Annual Review of Fluid Mechanics: Vol. 32, pp.
519-571.
Finnigan, Jonh J. and Shaw, Roger H. (2008). Double-averaging methodology and its application to
turbulent flow in and above vegetation canopies. Acta Geophysica: Vol. 56, pp.534-561.
Franca, M. J. and Lemmin, U. (2004). A field study of extremely rough, three-dimensional river flow
Proc. 4th IAHR Int. Symp. Environmental Hydraulics (Hong Kong, China, 15–18 December 2004), pp
107–12.
Gimenez-Curto, L. A. and Corniero Lera, M. A. (1996). Oscillating turbulent flow over very rough
surfaces. Journal of Geophysical Research: Vol. 101 (C9), pp. 20745-20758.
Graf, W. H. and Altinakar, M. S. (1998). Fluvial Hydraulics: Flow and Transport Processes in
Channels of Simple Geometry, John Wiley & Sons Chichester, UK.
Gray, W. G. and Lee, P. C. Y. (1977). On the theorems for local volume averaging of multiphase
systems. International Journal of Multiphase Flow: Vol. 3, pp. 333-340.
Heywood, M. J. T. and Walling, D. E. (2007). The sedimentation of salmonid spawning gravels in the
Hampshire Avon catchment, UK: implications for the dissolved oxygen content of intragravel and
embryo survival. Hydrological Processes: Vol. 21, pp. 770-788.
Hjemfelt, A. T. and Mockros, L. F. (1996). Motion of discrete particles in a turbulent fluid. Appl. Sci.
Res.: Vol. 16.
Hogan, D. L.; Bird, S. A. and Hassan M. A. (1999). Spatial and temporal evolution of small coastal
gravel-bed streams: influence of forest management on channel morphology and fish habitats in
gravel-bed rivers in the environment. In: C. Klingeman, R.L. Beschta and P.D. Komar, Editors, Water
Resources Publications.

99

INESC and ADISA (2004). Análise da Cobertura da Rede Nacional de Postos de Vigia. Relatório
Final.
Kondolf, G.; Sale, M.J. and Wolman, M. G. (1993). Modification of fluvial gravel size by spawning
salmonids. Water Resources Research: Vol. 29, No. 7, pp. 2265-2274.
Kondolf, G. and Wolman, M. G. (1993). The sizes of salmonid spawning gravels. Water Resources
Research: Vol. 29, No. 7, pp. 2275-2285.
Kondolf, G. and Wilcock, P. R. (1996). The flushing flow problem: Defining and evaluating
objectives. Water Resources Research: Vol. 32, No. 8, pp. 2589-2599.
Kondolf, G. Mathias (2000). Assessing Salmonid Spawning Gravel Quality. Transactions of the
American Fisheries Society: Vol. 129, No. 8, pp. 262-281. American Fisheries Society.
Kundu, Pijush K. and Cohen, Ira M. (1990). Fluid Mechanics. AP.
Legleiter, Carl J.; Lawrence, Rick L.; Fonstad, Mark A.; Marcus, W. Andrew; Aspinall, Richard
(2003). Fluvial response a decade after wildfire in the northern Yellowstone ecosystem: a spatially
explicit analysis. Elsevier. Geomorpology: Vol. 54. pp. 119-136.
Lisle, Thomas E. (1989). Sediment Transport and Resulting Deposition in Spawning Gravels, North
Coastal California. Water Resources Research: Vol. 25, No. 6, pp. 1303-1319.
Lisle, Thomas E. and Lewis, Jack (1992). Effects of Sediment Transport on Survival of Salmonid
Embryos in a Natural Stream: A Simulation Approach. Canadian Journal of Fisheries and Aquatic
Sciences: Vol. 49, pp. 2337-2344.
López, F. and García, M. H. (2001). Mean flow and turbulence structure of openchannel flow through
non-emergent vegetation. Journal of Hydrologic Engineering: Vol. 127, No. 5, pp. 392-402.
Maddux, T. B., Nelson, J. M. and McLean, S. R. (2003). Turbulent flow over three-dimensional
dunes: 1. Free surface and flow response. J. Geophysical Res.: Vol. 108, F1, pp. 10-1 – 10-19.
Malcom, Iain A.; Youngson, Alan F.; Soulsby, Chris (2003). Survival of salmonid eggs in a
degraded gravel-bed stream: effects of groundwater-surface water interactions. River Research and
Applications: Vol.19, pp. 303-316.
McLean, S. R., Wolfe, S. R. and Nelson, J. M. (1999). Spatially averaged flow over a wavy boundary
revisited. Journal of Geophysical Research: Vol. 104, C7, pp. 15743-15753.
Melling, A. (1997). Tracer particles and seeding for particle image velocimetry. Measurement Science
and Technology: Vol. 8, pp. 1406-1416.

100

Milhous, R. T. (1998). Modelling of instream flow needs: The link between sediment transport and
aquatic habitat. Regulated Rivers: Research & Management: Vol. 14, pp. 79-94.
Monin, A. S. and Yaglom (1971). Statistical Fluid Mechanics: Mechanics of Turbulence. Vol:1, MIT
Press, Boston.
Montgomery, David R.; Buffington, Jon M.; Peterson N. Phil; Schuett-Hames, David and Quinn,
Thomas P. (1996). Stream-bed scour, egg burial depths, and the influence of salmonid spawning on
bed surface mobility and embryo survival. Canadian Journal of Fisheries and Aquatic Sciences: Vol.
53, pp. 1061-1070.
Montgomery, David R.; Beamer, Eric M., Pess, Geroeg R. and Quinn, Thomas P. (1999). Channel
type and salmonid spawning distribution and abundance. Canadian Journal of Fisheries and Aquatic
Sciences: Vol. 56, pp. 377-387.
Montgomery, D.R. (2004). Geology, geomorphology, and restoration ecology of Salmon. GS Today:
Vol. 14, No. 11, pp. 4-12.
Nezu, I. and Nakagawa, H. (1993). Turbulence in Open Channel Flow. Edited by A. A. Balkema,
IAHR. Rotterdam, The Netherlands.
Nikora, V.; Goring, D. McEwan and I. Griffiths, G. (2001). Spatially Averaged Open-Channel Flow
over Rough Bed. Journal of Hydraulic Engineering: Vol. 127, No. 2, pp.123-133.
Nikora, V.; Koll, K.; McLean, S.; Dittrich, A. and Aberle, J. (2002). Zero-plane displacement for
rough-bed open-channel flows. River Flow 2002. Proc. Int. Conf. on Fluvial Hydraulics. Louvain-laNeuve, Belgium.
Nikora, V.; Koll, K.; McEwan, I.; McLean, S. and Dittrich, A. (2004). Velocity distribution in the
roughness layer of rough-bed flows. Journal of Hydraulic Engineering: Vol.130, No. 10, pp.1036-1042.
Nikora, V. (2008). Hydrodynamics of rough-bed turbulent flows: spatial averaging perspective. River
Flow 2008: Vol.1, pp.11-19. Altinakar et al. Editors.
Nogueira, Helena (2007). Pilares de pontes em leitos móveis. Visualização e Caracterização do
Escoamento de Aproximação e Envolvente. MSc thesis. Instituto Superior Técnico. Universidade
Técnica de Lisboa. Lisbon.
Odum, Eugene P. (1988). Fundamentos de Ecologia. Fundação Calouste Gulbenkian; 4th edition; pp.
375 and 475-519.
Paintal, A. S. (1971). Concept of critical shear stress in loose boundary open channels. J. Hydraul.
Res.: Vol. 9, No.1, pp. 91-113.

101

Pedras, Marcos H. J. and de Lemos, Marcelo J. S. (2001). Macroscopic turbulence modeling for
incompressible flow through undeformable porous media. International Journal of Heat and Mass
Transfer: Vol. 44, pp. 1081-1093.
Plano Nacional de Defesa da Floresta contra Incêndios (PNDFI) (2007).
Poggi, D.; Porporato, A.; Ridolfi, L.; Albertson, J. D. and Katul, G. G. (2004a). The effect of
vegetation density on canopy sub-layer turbulence. Boundary Layer Meteorology: Vol. 111, pp. 565587.
Poggi, D.; Katul, G. G. and Albertson, J. D. (2004b). Momentum transfer and turbulent kinetic
energy budgets within a dense model canopy. Boundary Layer Meteorology: Vol. 111, pp. 589-614.
Poggi, D.; Katul, G. G. and Albertson, J. D. (2004c). A note on the contribution of dispersive canopy
fluxes to momentum transfer within canopies. Boundary Layer Meteorology: Vol. 111, pp. 615-621.
Poggi, Davide and Katul, Gabriel G. (2008). Micro- and macro-dispersive fluxes in canopy flows.
Acta Geophysica: Vol. 56, pp. 778-800.
Pokrajac, Dubravka; McEwan, Ian and Nikora, Vladimir (2008). Spatially averaged turbulent stress
and its partitioning. Exp Fluids: Vol. 45, pp. 73-83.
Raffel, M.; Willert, C. E. and Kompenhans, J. (1998). Particle Image Velocimetry, a Practical Guide,
Springer-Verlag, Berlin, Germany.
Raupach, M. R.; Thom, A. S. and Edwards, I. (1980). A wind-tunnel study of turbulent flow close to
regularly arrayed rough surfaces. Boundary Layer Meteorology: Vol. 18, pp. 373-397.
Raupach, M. R. and Thom, A. S. (1981). Turbulence in and above plant canopies. Annual Review of
Fluid Mechanics: Vol. 13, pp. 97-129.
Raupach, M. R. and Shaw, R. H. (1982). Averaging procedures for flow within vegetation canopies.
Boundary Layer Meteorology: Vol. 22, pp. 79-90.
Raupach, M. R., Antonia, R. A. & Rajagopalan, S. (1991). Rough-wall turbulent boundary layers.
ASME Appl. Mech. Rev.: Vol. 44, No. 1, pp. 1-25.
Reig, L.; Piedrahita, R. H. and Conklin, D. E. (2007). Influence of California halibut (Paralichthys
californicus) on the vertical distribution of dissolved oxygen in a raceway and a circular tank at two
depths. Aquacultural Engineering: Vol.36, pp. 261-271. Elsevier.
Sanford, l. P. (1997). Turbulent mixing in experimental ecosystem studies. Marine Ecology Progress
Series: Vol. 161, pp. 265-293.

102

Schlichting, Hermann (1968). Boundary-Layer Theory. 6th edition. Series in Mechanical
Engineering, McGraw-Hill.
Shamloo, H.; Rajaratnam, N. and Katopodis, C. (2001). Hydraulics of simple habitat structures.
Journal of Hydraulic Research: Vol. 39, No.4, pp. 351-366.
Sibanda, E; McEwan, I. and Marion, A. (2000). Measuring the Structure of Mixed-Grain-Size
Sediment Beds. Journal of Hydraulic Engineering: Vol. 126, No. 5, pp. 347-353.
Smith, J. D. and McLean, S. R. (1977). Spatially-averaged flow over a wavy surface. Journal of
Geophysical Research: Vol. 83 (12), pp. 1735-1746.
Sveen, J. Kristian and Cowen, Edwin A. (2004). Quantitative Imaging Techniques and Their
Applications to Wavy Flows. WSPC, Chapter 1, University of Oslo, Norway (available in
http://www.math.uio.no).
Torina, Daniele and Buffington, John M. (2007). Hyporheic exchange in gravel bed rivers with poolriffle morphology: Laboratory experiments and three-dimensional modeling. Water Resources
Research: Vol. 43.
Twonsend, A. A. (1976). The structure of Turbulent Shear Flows. 2nd Edition. Cambridge University.
Yalin, M. S. (1977). Mechanics of Sediment Transport. 2nd edition. Pergamon Press. Oxford, UK.
Watershed Restoration Program (1997). Fish Habitat Rehabilitation Procedures. Ministry of
Environment, Lands and Parks and Ministry of Forests. Vancouver. Watershed Restoration Technical
Circular No. 9: Chapter 2.
Whitaker, S. (1967). Diffusion and dispersion in porous media. Am. Inst. Chem. Eng. J.: Vol. 13, pp.
420-438.
Wilson, N. R. and Shaw, R. H. (1977). A higher order closure model for canopy flow. Journal of
Applied Meteorology: Vol. 16, pp. 1197-1204.
Wood, P. J. and Armitage, P. D. (1997). Biological Effects of Fine Sediment in the Lotic Environment.
Environmental Management: Vol. 21, No. 2, pp. 203-217.

103

104

Annex 1
Test S1

Figure A.1 – Test S1, laser sheet at lateral 18.5

Figure A.2 – Test S1, laser sheet at lateral 19.5

Figure A.3 – Test S1, laser sheet at lateral 20.5

I

Figure A.4 – Test S1, laser sheet at lateral 21.5

Figure A.5 – Test S1, laser sheet at lateral 22.5

II

a)

b)

c)

d)

e)

f)

Figure A.6 – Test S1: a) Mean longitudinal velocity profile and linear regression, in the logarithmic
layer, for the computation of the displacement height; b) Double-averaged mean longitudinal
velocity profile: logarithmic plot showing theoretical log-law; c) Double-averaged mean
longitudinal velocity profile: full profile showing logarithmic and bi-lineal reaches; d) Doubleaveraged mean vertical velocity profile; e) Shear rate and linear regression for the computation of
the displacement height; f) Shear rate.

III

a)

b)

c)

d)

e)

Figure A.7 – Test S1: a) Mean longitudinal velocity profile and linear regression, in the interfacial
layer, for the computation of the coefficient regression,

α1

and

β1 ; b) Mean longitudinal velocity

profile and linear regression, in the pythmenic layer, for the computation of the coefficient
regression,

α0

and

β 0 ; c) Form-induced and Reynolds shear stresses and linear regression for

the computation of the bed shear stress,

τ0

and

τ b ; d) Form-induced and Reynolds shear

stresses. e) Non-dimensional double-averaged Reynolds normal stresses. The white makers
represent the Reynolds stresses. The black markers represent the sum of the Reynolds and forminduced stresses

IV

a)

b)

c)

d)

e)

f)

Figure A.8 – Test S1: a) Non-dimensional double-averaged Reynolds longitudinal normal stresses;
b) Non-dimensional double-averaged Reynolds vertical normal stresses; c) Non-dimensional
double-averaged Reynolds shear stresses; d) Non-dimensional form-induced shear stresses; e)
Non-dimensional form-induced longitudinal normal stresses; f) Non-dimensional form-induced
vertical normal stresses.

V

Annex 2
Test S2

Figure A.9 – Test S2, laser sheet at lateral 18.5

Figure A.10 – Test S2, laser sheet at lateral 19.5

Figure A.11 – Test S2, laser sheet at lateral 20.5

VI

Figure A.12 – Test S2, laser sheet at lateral 21.5

Figure A.13 – Test S2, laser sheet at lateral 22.5

VII

a)

b)

c)

d)

e)

f)

Figure A.14 – Test S2: a) Mean longitudinal velocity profile and linear regression, in the logarithmic
layer, for the computation of the displacement height; b) Double-averaged mean longitudinal
velocity profile: logarithmic plot showing theoretical log-law; c) Double-averaged mean
longitudinal velocity profile: full profile showing logarithmic and bi-lineal reaches; d) Doubleaveraged mean vertical velocity profile; e) Shear rate and linear regression for the computation of
the displacement height; f) Shear rate.

VIII

a)

b)

c)

d)

e)

Figure A.15 – Test S2: a) Mean longitudinal velocity profile and linear regression, in the interfacial
layer, for the computation of the coefficient regression,

α1

and

β1 ; b) Mean longitudinal velocity

profile and linear regression, in the pythmenic layer, for the computation of the coefficient
regression,

α0

and

β 0 ; c) Form-induced and Reynolds shear stresses and linear regression for

the computation of the bed shear stress,

τ0

and

τ b ; d) Form-induced and Reynolds shear

stresses. e) Non-dimensional double-averaged Reynolds normal stresses. The white makers
represent the Reynolds stresses. The black markers represent the sum of the Reynolds and forminduced stresses.

IX

a)

b)

c)

d)

e)

f)

Figure A.16 – Test S2: a) Non-dimensional double-averaged Reynolds longitudinal normal
stresses; b) Non-dimensional double-averaged Reynolds vertical normal stresses; c) Nondimensional double-averaged Reynolds shear stresses; d) Non-dimensional form-induced shear
stresses; e) Non-dimensional form-induced longitudinal normal stresses; f) Non-dimensional forminduced vertical normal stresses.

X

Annex 3
Test S3

Figure A.17 – Test S3, laser sheet at lateral 18.5

Figure A.18 – Test S3, laser sheet at lateral 19.5

Figure A.19 – Test S3, laser sheet at lateral 20.5

XI

Figure A.20 – Test S3, laser sheet at lateral 21.5

Figure A.21 – Test S3, laser sheet at lateral 22.5

XII

a)

b)

c)

d)

e)

f)

Figure A.22 – Test S3: a) Mean longitudinal velocity profile and linear regression, in the logarithmic
layer, for the computation of the displacement height; b) Double-averaged mean longitudinal
velocity profile: logarithmic plot showing theoretical log-law; c) Double-averaged mean
longitudinal velocity profile: full profile showing logarithmic and bi-lineal reaches; d) Doubleaveraged mean vertical velocity profile; e) Shear rate and linear regression for the computation of
the displacement height; f) Shear rate.

XIII

a)

b)

c)

d)

e)

Figure A.23 – Test S3: a) Mean longitudinal velocity profile and linear regression, in the interfacial
layer, for the computation of the coefficient regression,

α1

and

β1 ; b) Mean longitudinal velocity

profile and linear regression, in the pythmenic layer, for the computation of the coefficient
regression,

α0

and

β 0 ; c) Form-induced and Reynolds shear stresses and linear regression for

the computation of the bed shear stress,

τ0

and

τ b ; d) Form-induced and Reynolds shear

stresses. e) Non-dimensional double-averaged Reynolds normal stresses. The white makers
represent the Reynolds stresses. The black markers represent the sum of the Reynolds and forminduced stresses.

XIV

b)

a)

c)

d)

e)

f)

Figure A.24 – Test S3: a) Non-dimensional double-averaged Reynolds longitudinal normal
stresses; b) Non-dimensional double-averaged Reynolds vertical normal stresses; c) Nondimensional double-averaged Reynolds shear stresses; d) Non-dimensional form-induced shear
stresses; e) Non-dimensional form-induced longitudinal normal stresses; f) Non-dimensional forminduced vertical normal stresses.
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