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Abstract: This Technical Note reports new experiments focused on hydraulic resistance in open-channel flows 27 

over beds covered with streamwise ridges. Extensive bulk friction factor measurements, combined with particle 28 

image velocimetry (PIV) for selected cases, were carried out to investigate the effects of spanwise spacing, relative 29 

submergence and surface roughness of the ridges. Two types of ridges were investigated, both characterised by 30 
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triangular cross-sections but featuring different surface roughness. Compared to friction factor estimates neglecting 31 

any changes in flow structure promoted by the ridges, the measured friction factors were found to be higher by 10% 32 

at ridge spacings of approximately 1.6 H  and lower by up to 20% at spacings smaller than 0.7 H  ( H  is flow 33 

depth). No influence of relative submergence and ridge surface roughness on these findings was observed. The PIV 34 

data suggest that the revealed effects are likely related to secondary currents instigated and modulated by the bed 35 

ridges.  36 

 37 

Introduction 38 

Streamwise ridges can often be observed in natural and man-made mobile-bed open channels, where they appear 39 

across the whole channel at intervals of approximately two flow depths. These ridges are known to be capable of 40 

generating depth-scale secondary currents (SCs) (e.g., Nezu and Nakagawa 1984, 1993; Colombini 1993; 41 

Colombini and Parker 1995; Wang and Cheng 2006), which may affect turbulence structure, mixing, and hydraulic 42 

resistance (e.g., Nikora and Roy 2012). The generation of SCs is not restricted to streamwise ridges (which introduce 43 

topographical changes in the cross-section) but may also occur in the case of spanwise variations in bed surface 44 

roughness without changing bed topography (e.g., Colombini & Parker 1995; Anderson et al. 2015; Stroh et al. 45 

2016; Bai et al. 2018; Chung et al. 2018). Recently, SCs have been also observed in the presence of streamwise 46 

(e.g., Goldstein and Tuan 1998) or diverging/converging riblet patterns (e.g., Nugroho et al. 2013; Kevin et al. 2017, 47 

2019).  48 

Complementing open-channel studies, streamwise ridges have also attracted the attention of researchers studying 49 

boundary layers (e.g., Vanderwel and Ganapathisubramani 2015; Medjnoun et al. 2018; Hwang and Lee 2018) and 50 

closed-channel flows (e.g., Yang and Anderson 2018), who focused on the effects of different ridge properties (e.g., 51 

shape or relative width and height of the ridges) on the generated SCs. In particular, Vanderwel and 52 

Ganapathisubramani (2015) investigated the effects of the spanwise spacing of streamwise rectangular ridges on 53 

the flow structure and found that they can instigate SC cells, i.e., time-averaged streamwise vortices, that scale with 54 

the ridge spacing. This result highlighted that streamwise ridges are not only capable of generating SCs but also of 55 

controlling them. 56 

Since SCs compliment viscous and turbulent stresses in delivering fluid momentum to the bed (and therefore in 57 

generating drag), we might expect some influence of the ridge spacing on flow resistance. The aim of this work is 58 
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therefore to assess the effects of spanwise spacing, relative submergence, and surface roughness of streamwise 59 

ridges on hydraulic resistance in open-channel flows. Extensive hydraulic measurements of the bulk friction factor 60 

were carried out, complemented with specially designed experiments involving particle image velocimetry (PIV). 61 

In the next section, a necessary conceptual background is outlined. Then, the experimental details are provided. The 62 

data analysis procedure is explained next, followed by the presentation and discussion of the results. The last section 63 

summarises the main outcomes of the work. 64 

 65 

Background 66 

Hydraulic resistance can be quantified by a number of coefficients such as Manning’s n , Chézy’s C  or Darcy–67 

Weisbach’s friction factor f  (e.g., Graf and Altinakar 1998). In this Technical Note, we use the Darcy-Weisbach 68 

friction factor f , which relates to n  and C  as 2 2 1/38 8f gC gn R− −= = , where /R A P=  is hydraulic radius, 69 

A BH=  is cross-sectional area of the flow, B  is channel width, H  is mean flow depth, P  is total wetted perimeter, 70 

and g  is gravity acceleration. In open-channel flows, the friction factor f  usually incorporates the contributions 71 

from both channel bed and sidewalls (or banks). The problem of finding the friction factor due to the bed roughness 72 

only (i.e., excluding effects of side walls and associated secondary currents) is known as “side-wall correction” 73 

(e.g., Guo 2015, 2016). Although there is no rigorous analytical solution to this problem, it can be shown that the 74 

friction factor bf  due to the bed roughness only is in the range (Guo 2015; Stewart et al. 2018): 75 

 bl uf f f≤ ≤   (1) 76 

where the lower limit is given by the conventional friction factor 28 /l bf gRS U= ; the upper limit is defined as 77 

28 /bu bf gR S U= , which can be interpreted as a friction factor of an equivalent flow where the total friction force 78 

is assigned to the bed only; /U Q A=  is bulk flow velocity; Q  is flow rate; bS  is bed slope; and /b bR A P=  is bed 79 

hydraulic radius, where bP  is the wetted perimeter of the bed only, which explicitly accounts for the contribution 80 

of the ridges to the wetted perimeter (in contrast to the frequently used approximation of bP  by the channel width 81 

B ). 82 

If the flow aspect ratio (ratio of channel width to flow depth) is sufficiently large, the flow in the central part of 83 

the flume is affected by bed roughness only and thus the true bed friction bf  can be directly estimated as: 84 
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y bH y y z z y−= − −∫ ; 1y  and 2y  are transverse coordinates of left- and right-side boundaries of the 88 

averaging domain; ( , )bz x y  is local bed surface elevation; wsz  is water surface elevation; u  is streamwise local 89 

time-averaged velocity; and x , y  and z  are streamwise, transverse and vertical coordinates, respectively. Note 90 

that the parameters defined above relate to conditions when channel cross-section does not change along the flow, 91 

as otherwise additional streamwise averaging may also be required. In our study, we use Eq. (1) to obtain the bounds 92 

of the bed friction factor bf  from the measurements of H , bS , and /U Q A= , while Eq. (2) is used to estimate 93 

bf  directly from the PIV data for selected scenarios. 94 

  95 

Experiments 96 

 97 

Open-Channel Facility and Bed Roughness 98 

The experiments were carried out in the ‘RS’ open-channel facility (e.g., Stewart et al. 2018) in the Fluid Mechanics 99 

Laboratory of the University of Aberdeen. This glass-sided open-channel flume is 0.4 m wide with a working length 100 

of 10.75 m. Water is circulated through the system by a single centrifugal pump that can sustain flowrates up to 22 101 

l/s. An adjustable gate with vertical vanes at the exit section of the flume is used for establishing and maintaining 102 

uniform flow conditions.  103 

The bed of the flume was fully covered with a continuous plastic fabric sheet composed of micro hooks with 104 

height ∆ ≈ 1.1 mm [Fig. 1(a)] and spatial concentration of ≈ 0.8% (calculated as the ratio of the volume occupied 105 

by the hooks to the total volume of the hook canopy). Due to the low spatial concentration of the micro hooks, their 106 

effect on H  is neglected. The streamwise ‘ridges’ (i.e., plastic strips) were attached to the bed of the flume using 107 

a hook-and-loop fastener system (Fig. 1). This fastening technique enabled a high level of versatility as ridge 108 

locations and spacings s  [Fig. 1(a)] could be relatively quickly changed. Two types of plastic strips, both of 109 
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triangular cross-section, were tested. The first type, denoted here as smooth ridges, were made of rigid 110 

polypropylene (PP), while the second type, denoted as rough ridges, had the PP part covered with the same fabric 111 

as the bed. The smooth ridges were b ≈ 5.6 mm wide and 'h ≈ 3.8 mm high [Fig. 1(a)], while the rough ridges were 112 

slightly larger with a width of ≈ 6.5 mm and a height of ≈ 5.0 mm. The loop component of the gripping fabric was 113 

cut into ribbons with the same width as the ridges and attached to the bottom of the ridges using double-sided 114 

adhesive tape. The resulting total height h  [Fig. 1(a)] was ≈ 6.0 mm for the smooth ridges and ≈ 7.2 mm for the 115 

rough ridges. The streamwise ridges continuously covered the entire length of the flume.  116 

 117 

Hydraulic Resistance Measurements 118 

The measurements of the friction factors lf  and uf  [Eq. (1)] were carried out for a range of flow conditions (Table 119 

1) related to three cases: (1) no ridges on the bed; (2) smooth ridges on the bed; and (3) rough ridges on the bed. 120 

Three bed slopes bS  (0.1%, 0.2% and 0.3%) and seven ridge spacings s  (20, 25, 40, 50, 80, 100, and 200 mm) 121 

were covered by the tests. The maximum flow depth H , defined as the distance between the water surface and the 122 

base of the micro hooks at z = 0 [Fig. 1(a)], varied in 5 mm increments from 15 mm to: 110 mm for bS = 0.1%, 80 123 

mm for bS = 0.2%, and 70 mm for bS = 0.3%. Differently from H , which depends on the bed geometry at fixed 124 

water surface elevations, H  is affected neither by the presence nor by the spacing of the ridges, i.e., H H≤ . 125 

Water surface and bed elevations were measured with a digital point gauge every meter along the flume. Water 126 

surface slopes were estimated from the water surface elevation profiles referenced to corresponding still water 127 

surface elevations. Water depths were calculated as the difference between the measured water surface and bed 128 

elevations. The water discharge Q  was measured with an electromagnetic flowmeter (MagMaster, ABB), sampled 129 

at 0.5 Hz and averaged over a duration of 180 seconds. In our analysis we used only the data that satisfied two key 130 

conditions: (1) bed-related roughness Reynolds number *
* /b bu ν= ∆ ≥R 30 (ν  is kinematic viscosity) and (2) flow 131 

aspect ratio /B H ≥ 5, corresponding to hydraulically rough-bed flows with wide aspect ratios to minimise sidewall 132 

effects (e.g., Nezu and Nakagawa 1993). The threshold value of 30 for condition (1) was specifically identified for 133 

our experimental dataset by ensuring the independence of the friction factor from the bulk Reynolds number 134 
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/UH ν=R , i.e., by comparing friction factors at the same flow depth and ridge spacing but different bed slopes 135 

or, in other words, at the same relative submergence but different roughness Reynolds number *
bR . 136 

 137 

Particle Image Velocimetry (PIV) Measurements  138 

A subset of the scenarios covered by the bulk hydraulic measurements was further studied using a four-camera 139 

stereoscopic PIV system similar to that described in Cameron et al. (2017). The measurements were completed for 140 

the cases with no ridges and with smooth ridges at spacings of 20, 25, 50, 80, 100, and 200 mm. Maximum flow 141 

depth H  and bed slope bS  were fixed to 50 mm and 0.2%, respectively. The measurement plane was orientated 142 

perpendicular to the flow direction and covered the entire flume cross-section at 7.15 m from the flume entrance 143 

[Fig. 1(b)]. Measurements were conducted for each of the selected spacings over a continuous duration of 2 hours 144 

with a sampling rate of 50 Hz.  145 

Although detailed analysis of the flow structure is outside of the scope of this Technical Note and will be reported 146 

elsewhere, here we show mean velocity fields for some selected cases (flows over beds without ridges and with 147 

ridges at spacings of 20, 50 and 100 mm, Fig. 2) as complementary information for the hydraulic resistance data 148 

presented in this Technical Note. Similar to boundary layer flows over rectangular streamwise ridges (Vanderwel 149 

and Ganapathisubramani 2015; Hwang and Lee 2018), the triangular ridges in our study also generate SCs with cell 150 

sizes that scale with the ridge spacing. In our case, however, the SCs did not disappear at small spacings (e.g., s =151 

20 mm) as in Vanderwel and Ganapathisubramani (2015). The direction of rotation of the SC cells is consistent 152 

with the previous studies of flows over streamwise ridges (e.g., Nezu and Nakagawa, 1984, 1993; Wang and Cheng 153 

2006; Vanderwel and Ganapathisubramani 2015; Hwang and Lee 2018), with upflows over the ridges and 154 

downflows over the inter-ridge gaps. Since SCs contribute to the total momentum transfer in the flow, we may 155 

expect a dependency of the friction factor on the ridge spacing. Their potential effects on the friction factor will be 156 

explored in the following sections. In this Note, the PIV measurements are used to estimate the true bed friction 157 

factor bf  using Eq. (2) by considering a region of ≈ 200 mm in the central part of the channel where the effects of 158 

the sidewalls on the flow are negligible (Fig. 2). 159 

 160 



7 
 

Data Analysis and Results 161 

 162 

Data Handling 163 

Placing the ridges on the rough bed modifies it by (1) increasing the bed wetted perimeter and, in the case of smooth 164 

ridges, (2) altering the bed surface roughness, which not only affects the roughness-related friction, but may also 165 

change the properties of the SCs induced by the ridges. In the previous section we showed that the result of these 166 

modifications is the emergence of SCs that scale with the ridge spacing (Fig. 2). Thus, the measured friction factors 167 

( bf , lf  and uf ) incorporate contributions of ridge-induced SCs as well as accounting for changes in bed roughness. 168 

In order to help interpret the results, a friction factor ( ESTf ) that neglects any effects related to ridge-induced SCs 169 

was estimated and used for comparison. Any difference between measured and estimated friction factors therefore 170 

can likely be related to the presence of SCs generated by the ridges (Fig. 2). The procedure used for obtaining ESTf  171 

is outlined below. 172 

The flow cross-section was divided into ridge and inter-ridge subsections bounded by vertical separating planes 173 

(Fig. 3). The estimated friction factor was obtained considering the flow within each subsection free of ridge-174 

induced SCs and excluding any momentum transfer (on average) from one subsection to another. Such an approach 175 

has been widely used in hydraulic applications and is known as “divided channel method” (e.g., Chow 1959). From 176 

the mass conservation law it follows that: 177 

 ( )ˆ ˆ ˆ
Rid Sp Rid Sp SpTot RidU A A U A U A+ = +   (3) 178 

where Rid RidA bH=  and ( )Sp SpA s b H= −  are cross-sectional areas of ridge and inter-ridge subsections, RidH  and 179 

SpH  are mean flow depths within corresponding subsections; and ˆ
TotU , ˆ

RidU , and ˆ
SpU  are mean velocities averaged 180 

over respective areas Rid SpA A+ , RidA , and SpA  (Fig. 3). Combining Eqs. (2) and (3) and assuming that the friction 181 

slope (which is equal to bS  in the case of steady uniform flow conditions) is the same for all subsections, the 182 

estimated friction factor for the whole bed is defined as: 183 

 
1.5 1.5

1 1 1 Sp

EST Rid Sp Sp Rip

Rid Sp Rid SpRid

Rid Rid S d Sp

P P P P AA
f f P A A f P A A

   + +
= +      + +   

  (4) 184 

where RidP  is the wetted perimeter of the ridge subsection characterised by a friction factor Ridf ; and SpP  is the 185 
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wetted perimeter of the subsection between the ridges characterised by a friction factor Spf .  186 

The surface of the smooth ridges is considered to be hydraulically smooth and thus Ridf  (for both PIV and bulk 187 

friction factor measurements) can be estimated using Blasius’ equation (e.g., Yen 2002): 188 

 0.25

0.224
Rid

Rid

f =
R

  (5) 189 

or Colebrook-White’s equation (e.g., Colebrook 1939, Henderson1966): 190 

 10

41 2log
2.51

Rid Rid

Rid

f
f

 
=   

 

R
  (6) 191 

Substituting the ridge specific bulk Reynolds number ˆ
Rid Rid RidU R ν=R , where Rid Rid RidR H b P=  is the ridge 192 

specific hydraulic radius and ˆ 1 8 bRid Rid RidU f gR S= , in Eqs. (5) and (6), we obtain, respectively: 193 

 
( )
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0.875
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  (7) 194 

and: 195 

 1

1.5

0

4 8
2log

2.51
1 Rb

i

id

R d

g R
f

S
ν

 
=   

 
  (8) 196 

No significant differences in the estimates based on Eqs. (7) and (8) were noted; thus, only values from Eq. (7) are 197 

used in this study.  198 

For the cases where PIV measurements were made (smooth ridges), the overall friction factors obtained using 199 

Eq. (4) are denoted as ESTbf . The friction factor related to the ridges (i.e., Ridf ) was calculated using Eq. (7). The 200 

mean flow depth in the inter-ridge subsections ( SpH , Fig. 3) matched the mean flow depth H  with no ridges on 201 

the bed (i.e., SpH H H= = ≈ 50 mm) and therefore the friction factor of the rough fabric surface between the ridges 202 

(i.e., Spf ) was taken equal to the bed friction factor ( bf ) measured with PIV without the presence of ridges. 203 

For the cases where bulk friction factor measurements were made, the estimated friction factors are denoted as 204 

ESTuf . In the case of smooth ridges, Ridf  was calculated using Eq. (7), similar to the scenarios with PIV 205 

measurements. The friction factor Spf  was taken equal to the upper bound of the bed friction factor ( uf ) measured 206 
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in the absence of ridges with H  matching SpH , as without ridges on the bed SpH H H= = . In the case of rough 207 

ridges, Ridf  was taken equal to uf  measured in the absence of ridges with H  matching the mean flow depth of the 208 

ridge subsections ( RidH , Fig. 3). Since RidH  is generally different from any of the directly investigated flow depths, 209 

the required data were estimated by interpolation using the best fit equation 0.2980.164( / )uf H −= ∆  obtained for the 210 

scenario without ridges. Note that our analysis of bulk measurements below is based on the ratio /u ESTuf f , but 211 

similar results can be obtained using the lower bound of the bed friction factor ( lf ) instead (i.e., / /ESTl u ESTulf f f f≈  212 

where ESTlf  is the estimated friction factor based on lf ; see “Key Findings”).  213 

The friction factors involved in the calculation of ESTf  for each case are summarised in Table 2. In the following 214 

section, we first discuss the flow scenarios as used in the PIV experiments and then generalise the key findings by 215 

employing extensive bulk hydraulic measurements of the friction factors. 216 

 217 

Key Findings  218 

Fig. 4(a) shows bed friction factor bf  from the PIV data together with ESTbf  as a function of relative strip spacing 219 

/s H . Note that in this and in the following figures, the data from flows over bed without ridges are plotted 220 

assuming s B= = 400 mm. The estimated friction factor ESTbf  clearly differs from bf , showing that the changes in 221 

flow structure introduced by the ridges (Fig. 2) significantly contribute to hydraulic resistance. Fig. 4(b) presents 222 

the upper bound of the bed friction factor ( uf ) and corresponding estimated friction factor ( ESTuf ) for both rough 223 

and smooth ridges from bulk measurements for the same maximum flow depth as in the PIV measurements, i.e., 224 

H ≈ 50 mm. Comparing the data at small /s H , one can note that the estimated friction factor ESTuf  for rough-225 

surface ridges is higher than that for smooth-surface ridges, revealing the effects of the ridge surface properties on 226 

the total bed friction factor. Once again, uf  is generally different from ESTuf , showing a trend similar to that for the 227 

PIV data in Fig. 4(a).  228 

In Fig. 4(c), the measured friction factors, shown in Figs. 4(a) and 4(b), are presented normalised by the 229 

respective ESTf . The normalised friction factors offer the advantage of being independent of any changes in viscous 230 

and/or pressure drag at the bed due to changes in bed wetted perimeter and/or surface roughness, which are taken 231 
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into account by ESTf  (see “Data Handling”). Thus, modifications in the flow structure induced by the ridges on the 232 

channel bed (such as the appearance of SCs, Fig. 2) will result in higher ( / 1ESTf f > ) or lower ( / 1ESTf f < ) 233 

measured flow resistance ( f ) compared to that when such modifications are not present ( ESTf ). Considering the 234 

normalised values, no clear differences can be observed between PIV and bulk hydraulic measurements (235 

/ / /b ESTb ESTu ESTlu lf f f f f f≈ ≈ ), i.e., / ESTf f  values obtained using lower and upper bounds for the bed friction 236 

factor closely match ( / /ESTu ESTlu lf f f f≈ ). Thus, the relative contribution of the ridges to the friction factor can be 237 

reasonably estimated even when only bulk friction factor measurements are available. The data for smooth and 238 

rough ridges are also very similar, suggesting that the two ridge types lead to comparable modifications of the flow 239 

structure. At /s H ≈ 1.6, f  is larger than ESTf  by approximately 10% [Fig. 4(c)]. It is likely that this increase in 240 

the friction factor is caused by the SC cells that, occupying nearly the entire water depth (Fig. 2), maximise the rate 241 

of momentum delivery to the bed (and hence the momentum sink rate at the bed which is equal to the drag force 242 

per unit area). The occurrence of the maximum / ESTf f  at a /s H  value smaller than 2 is probably due to the 243 

ridges being a confining factor to the SC cell size together with the water surface dampening effect. For /s H  less 244 

than ≈ 0.7, f  becomes smaller than ESTf  by up to 15-20%. Such a significant reduction in the friction factor is 245 

unexpected and needs to be addressed in future studies. For instance, it is possible that SCs modify the turbulence 246 

structure in the entire water column regardless of the SC size, suppressing turbulence-related momentum delivery 247 

to the bed at small ridge spacings. 248 

Since / / /b ESTb ESTu ESTlu lf f f f f f≈ ≈ , the extensive bulk resistance measurements could be used to expand the 249 

ranges of R , /H ∆  and /s H  covered by the data in Fig. 4. Figs. 5(a, smooth ridges) and 5(b, rough ridges) show 250 

that / ESTf f  exhibits the same dependency on /s H  as already observed for H ≈ 50 mm in Fig. 4, suggesting that 251 

the effects of the relative ridge spacing on / ESTf f  are largely independent from /H ∆  and R  (at least for the 252 

studied ranges of these parameters). The excellent agreement between smooth-surface and rough-surface ridges 253 

[Fig. 5(c)] indicates that the effects of the ridge spacings on the flow resistance is dominant and the same for both 254 

ridge types. The reduction in the friction factor at small /s H  is even higher compared to the PIV-studied scenarios, 255 

with drag reduction up to ≈ 20%. The trend of the data in Fig. 5 suggests that the friction factor might keep 256 

decreasing to even lower values with decrease in /s H . The results presented in this Note together with general 257 
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physical considerations suggest that the function / ESTf f  within the whole range of possible spacings can be shaped 258 

as outlined in a sketch in Fig. 6.  259 

 260 

Conclusions  261 

This Technical Note reports the effect of the spacing of streamwise ridges on hydraulic resistance in open-channel 262 

flows. Compared to an estimated friction factor that does not account for changes in the flow structure induced by 263 

the ridges, it is found that ridge spacings around ≈ 1.6 flow depths lead to ≈ 10% increase in the friction factor, 264 

while at spacings smaller than ≈ 0.7 flow depths the friction factor is reduced by up to ≈ 20%. The observed 265 

maximum in the friction factor at /s H ≈ 1.6 suggests that the naturally emerging sedimentary ridges on the river 266 

beds (that have a similar spanwise periodicity; e.g., Colombini and Parker 1995) maximise hydraulic resistance, 267 

recalling a maximum resistance hypothesis for mobile bed flows (e.g., Davies and Sutherland 1983). 268 

The obtained results imply that the effects of relative submergence and ridge surface roughness are likely to be 269 

of secondary importance. It is argued that the observed changes in flow resistance are associated with secondary 270 

currents induced by the ridges. Mean velocity fields, measured with PIV, support this conjecture and will be 271 

discussed in detail elsewhere. Thus, it is possible that the total drag in open-channel flows can be controlled through 272 

the induction and modulation of secondary currents and streamwise ridges might be a suitable tool for this purpose. 273 
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 280 

Notation 281 

A  = total cross-sectional area; 282 

RidA , SpA  = areas of ridge and inter-ridge subsections; 283 

B  = channel width; 284 
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C  = Chézy’s resistance coefficient; 285 

F  = Froude number; 286 

f  = friction factor; 287 

ESTf  = estimated friction factor; 288 

ESTbf  = estimated friction factor based on bed friction factor; 289 

ESTlf , ESTuf  = estimated friction factors based on bed friction factor lower and upper bounds; 290 

Ridf , Spf  = friction factors characterising ridge and inter-ridge subsections; 291 

bf  = bed friction factor; 292 

lf , uf  = bed friction factor lower and upper bounds; 293 

g  = gravity acceleration; 294 

H  = maximum flow depth; 295 

H  = mean flow depth; 296 

RidH , SpH  = mean flow depths of ridge and inter-ridge subsections;  297 

h , b  = total height and width of the ridges; 298 

'h  = partial height of the ridges; 299 

n  = Manning’s resistance coefficient; 300 

P  = total wetter perimeter; 301 

RidP , SpP , bP  = wetted perimeters of ridge subsection, inter-ridge subsection and bed; 302 

Q  = flow rate; 303 

R , RidR  = bulk and ridge specific Reynolds numbers; 304 

*
bR  = bed-related roughness Reynolds number; 305 

R  = hydraulic radius; 306 

RidR , bR  = ridge and bed hydraulic radii; 307 

bS  = bed slope; 308 

s  = ridge spacing; 309 
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U  = flow bulk velocity; 310 

Û  = streamwise mean velocity averaged in the central part of the flow; 311 

ˆ
RidU , ˆ

SpU  = streamwise mean velocity averaged over ridge and inter-ridge subsections; 312 

ˆ
TotU  = streamwise mean velocity averaged over combined ridge and inter-ridge subsections; 313 

u  = time-averaged streamwise velocity; 314 

*bu  = bed-related shear velocity; 315 

x , y , z  = streamwise, spanwise and vertical coordinates; 316 

1y , 2y  = left- and right-side boundaries of the averaging domain; 317 

bz , wsz  = bed and water surface elevations; 318 

∆  = height of the micro-hooks constituting the bed of the channel; 319 

ν  = fluid kinematic viscosity. 320 

 321 

References 322 

Anderson, W., Barros, J. M., Christensen, K. T., and Awasthi, A. (2015). “Numerical and experimental study of 323 

mechanisms responsible for turbulent secondary flows in boundary layer flows over spanwise heterogeneous 324 

roughness.” J. Fluid Mech., 768, 316-347. 325 

Bai, H. L., Kevin, K., Hutchins, N., and Monty, J. P. (2018). “Turbulence modifications in a turbulent boundary 326 

layer over a rough wall with spanwise-alternating roughness strips.” Phys. Fluids, 30(5), 055105. 327 

Cameron, S. M., Nikora, V. I., and Stewart, M. T. (2017). “Very-large-scale motions in rough-bed open-channel 328 

flow.” J. Fluid Mech., 814, 416-429. 329 

Chow, V. T. (1959). Open-channel hydraulics. McGraw-Hill, Inc., London, England.  330 

Chung, D., Monty, J. P., and Hutchins, N. (2018). “Similarity and structure of wall turbulence with lateral wall 331 

shear stress variations.” J. Fluid Mech., 847, 591-613. 332 

Colebrook, C. F. (1939). “Turbulent flow in pipes, with particular reference to the transition region between the 333 

smooth and rough pipe laws.” J. Inst. Civil Eng., 11, 133-156. 334 



14 
 

Colombini, M. (1993). “Turbulence-driven secondary flows and formation of sand ridges.” J. Fluid Mech., 254, 335 

701-719. 336 

Colombini, M., and Parker, G. (1995). “Longitudinal streaks.” J. Fluid Mech., 304, 161-183. 337 

Davies, T. R. H., and Sutherland, A. J. (1983). “Extremal hypotheses for river behavior.” Water Resour. Res., 19, 338 

141–148. 339 

Goldstein, D. B., and Tuan, T. C. (1998). “Secondary flow induced by riblets.” J. Fluid Mech., 363, 115–151. 340 

Graf, W. H., and Altinakar, M. S. (1998). Fluvial hydraulics, John Wiley & Sons Ltd, Chichester, U.K. 341 

Guo, J. (2015). “Sidewall and non-uniformity corrections for flume experiments.” J. Hydraul. Res., 53(2), 218-229. 342 

Guo, J. (2016). “Exact procedure for Einstein-Johnson’s sidewall correction in open channel flow.” J. Hydraul. 343 

Eng., 143(4), 06016027-2. 344 

Henderson, F. M. (1966). Open channel flow, MacMillan Publishing Co. Inc., New York, N.Y. 345 

Hwang, H. G., and Lee, J. H. (2018). “Secondary flows in turbulent boundary layers over longitudinal surface 346 

roughness.” Phys. Rev. Fluids, 3(1), 014608. 347 

Medjnoun, T., Vanderwel, C., and Ganapathisubramani, B. (2018). “Characteristics of turbulent boundary layers 348 

over smooth surfaces with spanwise heterogeneities.” J. Fluid Mech., 838, 516-543. 349 

Kevin, Monty, J. P., Bai, H. L., Pathikonda, G., Nugroho, B., Barros, J. M., Christenses, K. T., and Hutchins, N. 350 

(2017). “Cross-stream stereoscopic particle image velocimetry of a modified turbulent boundary layer over 351 

directional surface pattern.” J. Fluid Mech., 813, 412-435. 352 

Kevin, Monty, J. P., and Hutchins, N. (2019). “Turbulent structures in a statistically three-dimensional boundary 353 

layer.” J. Fluid Mech., 859, 543-565. 354 

Nezu, I., and Nakagawa, H. (1984). “Cellular secondary currents in straight conduit.” J. Hydraul. Res., 110(2), 173-355 

193. 356 

Nezu, I., and Nakagawa, H. (1993). Turbulence in open-channel flows, Balkema, Rotterdam, Netherlands. 357 

Nikora, V., and Roy, A. G. (2012). “Secondary flows in rivers: Theoretical framework, recent advances, and current 358 

challenges.” Gravel bed rivers: Processes, tools, environments, M. Church, P. M. Biron, and A. G. Roy, eds., Wiley, 359 

London, U.K., 3-22. 360 

Nugroho, B., Hutchins, N., and Monty J. P. (2013). “Large-scale spanwise periodicity in a turbulent boundary layer 361 

induced by highly ordered and directional surface roughness.” Int. J. Heat Fluid Fl., 41, 90-102. 362 



15 
 

Stewart, M. T., Cameron, S. M., Nikora, V. I., Zampiron, A., and Marusic, I. (2018). “Bulk flow resistance in open-363 

channel flows over self-affine rough beds.” J. Hydraul. Res., 1-14. 364 

Stroh, A., Hasegawa, Y., Kriegseis, J., and Frohnapfel, B. (2016). “Secondary vortices over surfaces with spanwise 365 

varying drag.” J. Turbul., 17(12), 1142-1158. 366 

Vanderwel, C., and Ganapathisubramani, B. (2015). “Effects of spanwise spacing on large-scale secondary flows 367 

in rough-wall turbulent boundary layers.” J. Fluid Mech., 774, R2. 368 

Wang, Z., and Cheng, N. (2006). “Time-mean structure of secondary flows in open channel with longitudinal 369 

bedforms.” Adv. Water Res., 29, 1634-1649. 370 

Yang, J., and Anderson, W. (2018). “Numerical study of turbulent channel flow over surfaces with variable 371 

spanwise heterogeneities: Topographically-driven secondary flows affect outer-layer similarity in turbulent 372 

length scales.” Flow, Turbul. Combust., 100(1), 1-17. 373 

Yen, B. C. (2002). “Open channel flow resistance.” J. Hydraul. Eng., 128(1), 20-39.  374 



16 
 

Table 1. Ranges of key hydraulic parameters covered by the bulk hydraulic resistance measurements.  375 

bS  (%) H  (mm) U  (m/s) /H ∆  /s H  /B H  F  R  *
bR  

0.1 15-110 0.12-0.49 14-100 0.18-13.33 3.6-26.7 0.35-0.47 1900-51600 11-36 

0.2 15-80 0.14-0.58 14-73 0.25-13.33 5.0-26.7 0.44-0.65 2300-46200 15-43 

0.3 15-70 0.16-0.57 14-64 0.29-13.33 5.7-26.7 0.58-0.74 2700-39900 19-50 

Note: bS  is bed slope; H is maximum flow depth; U is streamwise bulk velocity (cross-sectionally averaged); 376 

/B H  is flow aspect-ratio, B  is channel width; /H ∆  is relative submergence, ∆  is the height of the roughness 377 

elements on the bed fabric; /s H  is relative ridge spacing, s  is ridge spacing; /U gH=F  is Froude number, g  378 

is gravity acceleration, H  is mean flow depth; /UH ν=R  is bulk Reynolds number, ν  is kinematic viscosity; 379 

*
* /b bu ν= ∆R  is bed-related roughness Reynolds number, and *bu  is bed-related shear velocity.  380 
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Table 2. Summary of friction factors employed in the calculation of ESTf  for each experimental case. 381 

Measurement 
type 

Ridge type 
Measured 

friction factor  Ridf   Spf   Estimated 
friction factor  

Bulk friction 
factor 

measurements 

Smooth uf , lf   Eq. (7) 
( )pu Sf H , ( )l Spf H  

with no ridges 
ESTuf , ESTlf  

Rough uf , lf  ( )du Rif H , ( )l Ridf H  
with no ridges 

( )pu Sf H , ( )l Spf H  

with no ridges 
ESTuf , ESTlf  

PIV-based 
measurements 

Smooth bf  Eq. (7) bf  
with no ridges 

ESTbf  

  382 
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List of Figures 383 

Fig. 1. (a) definitions of ridge spacing ( s ), background roughness height ∆ , flow depths ( H  and H ) and 384 

geometrical parameters characterising the ridges ( b , 'h  and h ); and (b) PIV measurement section in the ‘RS’ 385 

flume. 386 

Fig. 2. Contour maps of mean streamwise velocity u  with vectors representing transverse and vertical mean 387 

velocities for the cases of bed without ridges and with ridges spaced 20, 50 and 100 mm. Vectors are shown in half 388 

cross-section only for clarity. 389 

Fig. 3. Cross-section partitioning. 390 

Fig. 4. (a) bf  and ESTbf  for smooth ridges (PIV); (b) uf  and ESTuf  for smooth and rough ridges (bulk 391 

measurements); and (c) bf  and uf  from (a) and (b) normalised by ESTbf  and ESTuf , respectively. For all cases 392 

maximum flow depth ( H ) is fixed to 50 mm. The standard measurement errors of the friction factor values in (a) 393 

and (b) are appreciably smaller than the symbol size. 394 

Fig. 5. Normalised friction factors from Fig. 4(c) supplemented with bulk hydraulic measurements of the friction 395 

factor for a range of flow depths: (a) smooth ridges; (b) rough ridges; and (c) combined data for smooth and rough 396 

ridges. Circular symbols are defined in Fig. 4(c). 397 

Fig. 6. Sketch of / ESTf f  as a function of /s H  for rough-bed open-channel flows over streamwise ridges. Dashed 398 

line denotes the range of /s H  not covered by the measurements. 399 
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