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Abstract: Hydraulic jumps are characterized by strong flow turbulence, flow aeration, and three-dimensional flow motions. Whereas com-
prehensive research into hydraulic jumps on smooth bed has improved the understanding of flow aeration and turbulence, limited research has
been done of hydraulic jumps on rough beds. Herein novel experiments were conducted in hydraulic jumps on uniformly-distributed bed
macroroughness. Both air-water flow patterns and basic air-water flow properties were investigated. The hydraulic jumps on the rough bed
exhibited some remarkable differences compared with smooth bed jumps including some preaeration of the flow upstream of the jump, an
upwards shift of the jump roller and a clear water-flow region underneath the jump. Air-water flow measurements were conducted with a
phase-detection probe, showing similar distributions of air-water flow properties for the rough and smooth bed jumps. Comparative analyses
highlighted some distinctive effects of the bed roughness including an upwards shift of the hydraulic jump and an increase in bubble count
rate and void fractions in the region close to the jump toe. In the second half of the hydraulic jumps, the rough bed led to a clear-water region
with large-scale vortices which were advected downstream. The present study highlighted the potential that improved and nonstandard invert
designs may have for flow manipulations and design enhancements. DOI: 10.1061/(ASCE)HY.1943-7900.0001402. © 2017 American
Society of Civil Engineers.

Author keywords: Hydraulic jump; Bed macroroughness; Conjugate depth; Flow patterns; Air-water flows.

Introduction

Hydraulic jumps occur in many natural waterways, open channels,
and canals and downstream of man-made hydraulic structures
when fast flowing supercritical flow transitions into subcritical
flows (Bélanger 1841; Bakhmeteff 1932). The transition is sudden,
extremely turbulent, and associated with energy dissipation, air en-
trainment, large-scale turbulence, spray, splashing, and surface
waves. A hydraulic jump is a strong dissipative process commonly
observed in stilling basins (Hager 1992; Chanson and Carvalho
2015). The flow turbulence is extremely complicated and three-
dimensional in the jump roller (Liu et al. 2004; Lennon and Hill
2006; Wang and Chanson 2015), and it remains a challenge to en-
gineers, scientists, and researchers (Rajaratnam 1967; Chanson
2009). Basic features of jumps with a breaking roller are the devel-
opment of large-scale vortices, the air bubble entrapment at the
jump toe, the interfacial aeration/deaeration at the roller upper
free-surface, and the interactions between entrained bubbles and
coherent turbulent structures in the jump roller (Rouse et al.
1959; Resch and Leutheusser 1972; Babb and Aus 1981; Zhang
et al. 2014; Wang et al. 2014).

The effects of bed roughness on hydraulic jumps were investi-
gated: (1) in terms of the impact of baffles in stilling basins; and
(2) with uniformly distributed roughness (Table 1). Hydraulic jump
stilling basins are relatively expensive structures, and detailed
hydraulic design guidelines were developed based upon extensive

physical modeling (e.g., Bradley and Peterka 1957). The design
may include steps, blocks, baffles, sills, expansion, and drops, typ-
ically used to increase the rate of energy dissipation, decrease the
basin length, and stabilize the jump toe position (USBR 1987;
Chanson and Carvalho 2015).

A number of physical studies have been conducted on hydraulic
jumps above uniformly distributed roughness (Table 1). Table 1
summarizes key parameters of most relevant studies of hydraulic
jumps on rough channel beds, including the equivalent sand rough-
ness height, ks, channel width B, conjugate depth upstream of the
hydraulic jump d1, upstream Froude number F1 ¼ V=ðg × d1Þ0.5,
Reynolds number R, and the water discharge, Qw. Following
Rajaratnam (1968), and Leutheusser and Schiller (1975), most in-
vestigations focused on simple free-surface measurements to iden-
tify the conjugate depth relationship for hydraulic jumps on rough
channel beds. A few studies incorporated measurements with Pitot
tubes to measure the mean velocity distributions and boundary
layer parameters in the monophase flow region of the jump
(Table 1). Recently, Pagliara and Palermo (2015) used a single-
tip conductivity probe to measure the conjugate depth taking into
account any preaeration effect upstream of the jump and flow aer-
ation downstream of the jump. Whereas this study highlighted the
relevance of aeration on the conjugate depth relationship, no study
documented the bed roughness effects on the air-water flows in
hydraulic jumps. Herein, this manuscript presents comprehensive
observations of basic air-water flow patterns and air-water flow
properties in hydraulic jumps on uniformly distributed macrochan-
nel bed roughness (Table 1).

Experimental Facility and Flow Configurations

Experiments were conducted in a flume with a rectangular test
section of 3.2 m length, 0.5 m width, and 0.41 m height. The flume
consisted of a horizontal high-density polyethylene (HDPE)
bed and glass sidewalls. A constant flow rate was supplied from
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an upstream header tank through a vertical sluice gate equipped
with a rounding (Ø ¼ 0.3 m) (Fig. 1). At the downstream end
of the flume, an adjustable sharp-crested weir controlled the loca-
tion of the hydraulic jump. In the present experiments, the jump toe
position was located at x1 ¼ 1 m downstream of the sluice gate for
all flow conditions. The distance x1 ¼ 1 m was selected for con-
sistency and comparison with previous experiments of hydraulic
jumps on a smooth bed in the same channel (e.g., Chachereau
and Chanson 2011; Wang 2014; Wang et al. 2014). Further details
about the setup of the flume can be found in Wang (2014), Wang
and Chanson (2015), and Felder and Chanson (2016b).

The flow rate was measured with a Venturi flow meter in the
supply pipe. Experiments were conducted for a range of dischargesT
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Fig. 1. Experimental channel and bed roughness configurations
(reprinted from Felder and Chanson 2016b): (a) bed roughness 1; note
the header tank with sluice gate on the right-hand side of the figure;
(b) bed roughness 2; note the sluice gate on the top of the figure
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0.012 < Qw < 0.106 m3=s, for three sluice gate openings (h ¼ 20,
36, and 52 mm), for Reynolds numbers 3.3 × 104 < R < 1.5 × 105

and upstream Froude numbers 1.5 < F1 < 6.5. All present flow
conditions are listed in Table 1. Note that the upstream flow was
rough and aerated for several flow conditions affecting the accuracy
of the flow depth recording, and that the upstream depth, d1, was
defined in terms of the equivalent clear-water depth, d, determined
based upon void fraction measurements:

d ¼
Z

Y90

y¼0

ð1 − CÞ × dy ð1Þ

where C = local void fraction; y = vertical elevation of the
measurement position; and Y90 = characteristic flow depth where
C ¼ 0.9.

The roughness effects on hydraulic jumps were tested using
three different bed roughness configurations. The first configura-
tion was the reference configuration with smooth channel bed, a
configuration extensively researched in recent years (Murzyn and
Chanson 2008; Chachereau and Chanson 2011; Wang 2014). The
rough-bed setups comprised two different bed roughness configu-
rations consisting of industrial rubber mats installed over the full
length of the channel including upstream of and underneath the
sluice gate (Fig. 1). In rough bed configuration one, the rubber mats
were installed conventionally leaving some small continuous gaps
between the HDPE invert and rubber mat floor [Fig. 1(a)]. The total
thickness of the rubber mat from the HDPE bed to the top of the
mat was 25.5 mm. The top of the rubber mat was defined as the
zero position for the vertical elevations and visual observations
of air bubbles within the flow confirmed negligible contribution
of the underlying gaps to the overall flow rate, whereas recirculat-
ing motions indicated that the holes in the rubber mat contributed to
the overall flow resistance. In rough bed configuration two, the rub-
ber mats were placed upside down creating a regular pattern of
larger roughness elements [Fig. 1(b)]. The vertical zero position
was defined below the spikes on the horizontal and vertical strips
positioned 17.7 mm above the smooth HDPE bed. The rubber mat
configurations were previously used by Leng and Chanson (2015)
who quantified the roughness characteristics during detailed open
channel flow experiments resulting in an average equivalent sand
roughness height of ks ¼ 12 mm for roughness configuration one
and of ks ¼ 39 mm for configuration 2. These data were obtained
in subcritical gradually varied steady flow conditions. It is ac-
knowledged that the present experiments were conducted under
supercritical flow conditions, and that the equivalent sand rough-
ness height might differ from the reported values. Whereas the
roughness of the rubber mats was uniformly distributed, the shapes
of the roughness were quite specific with small voids underneath
the rubber mat for rough bed one and protruding spikes for rough
bed two. These specific roughness features contributed to the over-
all flow resistance and flow depth, and the use of the equivalent
sand roughness appeared to be a reasonable roughness estimate,
allowing a direct comparison with other rough bed elements.
The definition of the zero position (y ¼ 0) was carefully selected
based upon flow observations and considerations of most suitable
zero elevation. For rough bed one, the zero position was therefore
located at the top of the rubber mat and for rough bed two, at the top
of the vertical cross strips. These zero positions appeared most
meaningful, and it is acknowledged that changes in the definition
of the zero position could lead to differences in flow depth. This
is particularly the case for rough bed two where the protruding
spikes could have shifted the zero position upwards resulting in
a reduction of the flow depth. Further details about the channel

bed roughness are found in Leng and Chanson (2015) and Felder
and Chanson (2016b).

Air-water flow experiments were conducted with a dual-tip
conductivity probe manufactured at the UNSW Water Research
Laboratory. The conductivity probe consisted of identical leading
and trailing tips with needle sensors made of an inner platinum
wire (Ø ¼ 0.125 mm) and insulated from the outer electrode made
of a metal tube (Ø ¼ 0.5 mm). The leading and trailing tips were
separated in longitudinal and transverse directions by Δx ¼
7.9 mm and Δz ¼ 1.0 mm, respectively. The leading tip was posi-
tioned in the channel center line parallel to the flow direction, and
the trailing tip was positioned at the same vertical elevation. The
sensors were initially positioned immediately above the channel
bed for the respective roughness configuration and shifted verti-
cally with a Mitutoyo digimatic scale for profiling of air-water
flow properties within a cross section. Both probe sensors were
sampled simultaneously for 45 s at 20 kHz following Felder
and Chanson (2015). The recorded raw signals were postprocessed
with a Fortran code (Felder 2013) to calculate the time averaged
local void fraction, C, and the local bubble count rate, F, based
upon a single threshold of 50%, and the local time-averaged in-
terfacial velocity, V, based upon a cross correlation of the two
tip signals.

In addition, a pointer gauge was used to record nonaerated flow
depths upstream and downstream of the hydraulic jump. Detailed
documentation of the flow patterns was conducted with two SLR
digital cameras (Canon DOS 450D and Pentax K-3) and a video
camera (Sony Handycam HDR-CW100E) and a digital camera
(Casio Exilim EX-10) with high-speed video capabilities. Further
details were reported in Felder and Chanson (2016b).

Basic Air-Water Flow Patterns

Flow Patterns of Hydraulic Jumps with Bed
Roughness 1

For rough bed configuration one, the flow patterns exhibited four
different hydraulic jump types, comprising undular jumps, undular
jumps with air entrainment, hydraulic jumps with small roller and
wavy surface downstream, and hydraulic jumps with distinct jump
toe roller (Fig. 2). For all investigated flow conditions, the free sur-
face was rough in both super- and subcritical flow regions. The
free-surface roughness was particularly observed for flow condi-
tions with small flow depths such as the supercritical flow region
between the sluice gate and jump toe and for the undular jumps
along the full length of the channel.

For Froude numbers F1 ≤ 2.2, undular jumps were observed
independently of the gate opening [Fig. 2(a)]. Such a range of
Froude numbers was slightly larger compared with smooth bed
undular jumps (Montes and Chanson 1998; Reinauer and Hager
1995), although the upper limit of undular jumps is related to the
aspect ratio, dc=B, where dc is the critical flow depth (Montes
and Chanson 1998). The flow patterns showed three-dimensional
free-surface profiles with instable undulations, oscillating in both
longitudinal and transverse directions. Within the central section of
the undular jump, distinct standing waves were observed with sev-
eral troughs and peaks [Fig. 2(a)]. With decreasing inflow depth
(i.e., smaller gate openings), these undulations were less distin-
guishable, and the free-surface ripples buffered the undulations.
The longitudinal free-surface profiles of the undular jumps and
the wave length and the wave amplitude between the first and sec-
ond crest of the undular jumps were recorded with a pointer gauge.
The observations showed decay in the wave length with increasing

© ASCE 04017068-3 J. Hydraul. Eng.
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Froude numbers independent of the bed roughness and smaller
wave amplitudes for the rough bed compared with previous obser-
vations on smooth bed. Smaller wave amplitudes suggested that
the bed roughness contributed to some energy dissipation.

For 2.2 < F1 ≤ 2.6, undular jumps with air entrainment were ob-
served [Fig. 2(b)]. These jumps were similar in appearance to the
nonaerated undular jumps, albeit with stronger free-surface fluctu-
ations and standing waves. A key difference was the entrainment of
air at the first undular wave crest downstream of the jump toe and to
a smaller extent at the following wave crests. The entrained air con-
sisted of clearly distinguishable bubbles being transported down-
stream before rising to the free surface. In addition, some small
white capping was observed at the surface of the first wave crest
and to a lesser extent at the following wave crests in the channel
centerline [Fig. 2(b)]. The air- entrainment process and the forma-
tion of surface air caps were not stationary and were linked to the

fluctuating motion of the undular jumps and the three-dimensional
flow features.

With increasing Froude number, a roller formed at the jump toe
and, for 2.7 ≤ F1 ≤ 2.9, the roller formation at the jump toe was
unstable resulting in secondary undulations of the free surface fur-
ther downstream [Fig. 2(c)]. The jump flow was affected by the
upstream flow depth resulting in less stable roller formation for
the smallest gate opening.

For F1 ≥ 3.0, the hydraulic jump had a marked roller with
strong turbulence downstream of the jump toe [Fig. 2(d)].
Upstream of the jump, the supercritical inflow was characterized
by strong free-surface roughness which increased with decreas-
ing flow depth and gate height. For the smallest gate opening
(h ¼ 20 mm), the flow became preaerated for the largest flow rates
(Qw > 0.035 m3=s; F1 > 3.3). Although the overall appearance of
the jumps with stable roller was similar to hydraulic jumps on a

Fig. 2. Hydraulic jumps on bed roughness configuration 1 (reprinted from Felder and Chanson 2016b): (a) undular hydraulic jump: F1 ¼ 2.1;
Qw ¼ 0.053 m3=s; R ¼ 1.0 × 105; h ¼ 52 mm; (b) undular hydraulic jump with air entrainment: F1 ¼ 2.6; Qw ¼ 0.043 m3=s; R ¼ 8.7 × 104;
h ¼ 36 mm; (c) hydraulic jump with aerated jump toe: F1 ¼ 2.8; Qw ¼ 0.031 m3=s; R ¼ 6.3 × 104; h ¼ 20 mm; (d) hydraulic jump with stable
jump toe roller: F1 ¼ 4.5; Qw ¼ 0.085 m3=s; R ¼ 1.7 × 105; h ¼ 36 mm

© ASCE 04017068-4 J. Hydraul. Eng.
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smooth bed, a distinctive difference was associated with large-scale
vortical structures downstream of the jump toe. For the two largest
gate openings, the jump toe was shifted toward the surface resulting
in a clear-water flow region below the jump roller [Fig. 2(d)]. With
increasing gate opening and flow depth, respectively, the clear-
water flow region height increased. The presence of a clear-water
flow region resulted in a very distinctive vortex street formation
downstream of the jump toe, with periodic air bubble vortex shed-
ding into the clear-water core region under the jump [Fig. 2(d)].
The interactions between the clear-water boundary layer and the
vortex shedding led to the formation of large-scale eddies within
the flow consisting of tubelike vortical structures that were ad-
vected downstream. These structures were visible in the aerated
roller region [Fig. 2(d)]. These large-scale vortical structures were
also observed in the hydraulic jump with smallest gate opening
(h ¼ 20 mm), although the clear-water core region beneath the
jump roller was small, and the vortex street formation was subdued.
Little visible difference was observed in terms of free-surface flow
patterns, characterized by strong splashing at the jump toe and
irregular surface fluctuations further downstream. Further docu-
mentation of the flow patterns is found in Felder and Chanson
(2016b).

Jump Toe Perimeter Characteristics on Bed
Roughness One

For hydraulic jumps with stable jump toe roller on bed roughness
one, the jump toe fluctuated in the longitudinal direction, in a man-
ner similar to known features of hydraulic jumps on a smooth bed
(e.g., Long et al. 1991; Chachereau and Chanson 2011; Wang
2014). A detailed investigation of the jump toe positions was con-
ducted to identify the effect of bed roughness upon the jump toe
perimeter properties. The jump toe perimeter characterized the lon-
gitudinal position of the roller toe location at several transverse po-
sitions, z, across the channel. For three hydraulic jumps on rough
bed one and for the smooth bed hydraulic jump, videos of the jump
toe perimeters were recorded for 1 min from above, and 600 images
of hydraulic perimeters were analyzed for each hydraulic jump,
with a minimum of 100 perimeter points per image. The results
provided the average jump toe perimeter position xtoe, the standard
deviation of the jump toe position x 0

toe, and the differences in the
10th and 90th percentile of the jump toe position (x90 − x10)
(Fig. 3).

The results highlighted some difference between rough and
smooth bed hydraulic jump toe perimeters. Although the smooth
bed data were consistent with earlier observations by Wang
(2014), the rough bed data did not show a clear trend. The mean
perimeter profiles were relatively close for all investigated hy-
draulic jumps [Fig. 3(a)]. The mean profiles for all hydraulic jumps
herein showed roller toe perimeters relatively close to the mean
jump toe position independently of the bed roughness. With in-
creasing transverse distance from the channel centerline, the jump
toe was on average upstream of the mean jump toe position irre-
spective of the bed roughness [Fig. 3(a)]. Large differences were
found in terms of the standard deviation with a large spread of val-
ues for the three rough bed hydraulic jumps [Fig. 3(b)]. Whereas
Wang (2014) reported an increase of standard deviation on smooth
bed jumps with increasing Froude number, the rough bed jump
with F1 ¼ 5.5 exhibited the strongest standard deviation. In
contrast, the observations of the differences in 90th and 10th per-
centiles showed a closer agreement of the hydraulic jumps with
comparable Froude numbers independent of the bed roughness
[Fig. 3(c)].

The hydraulic jump with F1 ¼ 5.5 was characterized by fast
fluctuations of the jump toe perimeter, and the oscillatory move-
ment of the jump toe was in agreement with the higher Froude num-
ber jumps. For the rough bed jump with largest inflow depth, and
smallest relative roughness and smallest Froude number, both stan-
dard deviation and differences in percentiles were smallest which
was consistent with observations on a smooth bed (Wang 2014).
Overall, the present observations suggested that the hydraulic
jumps on the rough bed did not follow a clear trend in terms of
inflow Froude number, although the bed roughness had some effect
upon the hydraulic jump toe fluctuations.

Flow Patterns of Hydraulic Jumps with Bed
Roughness Two

The flow patterns of hydraulic jumps on rough bed configuration
two showed some distinctive features, not observed on smooth bed
jumps (Fig. 4). Upstream of the jump, the free surface in the inflow
region was characterized by strong free-surface roughness reflect-
ing the macroroughness of the channel bed. In comparison with
rough bed configuration one, the free-surface roughness was more
pronounced both upstream and downstream of the jump toe. For all
gate openings, the upstream flow became aerated for the largest
flow rates. With decreasing flow depth and gate opening, preaera-
tion was also present for much smaller flow conditions (Fig. 4).
The preaeration of the inflow allowed some visualisation of the up-
stream flow, highlighting recirculation movements within the
spaces between the large rough elements and sudden cavity ejec-
tions. These observations highlighted the momentum exchange
processes close to the rough bed and the overlying free-stream
flows. The large roughness of the channel bed led to a rapid growth
of the turbulent boundary layer immediately downstream of the
sluice gate. Whereas the boundary layer development was not mea-
sured in the present study, it is assumed that the air entrainment
started naturally when the boundary layer outer edge reached
the free surface, in a fashion similar to spillway flows (Wood
et al. 1983; Felder and Chanson 2014). This self-entrainment pro-
cess is typically linked to strong turbulence fluctuations close to the
free surface overcoming both surface tension and buoyancy effects.
In the present study, the inception of the free-surface aeration
started earlier with decreasing flow depth and increasing flow
velocity, which is consistent with the onset of free-surface aeration
in self-aerated high-velocity free-surface flows on spillways.

Four types of hydraulic jump flows were observed for rough bed
configuration two comprising undular jumps with flow aeration,
hydraulic jumps with standing wave, hydraulic jumps with distinct
roller and oscillating jumps between the latter two jump types. For
inflow Froude numbers F1 < 2.3, an undular hydraulic jump was
observed with air entrainment at the first wave crest [Fig. 4(a)].
Whereas the flow was preaerated for the smallest gate opening,
for the larger gate openings no preaeration was observed. The un-
dular flow patterns were three-dimensional with some unstable
fluctuations of the free surface and pseudoperiodic appearance
of troughs and peaks. The undular jump free surface appeared
much rougher compared with both undular jumps on smooth
bed and on rough bed configuration one.

For 2.3 ≤ F1 < 3, a hydraulic jump with standing wave at the
jump toe developed resulting in air entrainment at the start of
the jump and some significant free-surface waves downstream
[Fig. 4(b)]. No distinct jump toe or jump toe location was observed,
and some longitudinal fluctuations were present. The standing
wave was not stable resulting in unsteady jump waves further
downstream and significant free-surface fluctuations downstream
of the standing wave and fluctuations of the free surface before
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the downstream gate. The flow appearance was similar to the type
of nondeveloped hydraulic jump reported by Carollo et al. (2007).
The flow was aerated at the standing wave for the largest gate open-
ings, and preaerated for the smallest gate opening.

For a Froude number F1 ≈ 3, the hydraulic jump oscillated
between a hydraulic jump with a standing wave and a hydraulic
jump with distinct roller. The oscillation occurred periodi-
cally with a period of more than 1 min. Such an oscillating
jump was characterized by movement of the jump toe in the lon-
gitudinal direction which resulted in the change of flow patterns

between the two different jump types. The oscillations were
similar to the observations by Mossa (1999) who observed oscil-
lating jumps in channels with an abrupt drop in bed height and
an irregular natural channel profile. The oscillations were also
similar to the pulsating flow movement at the upstream end of
a mild-sloped pooled stepped spillway, reported by Felder and
Chanson (2013). Fig. 4(c) illustrates the oscillating jump high-
lighting the change-over from the standing wave jump to the roller
jump. The oscillating jump occurred for the gate openings of
h ¼ 36 and 52 mm and was not observed for the smallest gate
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Fig. 3. Comparison of jump toe perimeter characteristics on smooth and rough bed configuration 1: smooth bed: F1 ¼ 5.1, R ¼ 1.1 × 105,
h ¼ 36 mm; rough bed 1: F1 ¼ 6.5, R ¼ 1.3 × 105, h ¼ 20 mm; rough bed 1: F1 ¼ 5.5, R ¼ 1.6 × 105, h ¼ 36 mm; rough bed 1: F1 ¼ 4.2,
R ¼ 2.0 × 105, h ¼ 52 mm: (a) average jump toe perimeter position; (b) standard deviation of jump toe perimeter position; (c) difference between
10th and 90th percentiles of jump toe perimeter positions
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opening suggesting that the inflow conditions played a role in the
jump oscillations.

For Froude numbers F1 > 3, hydraulic jumps with marked
roller and well-defined jump toe were observed. The inflow was
preaerated for all gate openings [Fig. 4(d)]. Whereas the appear-
ance of the jump toe and the free surface was similar to hydraulic
jumps on smooth channel bed and rough bed configuration one, the

flow structure beneath the free surface showed some marked differ-
ences. The jump appeared more aerated in the shear region close to
the jump toe; this might be linked with the preaeration of the inflow.
The bed roughness increased the shear stress, and the more violent
motion of the free surface led to entrapment of air from above.
The jump roller appeared shorter and showed some upward motion.
The vortex shedding appeared to be affected by the bed roughness

Fig. 4. Hydraulic jumps on bed roughness configuration 2 (reprinted from Felder and Chanson 2016b): (a) undular hydraulic jump with air en-
trainment: F1 ¼ 2.1; Qw ¼ 0.032 m3=s; R ¼ 6.3 × 104; h ¼ 20 mm; (b) hydraulic jump with standing wave and air entrainment: F1 ¼ 2.9;
Qw ¼ 0.082 m3=s; R ¼ 1.6 × 105; h ¼ 52 mm; (c) oscillating jump between standing wave and roller jumps: F1 ¼ 3.0; Qw ¼ 0.078 m3=s;
R ¼ 1.6 × 105; h ¼ 36 mm; (d) hydraulic jump with jump toe roller: F1 ¼ 4.3; Qw ¼ 0.124 m3=s; R ¼ 2.5 × 105; h ¼ 52 mm

© ASCE 04017068-7 J. Hydraul. Eng.

 J. Hydraul. Eng., 2018, 144(3): 04017068 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
he

 U
ni

ve
rs

ity
 o

f 
Q

ue
en

sl
an

d 
L

ib
ra

ry
 o

n 
12

/2
1/

17
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



leading to much less pronounced shedding. A clear feature was the
large-scale vortical structures which developed downstream of the
jump roller and were advected downstream without losing their
momentum. For the largest gate openings, a small clear-water flow
region was observed beneath the shear region expanding to a region
without any air entrainment further downstream. The existence of
such a clear-water flow region was consistent with the upward
roller motion at the jump toe. Overall, the appearance of the hy-
draulic jump with roller was markedly different to hydraulic jumps
on a smooth bed. Herein the current experiments were limited to a
maximum upstream Froude number of F1 ¼ 4.3, for the largest
gate opening. Larger inflow conditions would result in stronger
preaeration of the flow impacting further upon the hydraulic jump
characteristics.

Free-Surface Characteristics

A hydraulic jump constitutes some form of discontinuity in terms
of the pressure and velocity fields at the jump toe. In an integral
form, the continuity and momentum principles give a system of
equations linking the flow properties upstream and downstream
of the jump (Lighthill 1978). For a horizontal channel with pris-
matic rectangular cross section, the solution of the momentum
and continuity equations yields (Chanson 2012):

F2
1 ¼

1

2
×
d2
d1

×

��
1þ d2

d1

�
þ 1

d2
d1
− 1

×
Ffric

ρ × g × B × d21

�
ð2Þ

Eq. (2) expresses the upstream Froude number as a function of
the ratio of conjugate depths d2=d1 and the flow resistance force
Ffric. For a fixed upstream Froude number, the effects of bed fric-
tion imply a smaller ratio of conjugate depths, d2=d1, with increas-
ing flow resistance. The finding is consistent with physical data in
laboratory flumes (Leutheusser and Schiller 1975; Pagliara et al.
2008). In the case of a smooth horizontal rectangular prismatic
channel (Ffric ≈ 0), Eq. (2) may be simplified into the classical
Bélanger equation (Bélanger 1841):

d2
d1

¼ 1

2
×

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8 × F2

1

q
− 1

�
ð3Þ

For all flow configurations (Table 1), the conjugate depth rela-
tionship was recorded. The upstream conjugate depth was mea-
sured slightly upstream of the jump toe at x1 ¼ 0.85 m and the
subcritical conjugate depth at the downstream end of the channel
(x2 ¼ 2.8 m). The experimental data for the two rough bed con-
figurations are presented in Fig. 5. The data combine both pointer
gauge data (hollow symbols), and air-water flow data (solid sym-
bols). For the rough channel bed, both free-surface roughness and
air entrainment led to some inaccuracy in terms of the upstream
flow depth measurements with a pointer gauge. Therefore, the up-
stream flow depth, d1, was adjusted against the average equivalent
clear-water flow depth, d [Eq. (1)]. The downstream flow depth was
always recorded with the pointer gauge because the effect of the
aeration was small, and the surface roughness was minimal on
the larger flow depth.

Fig. 5 shows a clear trend in terms of conjugate depth ratio;
the rough bed data are located below the Bélanger equation, valid
only for smooth frictionless rectangular horizontal channels
[Eq. (3)]. All present data were however above the results of
Ead and Rajaratnam (2002) for hydraulic jumps on corrugated
channels. The observed conjugate depth data were consistent with

theoretical predictions [Eq. (2)], indicating a loss of momentum
through friction effects on the channel bed for both rough bed
configurations. The data were overall in agreement with previous
studies of roughness effects (e.g., Hughes and Flack 1984; Carollo
et al. 2007; Afzal et al. 2011; Pagliara and Palermo 2015). The
present data for the two rough bed configurations were in good
agreement, and no downwards shift of the conjugate depth relation-
ship was observed for rough bed two. This finding differed from
previous studies showing a downward shift of conjugate depth ratio
with increasing equivalent sand roughness height (e.g., Carollo
et al. 2007; Afzal et al. 2011; Pagliara and Palermo 2015). The
exact definition of d1 may have had an impact upon the conjugate
depth relationship: i.e., specifically the measurement of the free
surface with a pointer gauge in previous studies and possibly
the definition of the zero position in rough bed two in the present
study.

Based upon momentum considerations for a rectangular hori-
zontal channel [Eq. (2)], an expression of the boundary shear force,
Ffrict, may be derived as a function of the ratio of conjugate depths
and the inflow Froude number:

Ffric

ρ × g × B × d21
¼

�
F2
1

1
2
× d2

d1

−
�
1þ d2

d1

��
×

�
d2
d1

− 1

�
ð4Þ

Assuming that the roller length is approximately Lr=d1 ¼ 6 ×
ðF1 − 1Þ (Wang 2014), the average boundary shear stress τo
beneath the roller equals:

τo
1
2
× ρ × V2

1

¼
ðd2d1 − 1Þ

3 × F2
1 × ðF1 − 1Þ ×

�
F2
1

1
2
× d2

d1

−
�
1þ d2

d1

��
ð5Þ

The boundary friction force and average boundary shear
stress were estimated based upon the observed ratios of conjugate
depths and inflow Froude numbers using Eqs. (4) and (5), respec-
tively. The results are presented in Fig. 6. The dimensionless data
showed some correlation in terms of Reynolds number, R, and
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Fig. 5. Conjugate depth relationship for the rough channel bed con-
figurations; data include pointer gauge (PG) and air-water flow data;
comparison between experimental data, Bélanger equation [Eq. (3)],
and d2=d1 ¼ F1 (Ead and Rajaratnam 2002)
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equivalent roughness height [Fig. 6(b)]. Namely, the dimensionless
shear stress decreased exponentially with increasing Reynolds
number:

τo
1
2
× ρ × V2

1

¼ a × e−b×R ð6Þ

For a given Reynolds number and inflow depth, the dimension-
less boundary shear stress was larger for the rougher bed configu-
ration two.

Air-Water Flow Properties

For selected flow conditions, air-water flow measurements were
conducted with the double-tip conductivity probe yielding void
fraction, bubble count rate, and interfacial velocity distributions
for the two rough and smooth bed configurations (Table 1).
Typical distributions are presented in Fig. 7, showing key features
of the air-water flow properties within hydraulic jumps on macro-
roughness, as functions of the dimensionless elevation above the
channel bed y=d1 (Fig. 7). Note that the overall air-water flow
properties are not affected by the exact definition of the zero po-
sition (see above), and the comparative analysis and the overall
findings may be used as a general guide for hydraulic jumps
on a rough bed. The results are presented for comparable Froude
and Reynolds numbers and for similar cross sections within the
hydraulic jump.

Fig. 7(a) presents typical void fraction distributions highlighting
a few key differences between the two rough bed configurations
and smooth bed jump data. All void fraction distributions had
similar shapes independent of the bed roughness. In the turbulent
shear region, a local maximum void fraction was observed, whereas
a local minimum was found at the boundary between the shear re-
gion and the upper free-surface region where recirculation took
place. Close to the channel bed, the void fraction tended to zero.
In the upper free-surface region, the void fraction increased sharply
with increasing elevation toward unity [Fig. 7(a)].

Although the shape of void fraction distributions was similar,
a number of differences were observed. Immediately downstream
of the jump toe, the void fraction distributions for rough bed one

and the smooth bed were quite similar, whereas the distributions
on rough bed two showed slightly smaller void fraction values
and an upward shift. Further downstream, the differences increased
between the three configurations. Whereas the void fraction distri-
butions on smooth bed were consistent with previous experimen-
tal observations showing both turbulent shear and recirculation
regions, the distributions for the rough bed differed. For the rough
bed, the shear region was shifted upwards, and no recirculation
region was observed toward the downstream end. Whereas the
elevation of maximum void fraction in the shear region was similar
close to the jump toe for the rough and smooth bed configurations,
the elevations of maximum void fractions differed toward the
downstream end of the hydraulic jump. With increasing bed rough-
ness, the upward shift of the shear region increased [Fig. 7(a)].
The data confirmed the visual observation of an upward directed
roller for the rough bed configurations. Detailed assessment of
scale effects on the rough bed showed that the void fraction obser-
vations were independent of scale effects (Felder and Chanson
2016b), as previously reported for comparable hydraulic jump
flows on a smooth bed (Chanson and Gualtieri 2008; Murzyn and
Chanson 2008).

The bubble count rate distributions revealed distinct effects of
channel bed roughness [Fig. 7(b)]. The bubble count rate is af-
fected by significant scale effects, and the number of entrained
air bubbles cannot be scaled based solely upon a Froude similitude
(Murzyn and Chanson 2008; Chanson and Chachereau 2013).
Whereas the data are compared for similar Froude and Reynolds
numbers [Fig. 7(b)], it is acknowledged that the present analysis
did not achieve exact similitude in terms of both Froude and
Reynolds numbers, but that the comparison provided valuable in-
formation about differences in bubble count rates between differ-
ent channel bed roughness. In the first part of the jump roller, the
bubble count rate in the shear region was significantly larger on
rough bed two compared with the other two-bed configurations
which were in relatively close agreement. Such a larger bubble
count rate might be linked with the preaeration of the upstream
flow. Further downstream, the magnitude of the bubble count rate
was similar for all bed roughness configurations. However, distinct
differences were observed in terms of the elevation of the maxi-
mum bubble count rate in a cross section. Whereas the elevations

Fr1 [-]

F
fr

ic
/(

ρρ×
g

×B
×d

12 ) 
[-

]

1 2 3 4 5 6 7

-3

0

3

6

9

12

15

18

21

1

Rough 1: P.G. d2; air-water flow d1
Rough 1: P.G. for d1 & d2
Rough 2: P.G. d2; air-water flow d1
Rough 2: P.G. for d1 & d2

Re [-]

τ o
/(

0.
5 ×

ρ×
V

12 ) 
[-

]

30000 50000 70000 100000 200000 300000 500000
0.0005

0.0007

0.001

0.002

0.003

0.004
0.005

0.007

0.01

0.02

0.03

0.04
0.05

Rough 1: 20 mm
Rough 1: 36 mm
Rough 1: 52 mm
Rough 2: 20 mm
Rough 2: 36 mm
Rough 2: 52 mm

(a) (b)

Fig. 6. Dimensionless boundary friction force and average boundary shear stress in hydraulic jump over rough channel bed: (a) boundary friction
force; (b) shear stress; air-water flow data for d1 only
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of maximum bubble count rate were similar at the start of the
jump, the elevation was shifted upwards toward the downstream
end of the hydraulic jump. It appeared that the location of the shear
region was shifted upwards with increasing bed roughness. This
observation was consistent with the upward directed roller and
the clear-water flow region underneath the hydraulic jumps on
a rough bed, and with the observations of an upward shift in void
fraction distributions.

The comparative results in terms of interfacial velocity distribu-
tions are presented in Fig. 7(c) for similar Froude and Reynolds
numbers. The interfacial velocity profiles exhibited similar features
to void fraction and bubble count rate distributions, confirming an
upward directed roller on the rough bed and a reduction in recir-
culation region toward the downstream end. Close to the jump toe
the interfacial velocity distributions were similar overall [Fig. 7(c)].
Further downstream however, the interfacial velocities became
more uniform with increasing bed roughness, and no recirculation
region was observed toward the downstream end of the hydraulic
jump. The finding suggested that the bed roughness enhanced
the vertical momentum mixing, enabling the rapid development
of a quasi-uniform velocity profile, typically observed downstream
of hydraulic jumps with breaking rollers (Wu and Rajaratnam
1996). The interfacial velocity distributions were not affected by

scale effects (Felder and Chanson 2016b). Further details about
the air-water flow properties are found in Felder and Chanson
(2016a, b).

Conclusion

An experimental study of hydraulic jumps on uniformly distributed
macroroughness was conducted at laboratory scale for a range of
flow conditions (1.5 < F1 < 6.5; 3.3 × 104 < R < 2.1 × 105). The
experiments comprised three different bed configurations including
one smooth and two rough beds. Detailed observations of the flow
patterns were conducted for the rough bed configurations revealing
distinctive differences between smooth and rough bed jumps. For
all flow conditions, the flow was three dimensional throughout the
test section with large-scale vortices being created in interactions of
a boundary layer on a rough bed and vortex shedding processes
behind the jump toe. An increase in bed roughness resulted in an
increase in differences between rough and smooth bed configura-
tions including a preaeration of the flow upstream of the hydraulic
jump, an upwards shift of the jump roller and a clear-water flow
region underneath the jump. The visual observations highlighted
a range of hydraulic jump types including undular jumps, stable
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Fig. 7. Comparison of basic air-water flow properties in hydraulic jumps with different bed roughness: rough bed 1: F1 ¼ 4.3, R ¼ 1.4 × 105,
h ¼ 36 mm; rough bed 2: F1 ¼ 4.2, R ¼ 1.7 × 105, h ¼ 36 mm; smooth bed: F1 ¼ 5.1, R ¼ 1.1 × 105, h ¼ 36 mm: (a) void fraction distributions;
(b) bubble count rate distributions; (c) interfacial velocity distributions
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jumps with rollers, and jumps with standing waves, and a cyclic
transformation between roller jump and wave jump. Whereas basic
observations of the conjugate depth relationship confirmed the
effect of flow resistance of the rough bed, the visual observations
of flow patterns highlighted the strong effect of channel bed rough-
ness upon the hydraulic jumps.

Basic distributions of air-water flow properties were measured
with a phase-detection probe. Whereas the distributions were
overall similar for the rough and smooth bed hydraulic jumps,
the comparative analysis highlighted some distinctive effects upon
the air-water flow properties with increasing bed roughness. The
differences included an increase in bubble count rate and void frac-
tions in the region close to the jump toe. In the second half of the
jumps, the rough bed led to elevated levels of void fraction in the
recirculation region suggesting a lesser aeration of the free-surface
region.

Overall, the present study highlighted the effects of macro-
roughness upon hydraulic jumps, showing the potential to manipu-
late hydraulic jump flow motion with the introduction of uniformly
distributed roughness elements on the invert. The introduction of
macroroughness may be a suitable way to increase flow aeration
and bubble break-up, which can be useful for industrial applica-
tions where air-water mass transfer processes and mixing processes
are important. The introduction of uniformly distributed macro-
roughness may have additional benefits including the dissipation
of flow energy as the observations of the conjugate depth relation-
ships suggested. The present study highlighted the potential that
improved and nonstandard designs may have for flow manipula-
tions and design enhancements.
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Notation

The following symbols are used in this paper:
B = channel width (m);
C = void fraction;
d = equivalent clear-water depth (m);
dc = critical flow depth (m);
d1 = conjugate depth upstream of hydraulic jump (m);
d2 = conjugate depth downstream of hydraulic jump (m);
F = bubble count rate (Hz);

Ffric = flow resistance force (N);
F1 = upstream Froude number;
g = gravity acceleration constant (m=s2);
h = sluice gate opening (m);
ks = equivalent sand roughness (m);
Qw = water discharge (m3=s);
R = Reynolds number;
V = interfacial velocity (m=s);
V1 = depth-average velocity upstream of hydraulic

jump (m=s);
x1 = jump toe position (m);

xtoe = jump toe perimeter position (m);
x 0
toe = standard deviation of jump toe perimeter position (m);
Y90 = flow depth where C ¼ 0.9;
y = direction normal to flow direction;
z = transverse direction (m) across the channel, measured

from the channel centerline;
Δx = longitudinal distance between sensor tips (m);
Δz = transverse distance between sensor tips (m);
ρ = density (kg=m3);
τo = shear stress (Pa); and
Ø = diameter (m).
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