
Low-Velocity Zone in Smooth Pipe Culvert with and
without Streamwise Rib for Fish Passage
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Abstract: Unimpeded waterway connectivity is a requirement for all freshwater fish. While box culverts are considered the most effective
design in terms of upstream fish passage, circular culverts are very common. Detailed hydrodynamic measurements were undertaken under
controlled conditions in a near-full-scale smooth pipe culvert operating at less-than-design flows. Two configurations were tested: a smooth
semicircular channel and a circular channel equipped with a small streamwise rib placed asymmetrically. For all investigated flow conditions,
the channel flow was subcritical and corresponded to less-than-design conditions. Detailed measurements showed high velocities through the
entire cross-section, with no obvious low-velocity region along the smooth wetted perimeter. The presence of an asymmetrical streamwise rib
induced the formation of a small well-defined low-velocity zone (LVZ) in the vicinity of the rib. The flow resistance was slightly larger than
that in a rectangular channel, for identical boundary roughness and flow conditions. The streamwise rib had a limited impact on the flow
resistance, although large transverse gradient in skin friction shear stress, conducive of secondary currents, were observed. While the low-
velocity zone size relevant to the upstream passage of small fish was smaller in the smooth circular channel than in a comparable rectangular
channel, the introduction of the asymmetrical streamwise rib might create preferential swimming paths for small-bodied fish and juveniles of
larger fish. The present physical results may serve as a validation data set for future computational fluid dynamics (CFD) modeling, to assist
with the development of more efficient designs. DOI: 10.1061/(ASCE)HY.1943-7900.0001789. © 2020 American Society of Civil
Engineers.
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Introduction

Although the impact of large hydraulic structures on stream ecol-
ogy is well publicized, waterway crossings and culverts have often
been ignored despite their major impact on fish passage (Anderson
et al. 2012). Box culverts are considered a more effective design in
terms of upstream fish passage (Briggs and Galarowicz 2013). But
circular pipe culverts are the most common (Schall et al. 2012)
(Fig. 1). The literature on pipe culvert hydraulics in relation to
fish passage remains limited, except for some works on corrugated
culverts (Abbs et al. 2007; Clark and Kehler 2011), partially-filled
culverts (Clark et al. 2014), and baffled culverts (Olsen and Tullis
2013). A small number of relevant laboratory studies investigated
smooth partially-filled pipe flows (Repogle and Chow 1966;
Nalluri and Novak 1973; Sterling and Knight 2000) and semicir-
cular channels (Kazemipour and Apelt 1980), while a CFD study
included Wu et al. (2018).

While fish attraction and entrance into weirs and culverts have
been recognized for sometimes as key factors for upstream fish
passage (Pavlov 1999; Guiny et al. 2005; Haro et al. 2004), a
number of recent studies discussed the current knowledge gaps,
including the relationship between hydrodynamics and fish pas-
sage in culverts (Doering et al. 2011; Kemp 2012; Kerr et al.
2016; Wilkes et al. 2018). Beyond fish attraction at entrance,
the manner in which waterway crossings block fish movement

include an excessive vertical drop at the culvert exit, accumulation
of debris and sediments at the culvert inlet in the barrel, standing
waves in the outlet and inlet, and high velocity and insufficient
water depth in the culvert barrel (Behlke et al. 1991; Olsen and
Tullis 2013; Khodier and Tullis 2018), all of which being closely
linked to the targeted fish species. Although the first three types of
blockage may be remedied through proper construction, mainte-
nance, and transition reshaping, respectively, high water velocities
in the culvert barrel are often a major obstacle for successful up-
stream fish passage, in particular for small-bodied fish species and
juveniles of larger fish (Pavlov et al. 2000; Neary 2012; Wang and
Chanson 2018a). Field observations reported fish seeking low
velocity zones associated with high turbulence intensity levels to
pass through culvert barrels (Behlke et al. 1991; Blank 2008;
Jensen 2014; Katopodis and Gervais 2016; Wang et al. 2016;
Cabonce et al. 2019). The findings are consistent with basic theo-
retical energetic considerations (Lighthill 1960; Behlke et al.
1991; Wang and Chanson 2018b).

The current contribution aims to characterize the hydrody-
namics of smooth pipe culverts operating at less-than-design
flows, and to describe accurately the low velocity zone relevant
to fish passage of small-bodied fish. This was undertaken through
detailed hydrodynamic measurements in a near-full-scale pipe
culvert barrel, although fish traversability was not tested. The
present work is based upon the assumption that fishes need low-
velocity zones (LVZs) to swim successfully upstream, because
this has been widely recognized for small-bodied fish species
and juvenile of large fish in channels (Pavlov et al. 2000; Wang
et al. 2016; Cabonce et al. 2018). The study outcomes provide
a better characterization of the LVZ and highlight a number of
challenges to achieve successful upstream fish passage in smooth
pipe culverts.
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Experiments and Instrumentation

The experiments were performed in a 15-m-long 0.5-m-wide
flume, set with a horizontal slope (Fig. 2). A semicircular invert,
with an internal diameter of D ¼ 0.50 m, was installed on the floor
between x ¼ 1.17 and 14.42 m, where x is the longitudinal distance
from the upstream end of the flume. The semicircular channel con-
sisted of a number of 1-m-long semicircular sections made from

1.5-mm-thick PVC sheets. The PVC sheets were formed and glued
on 12-mm-thick PVC ribs cut using a water jets with a tolerance of
less than 0.5 mm. Each section is supported by 4 ribs, including one
at each end, to guarantee no measureable deflection along the
length and no change in the diameter of the half pipe under maxi-
mum load of water. A precise internal diameter of D ¼ 0.50 m
was fulfilled with a tolerance of less than 1 mm. A smooth tran-
sition section was installed between x ¼ 0.02 and 1.17 m at the

Fig. 1. Smooth pipe culverts: (a) single cell pipe culvert outlet in St Lucia Queensland (Australia) on January 20, 2019; and (b) three-cell pipe culvert
outlet along Witton Creek, below Kate Street, Indooroopilly Queensland (Australia) on October15, 2018 at the end of rainstorm. (Images by author.)
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Fig. 2. Semicircular channel: (a) definition sketch, looking downstream; and (b) channel looking upstream of Q ¼ 0.015 m3=s.
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upstream end. The semicircular section (1.17 m < x < 14.42 m)
ended with a drop. Further downstream, the 15-m-long flume
ended with a free overfall, located at x ¼ 15 m. For a second series
of experiments, a streamwise rib was installed along the semicir-
cular invert at 30° from the centerline vertical [Fig. 2(a) and 3]. The
rib was 30-mm wide, 20-mm high, and 12-m long. The purpose
of the rib was to induce some flow asymmetry and to create a
larger LVZ.

The discharge was measured with a Venturi meter (Brisbane,
Australia) installed on the supply line with an accuracy within
2%. The free surface elevation was recorded with a pointer gauge
within �0.5 mm. The velocity and pressure were recorded with
a Prandtl-Pitot tube (Dwyer 166 Series tube Ø3.18 mm, Dwyer
Instruments, Michigan City, Indiana). The Prandtl-Pitot tube was
further used as a Preston tube to record the skin friction, when the
tube was in contact with the boundary. Based upon dimensional
and theoretical considerations, the calibration followed closely an
analytical solution of the Prandtl mixing length theory for smooth
turbulent boundary (Cabonce et al. 2019). In addition, an acoustic
Dopppler velocimeter (ADV) Nortek (Norway) Vectrino+
equipped with a three-dimensional (3D) side-looking head was
tested. A number of issues were recorded with the ADV data,
as discussed by Chanson (2019a). Some ADV signal scattering
was induced by the curved invert surface, especially next to
the invert, with a systematic underestimate of the longitudinal
velocities and a substantial reduction in number of good samples,
correlation, and SNR, not unlike previous findings (Garner 2011).
The vertical translation of the velocimeters was controlled by
a fine adjustment traverse mechanism connected to a digital scale
unit. The error on the vertical, transverse, and longitudinal posi-
tion of the probe was Δz < �0.025 mm, Δy < �1 mm, and
Δx < �2 mm, respectively.

The experiments were performed in the horizontal semicircular
channel, acting as a 0.5-m diameter full-scale pipe culvert barrel,
operating with free-surface flows. The flow patterns and free-
surface measurements were undertaken along the whole length
of the flume for a relatively wide range of flow rates: 0.005 m3=s <
Q < 0.055 m3=s, which would correspond to less-than-design dis-
charges. Detailed velocity measurements were undertaken for flow
rates between 0.015 m3=s < Q < 0.055 m3=s at x ¼ 2 m, 7.15 m
and 12 m on the smooth invert, and for Q ¼ 0.055 m3=s at
x ¼ 7.15 m in the presence of the asymmetrical streamwise rib
(Table 1). The measurements were conducted at several transverse
locations to characterize the 3D nature of the turbulent flow. Each
vertical velocity profile consisted of a minimum of 25 points. At
each cross-section, the number of velocity sampling points ranged
from 181 to 323, with a larger number of points with increasing
flow depth. The point velocity measurements nearest to the culvert
invert were located approximately 1.6 mm from the boundary,
while the Prandtl-Pitot tube was capable of taking measurements
at or within 2 mm of the water surface. In addition, boundary shear
stress measurements were conducted at each longitudinal location
along the entire wetted perimeter, using the Prandtl-Pitot tube lying
onto the channel invert. Table 1 details the experimental flow
conditions for the velocity, pressure, and boundary shear stress
measurements, and include past experimental studies in circular
channels.

Flow Patterns and Flow Resistance

For all investigated discharges, the water depth fulfilled d=D < 0.5,
corresponding to a partially-filled pipe culvert operating for less
than half full. The free-surface flow was subcritical in the

Water surface

Streamwise rib

(a) (b)

Fig. 3. Flow visualization and dye injection experiments in smooth flume with streamwise rib (white arrow). Note the coloured dye injected along the
sides of rib, sticking to the rib and not mixing with the bulk of the flow. R ¼ 0.25 m; So ¼ 0; andQ ¼ 0.015 m3=s. Flow direction from bottom right
to top left (thick dark arrow): (a) dye injection on the right of the rib; and (b) dye injection in the bottom left corner of the rib.

Table 1. Detailed laboratory studies of smooth circular open channels

Reference So D (m) Q (m3=s) Re Measurements

Repogle (1964) — 0.133 0.0014 to 0.0106 0.89 × 104 to 4.4 × 104 Depth, velocity
Nalluri and Novak (1973) 0.00007 to 0.0006 0.305 — 0.61 × 105 to 1.3 × 105 Velocity
Kazemipour (1979) 0.00052 0.379 0.0061 to 0.0160 0.73 to 1.35 × 105 Depth, velocity
Sterling (1998) 0.001 0.244 0.0054 to 0.0229 0.65 × 105 to 1.5 × 105 Depth, velocity, boundary shear stress
Current study Series 1 0 0.50 0.015 to 0.055 1.27 × 105 to 3.48 × 105 Depth, velocity, pressure, boundary

shear stress
Current study Series 2a — — 0.055 2.98 × 105 —

Note: D = internal pipe diameter; Q = water discharge; Re = Reynolds number defined in terms of hydraulic diameter; and So = bed slope.
aAsymmetrical streamwise rib.
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semicircular channel section; the water depth was greater than the
critical flow depth: d=dc > 1, where dc is the critical flow depth of
the semicircular channel flow. The water surface was smooth with
little surface roughness [Figs. 2(b) and 3]. Dye injection was con-
ducted in the smooth invert configuration (Series 1). The visual
observations showed a high velocity flow through the entire cross-
section, with no obvious LVZ, associated to a very rapid dif-
fusion of the dye in the channel. In presence of the streamwise rib
(Series 2), visual observations and dye injection suggested that the
rib presence induced elongated longitudinal eddies on both sides of
the rib (Fig. 3). The dye injection showed limited mixing between
the longitudinal helicoidal eddy flow alongside the rib and the main
stream flow, as seen in [Figs. 3(a and b)], in which the colored dye
remains in the close vicinity of the rib.

The free surface measurements showed that the water depth de-
creased with increasing streamwise coordinate, corresponding to a
steady H2 backwater profile for all investigated flows (Henderson
1966; Chanson 2004). The data were analyzed to characterize the
flow resistance of the semicircular channel based upon energy con-
siderations and the best data fit between measured and calculated
total head line slope. The results are presented in Fig. 4 and in
Appendix. In Fig. 4, the present data (round empty symbols) are
compared to previous circular open channel data (Kazemipour
1979; Sterling 1998) and to the Karman-Nikuradse formula for
smooth turbulent flows (Henderson 1966; Chanson 2004). The
flow resistance in the smooth semicircular channel was comparable
to, although slightly larger than, that in a smooth rectangular chan-
nel for comparable flow conditions (Fig. 4). Fig. 4 compares
the present flow resistance data with circular channel data with
smooth and rough inverts. The present friction factor data were

in agreement with other smooth circular channel configurations
for similar Reynolds numbers (Fig. 4), although some data scatter
was noted, especially at low flow rates. Altogether, all circular
open channel flow resistance data were slightly larger than that
of smooth turbulent pipe and boundary layer flows (Fig. 4, dashed
thick line). The increased flow resistance was likely caused by
some secondary motion induced by the circular channel shape
and the associated turbulent dissipation (Kazemipour and Apelt
1980; Sterling and Knight 2000).

The flow resistance of the channel equipped with the asymmet-
rical rib (Series 2) was in average 15% smaller than that the smooth
semicircular invert for comparable flow conditions (Fig. 4). It is
hypothesized that the rib redirected the flow streamlines in its vicin-
ity and altered the secondary motion and associated turbulent
losses.

Velocity Distributions

In the smooth channel experiments (Series 1), large velocities were
observed about the centerline of the flume as illustrated in Fig. 5,
with z the vertical distance, y the transverse coordinate, Vx the lon-
gitudinal velocity component, and Vmean the bulk velocity. At the
upstream end of the channel (x ¼ 2.0 m), the velocity was quasi-
uniform with a small boundary layer region (Chanson 2019a).
Further downstream, the velocity field were fully-developed and
the boundary effects extended to the entire flow cross-section area.
The data showed some impact of the relative water depth d=D,
hence the water discharge, on the velocity distributions. In the
fully-developed flow region, all the velocity data presented a very
thin region next to the invert with a marked velocity gradient,
as previously reported (Repogle 1964; Nalluri and Novak 1973;
Sterling 1998). The centerline data compared favorably to the theo-
retical log-wake law velocity distribution and the no-slip boundary
condition at the invert, i.e., Vxðz ¼ zbedÞ ¼ 0. With the streamwise
rib (Series 2), the vertical velocity data indicated some flow asym-
metry, as well as some low velocity zone in the close proximity of
the rib.
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Fig. 4. Darcy–Weisbach friction factor of the semicircular channel
without (Series 1) and with (Series 2) streamwise rib as a function
of the Reynolds number. Comparison between present data (round
symbols), previous circular open channel data, and the Karman-
Nikuradse formula for smooth turbulent flows. (Data from
Kazemipour 1979; Sterling 1998.)
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Fig. 5. Vertical profiles of dimensionless longitudinal velocity compo-
nent Vx=Vmean in the smooth semicircular channel (Series 1) at several
transverse locations. Q ¼ 0.015 m3=s; D ¼ 0.5 m; d ¼ 0.102 m; and
Vmean ¼ 0.519 m=s. Centerline data (y ¼ 0.25 m) are compared with
log-wake law.
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Fig. 6. Longitudinal velocity contour maps in the semicircular channel at x ¼ 7.15 m. Comparison between smooth and ribbed channel data. Legend
indicate the longitudinal velocity Vx in m/s: (a)Q ¼ 0.015 m3=s,D ¼ 0.5 m, d ¼ 0.102 m, and Vmean ¼ 0.519 m=s (Series 1); (b)Q ¼ 0.055 m3=s,
D ¼ 0.5 m, d ¼ 0.188 m, and Vmean ¼ 0.815 m=s (Series 1); and (c)Q ¼ 0.055 m3=s,D ¼ 0.5 m, d ¼ 0.194 m, and Vmean ¼ 0.791 m=s [Series 2,
streamwise rib (black arrow)].
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The longitudinal velocity contour maps indicated some large
velocity gradients next to the entire wetted perimeter (Fig. 6).
For the smallest discharge (i.e., dc=D ¼ 0.16), the data presented
a pseudo-two-dimensional (2D) region located symmetrically
around the centerline [−0.2 < ðy −D=2Þ=D < 0.2] where the
iso-velocity contour lines were almost parallel to the horizontal,
implying a quasi-2D flow region. For larger flow rates, the iso-
velocity contour lines were more curved and the flow was 3D
across the entire cross-sectional area (Fig. 6). The position where
the maximum velocity occurred tended to take place slightly below
the free-surface, e.g., at 0.8 < z=d < 1. This phenomenon is be-
lieved to be linked to intense secondary motion and transverse mo-
mentum exchange (Liggett et al. 1965). The current data suggested
that momentum is being transported towards the channel sides,
even at low flows. Herein, the ratio of free-surface velocity to maxi-
mum velocity ranged from 0.98 to 1, for all flow conditions and all
transverse locations. The cross-sectional maximum velocity data
ðVmaxÞM are reported in Appendix I (10th row). For the current
study, the dimensionless maximum velocity data ðVmaxÞM=Vmean
decreased monotonically from 1.3 down to 1.15 with increasing
relative depth d=D between 0.2 and 0.37. The results were quali-
tatively and quantitatively close to the observations of Kazemipour
(1979) in a smooth semicircular channel.

The presence of the small longitudinal rib induced a substantial
modification of the velocity field next to the rib [Fig. 6(c)], espe-
cially for 0 < z < 0.1 m and −0.18 m < ðy −D=2) <−0.05 m. The
rib had little influence on the bulk of the flow, including the cross-
sectional maximum velocity and bulk velocity, although it gener-
ated locally some reduced velocity zone.

The velocity data were checked in terms of the conservation of
mass. The velocity contour plots were integrated to yield the cross
sectional flow rate

<Q> ¼
Z
A
VxdA ð1Þ

where <Q> = water discharge calculated by integrating the longi-
tudinal velocity distribution across the flow cross-section area A.
The results were in close agreement with the discharge measure-
ments (Appendix I). In the smooth semicircular channel (Series 1),
the difference between Eq. (1) and the measured discharge was 1%,
4.3%, and 1% for Q ¼ 0.015, 0.028, and 0.055 m3=s, respectively,
at x ¼ 7.15 m.

Velocity Correction Coefficients

The complete velocity maps were integrated to give the velocity
correction coefficients commonly used in one-dimensional (1D)
flow modeling (Henderson 1966; Chanson 2004). Namely the mo-
mentum correction coefficient β and the kinetic energy correction
coefficient α defined as

β ¼
R
A ρV

2
xdA

ρV2
meanA

ð2Þ

α ¼
R
A ρV3

xdA
ρV3

meanA
ð3Þ

Both velocity correction factors were largely influenced by
the relative depth and cross-sectional shape. The data showed large
variations in trend, not unlike the findings of Repogle (1964)

and Sterling (1998). The experimental results are reported in
Appendix.

Boundary Shear Stress Measurements

Boundary shear stress measurements were performed along the
wetted perimeter, using the Prandtl-Pitot tube acting as a Preston
tube. Fig. 7 presents typical distributions of dimensionless skin fric-
tion boundary shear stress along the wetted perimeter, where fskin is
the dimensionless skin friction shear stress, f is the dimensionless
total boundary shear stress, Pw is the wetted perimeter, and y” is the
perimetric coordinate [Fig. 2(a)]. Fig. 2(a) (Left) shows the defini-
tion of the wetted perimeter coordinate y”, with its origin on the
channel centerline. In the smooth channel (Series 1), all the distri-
butions were relatively flat, with a near-constant boundary shear
across a large proportion of the wetted perimeter either side of
the centerline. As the water depth and discharge increased, the
shear stress distributions became less uniform. A noteworthy fea-
ture of all transverse distributions was the relatively high value
of boundary shear stress next the water-air interface. This value
was typically greater than 60% of the total boundary shear stress.
Physically, the boundary shear stress was nonzero at the edge of the
wetted perimeter, because the water in contact with the channel
boundary creates a strong transverse gradient.

In the ribbed channel (Series 2), the skin friction data presented
an asymmetrical transverse shape with large transverse variations
in the vicinity of the rib, i.e., −0.35 < y 00=Pw < −0.1 in Fig. 7(b),
owing to the presence of the rib at 30° from the centerline.
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Fig. 7. Distributions of dimensionless boundary shear stress fskin=f
along the wetted perimeter of semicircular channel: (a) data for
Q ¼ 0.015 m3=s at x ¼ 7.15 m, compared to the entropy model
(Eq. (7)); and (b) comparison between smooth and ribbed semicircular
channels: Q ¼ 0.055 m3=s and x ¼ 7.15 m. Rib edges are indicated
with vertical lines.

© ASCE 04020059-6 J. Hydraul. Eng.

 J. Hydraul. Eng., 2020, 146(9): 04020059 

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 
07

/1
4/

20
. 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.



The transverse profile hinted the existence of longitudinal vortical
structures along the streamwise rib, consistent with dye injection
(Fig. 3). Minimum shear stresses were observed next to the bottom
inner corners of the rib.

Comments

For both smooth and ribbed semicircular channels, the skin friction
boundary shear stress was less than the total boundary shear stress:
i.e., fskin=f < 1 (Fig. 7). The skin friction shear stress distributions
were integrated along the wetted perimeter, to provide the cross-
sectional averaged skin friction boundary shear stress

<ðτoÞskin> ¼ 1

Pw

Z
Pw

ðτoÞskindy 00 ð4Þ

The data are summarized in terms of the dimensionless shear
stress <fskin> ¼ <ðτ oÞskin>=ðρV2

mean=8Þ in Appendix I. Depend-
ing upon the flow rate, the ratio of mean skin friction resistance
to total flow resistance <fskin>=f ranged from 0.35 to 0.66
(Appendix I).

The transverse distribution of boundary shear stress was com-
pared to a method based on maximizing the entropy of the boun-
dary shear stress (Sterling 1998). The analytical solution for a
circular channel is

ðτoÞskin
ððτoÞskinÞM

¼ 1

λ
Ln

�
1þ ðeλ − 1Þ

����1 − 2y 00

Pw

����
�

ð5Þ

where ððτoÞskinÞM = maximum local skin friction boundary
shear stress at the cross-section; λ = Lagrange multiplier; and
y 00 = perimetric coordinate. Eq. (5) is compared to experimental

observations in Fig. 7(a) with λ selected based upon the best data
fit. Herein λ was found to be within 11 to 12 for the smooth invert
configuration (Series 1). While Eq. (5) has been successfully ap-
plied to the smooth semicircular open channel flows, the physical
interpretation of the parameter λ is presently not possible. Sterling
(1998) discussed two intrinsic limitations of the entropy method,
namely the inability to reproduce the effects of secondary flows
and the assumption of zero boundary shear stress at the free-
surface.

Discussion

In a semicircular channel, secondary flows are directed at right an-
gle with the longitudinal flow direction, redistributing momentum
across the channel (Liggett et al. 1965; Naot and Rodi 1982). The
interactions between the transverse shear gradient along the wetted
perimeter [Fig. 7(a)] and longitudinal flow motion induce energy
losses, which must be compensated by some transverse secondary
flow motion. In presence of the streamwise rib, the skin friction
boundary shear stress was not symmetrically distributed about the
channel centreline [Fig. 7(b)]. Large boundary shear stresses were
recorded along the faces of the rib, with maximum shear stresses
typically observed next to the external corners, which might be re-
lated to local fluid acceleration and streamwise vorticity. Such large
skin friction shear stresses might suggest a region of strong inter-
actions between the main flow, secondary currents and cavity re-
circulation, in a manner similar to observations on heterogeneous
transverse roughness (Tominaga and Nezu 1991).

The current data showed regions of contrasted longitudinal
velocities. The velocity field was analyzed in terms of the relative
size of LVZ. The results are shown in Fig. 8(a) and Appendix I,
as the fraction of flow area where the ratio of longitudinal velocity
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Fig. 8. LVZ in smooth pipe culvert: (a) fractions of LVZs where Vx=Vmean is less than a set value, for different discharges. Comparison between the
present data at x ¼ 7.15 m, smooth rectangular channel data, and smooth circular channel data. The dashed thin line shows the outer edge of the
rectangular culvert data area and the white solid line marks the shows the outer edge of the pipe culvert data area (data from Nikuradse 1926; Nezu
and Rodi 1985; Macintosh 1990; Xie 1998; Wang et al. 2018; Cabonce et al. 2019; Repogle 1964; Sterling 1998); and (b) sketch of LVZ and
preferential fish swimming path in a circular channel with an asymmetrical streamwise rib.
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to mean velocity Vx=Vmean was less than 0.3, 0.5, 0.75, and 1.
Altogether, the size of the LVZ was small in semicircular channels,
and comparatively smaller than in smooth rectangular channels
[Fig. 8(a)]. The present data compared reasonably favorably to ear-
lier studies in smooth circular channels (Repogle 1964; Nalluri and
Novak 1973; Sterling 1998). All the smooth circular channel data
[Fig. 8(a), dark shaded area] showed substantially smaller low
velocity zones, for the same range of flow conditions, than in
smooth rectangular channels [Fig. 8(a), light shaded data]. Further
the smooth pipe culvert data corresponded to a smaller LVZ than in
roughened and corrugated pipe culverts (Kazemipour 1979; Ead
et al. 2000; Abbs et al. 2007).

In presence of the asymmetrical streamwise rib, the velocity
field showed a well-defined low velocity region next to the rib
[Figs. 6(c) and 8(b)], while the high velocity regions tended to be
skewed towards the smooth channel section. For Q ¼ 0.055 m3=s,
the 20 × 30 mm rib induced an LVZ about 50-mm wide and
100-mm deep. The sharp corners of the rib created hydrodynamic
singularities, strong turbulence, transverse gradients in boundary
shear stress [Fig. 7(b)] conducive of secondary currents, and local
turbulent dissipation (Chanson 2019b). Both dye injection and
velocity measurements showed the existence of longitudinal re-
duced velocity zones on both sides of the rib [Figs. 3 and 8(b)],
which might constitute preferential fish swimming path, although
this would need to be tested in a full-scale prototype structure.

Conclusion

While box culverts are considered more effective for upstream fish
passage, circular culverts are very common. In the current study,
detailed physical measurements were performed in a near-full-scale

smooth pipe culvert (D ¼ 0.50 m) operating at less-than-design
subcritical flows (d=D < 0.5). The thrust of the works was to char-
acterize the LVZ, and to document the impact of a small appurte-
nance, i.e., a small streamwise rib placed asymmetrically.

The open channel flow was subcritical for all investigated flow
conditions. Visual observations and detailed velocity measure-
ments showed large velocities through the entire cross-section, with
high-velocity gradient next to the whole invert and no obvious low-
velocity region in the smooth circular channel. The flow resistance
was slightly larger than that in a rectangular channel, for identical
boundary roughness and flow conditions, likely as a consequence
of the secondary motion induced by the circular channel shape.
The streamwise rib had a limited impact on the flow resistance,
although large transverse gradient in skin friction shear stress were
recorded. The rib corners created flow singularities associated with
strong turbulence, transverse gradients in shear stress conducive of
secondary currents and local turbulent dissipation. For both smooth
and ribbed semicircular channels, the skin friction boundary shear
stress was less than the total boundary shear stress: i.e., <fskin>=f
ranged from 0.55 to 0.66 at x ¼ 7.15 m.

While the LVZ size relevant to the upstream passage of small
fish was smaller in the smooth circular channel than in a compa-
rable rectangular channel, the introduction of the asymmetrical
streamwise rib might create preferential swimming paths for
small-bodied fish and juveniles of larger fish. Although this hy-
pothesis would need to be tested in a full-scale prototype struc-
ture, the present physical results deliver a validation data set for
future computational fluid dynamics (CFD) modeling. Detailed
and properly-validated CFD modeling could assist with the devel-
opment of more efficient designs, although the optimum type of
boundary treatment might be closely linked to the targeted fish
species.

Appendix. Summary of velocity data in smooth semicircular channel

Parameter
Smooth circular channel

(Series 1)

Asymmetrical
streamwise rib
(Series 2)

Q (m3=s) = 0.015 0.028 0.055 0.055 0.055 0.055
dc (m) = 0.0802 0.1103 0.1672 0.1672 0.1672 0.1672
x (m) = 7.15 7.15 2.0 7.15 12.0 7.15
d (m) = 0.102 0.140 0.2035 0.188 0.172 0.194
A (m2) = 0.0289 0.045 0.0751 0.0675 0.0598 0.0696
B (m) = 0.403 0.449 0.491 0.484 0.475 0.487
Pw (m) = 0.469 0.555 0.434 0.660 0.623 0.733
Vmean (m=s) = 0.519 0.622 0.733 0.815 0.919 0.791
Re = 1.27 × 105 1.98 × 105 3.16 × 105 3.31 × 105 3.49 × 105 2.98 × 105

ðVmaxÞMðm=sÞ = 0.671 0.799 0.847 0.943 1.086 0.921
<Q>ðm3=sÞ = 0.0148 0.0268 0.0570 0.0556 0.0537 0.0522
α = 1.310 1.280 1.218 1.137 1.060 0.9967
β = 1.155 1.34 1.121 1.066 1.002 0.9289
f = 0.0191 0.0201 0.0158 0.0155 0.0157 0.016
<fskin>=f = 0.66 0.57 0.35 0.58 0.35 0.55
LVZ area with

Vx < 0.3 · Vmean 0.99% 0.66% — 0.83% — 0.04%
Vx < 0.5 · Vmean 2.16% 1.51% — 1.84% — 1.80%
Vx < 0.75 · Vmean 5.72% 5.56% — 5.82% — 7.77%
Vx < Vmean 34.5% 44.6% — 35.0% — 51.4%

Note: A = cross-sectional area; D ¼ 0.50 m; d = water depth; f = Darcy-Weisbach friction factor; <fskin> = dimensionless wetter perimeter average skin
friction; LVZ = low velocity zone area relative the flow cross-section area; Pw = wetted perimeter; Q = water discharge; <Q> = discharge calculated by
integrating the longitudinal velocity data across the flow cross-sectional area; So ¼ 0; ðVmaxÞM = cross-sectional maximum velocity; Vmean = bulk velocity;
x = longitudinal coordinate; a = kinetic energy correction coefficient; and b = momentum correction coefficient.
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Data Availability Statement

Some or all data, models, or code that support the findings of this
study are available from the corresponding author upon reasonable
request. These include the tabular data corresponding to the
data presented in Figs. 4–8(a). Further information is reported in
Chanson (2019a).
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Notation

The following symbols are used in this paper:
A = channel cross-section area (m2);
B = free-surface width (m);
(b) = dimensionless boundary shear stress;
D = internal pipe diameter (m);
d = water depth (m);
dc = critical flow depth (m);

fðaÞ = Darcy-Weisbach friction factor;
fskin = skin friction factor measured with a Prandtl-Pitot

tube lying on the bed;
<fskin> = wetted-perimeter-averaged skin friction factor

measured with a Preston tube lying on the bed:

<fskin>¼
R
Pw

ðτoÞskindy00
1
8
ρV2

mean
;

g = gravity acceleration (m=s2): g¼9.80m=s2 in
Brisbane, Australia;

LVZ = relative low-velocity zone cross-section area, where
0<Vx <Ufish, in the pipe culvert;

Pw = wetted perimeter (m);
Q = water discharge (m3=s);

<Q> = water discharge calculated by integrating the
longitudinal velocity distribution across the flow
cross-section area A:

<Q>¼
Z
A
VxdA;

Re = Reynolds number defined in terms of the hydraulic
diameter;

Vmax = maximum velocity (m=s);
Vmean = cross-sectional mean velocity (m=s): Vmean¼Q=A;

Vx = longitudinal velocity component (m=s);
x = longitudinal distance (m) positive downstream

measured from the upstream end of channel;
y = transverse distance (m) measured from the right

sidewall;

y00 = transverse coordinate (m) following the wetted
perimeter, with y00 ¼0 at the lowest invert elevation
(i.e., channel bottom);

z = elevation (m) above the lowest invert point;
zbed = invert elevation (m) above the datum;
α = kinetic energy correction coefficient, also called the

Coriolis coefficient:

α¼
R
AρV

3
xdA

ρV3
meanA

;

β =momentum correction coefficient, also called the
Boussineq coefficient:

β¼
R
AρV

2
xdA

ρV2
meanA

;

λ = Lagrange multiplier;
ρ = water density (kg=m3);
τo = boundary shear stress (Pa);

ðτoÞskin = local skin friction boundary shear stress (Pa)
measured with a Preston tube lying on the bed;

ððτoÞskinÞM =maximum local skin friction boundary shear stress
(Pa) at a cross-section;

<ðτoÞskin> = wetted-perimeter-averaged skin friction boundary
shear stress (Pa) measured with a Preston tube lying
on the bed:

<ðτoÞskin>¼ 1

Pw

Z
Pw

ðτoÞskindy00; and

Ø = diameter (m).

Subscript

c = critical flow conditions;
M = cross-sectional maximum value;

max = maximum value in a vertical profile;
skin = skin friction; and

x = longitudinal component.
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