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Funding information often a major hindrance, because of their weak swimming capabilities. In the present
University of Queensland, School of Civil study, some physical testing of low-velocity-zones was undertaken in standard pipe
Engineering culvert. The physical modelling was conducted under controlled flow conditions to
test comparatively three designs, aiming to minimise the change in energy losses and
to maximise low-velocity zones and secondary circulation conducive to small-body-
mass fish passage. In the whole pipe culvert experiment (Model 1), both baffle and
longitudinal rail boundary treatments provided low-velocity zones. The baffles how-
ever induced a strongly turbulent flow, associated with substantially larger energy
dissipation than the reference smooth boundary pipe culvert. The longitudinal rail
boundary treatment produced energy losses comparable to the smooth boundary ref-
erence configuration. Both boundary treatments were tested comparatively at near-
full-scale (Model 2) to quantify the low-velocity-zone (LVZ) characteristics. The small
longitudinal rail (0.06 m x 0.02 m), installed at 30° from the centreline, induced some
flow asymmetry, as well as some low-velocity-zones on both sides of the rail. Some
strong secondary motion was further observed as the combined effect of the flow
asymmetry and singularities of the rail corners. The secondary motion structure was
markedly different, and the distributions of the normal turbulent stresses (v,/> — vy’z)
showed key differences between the two boundary treatments, with the sharp cor-
ners of the rail contributing to the generation of secondary motion and in turn slow-
velocity regions facilitating the upstream passage of small-body-mass fish species

and juveniles of larger fish.
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1 | INTRODUCTION drainage flows and streams beneath a roadway (Figure 1). Their

traversability by aquatic life is closely linked to the target species dis-
Road crossings and culverts may adversely impact the stream network tributions and stream habitat quality (Januchowski-Hartley, Diebel,
connectivity and fish habitats of the catchment (Warren Jr. & Pardew, Doran, & Mclintyre, 2014). For completeness, culverts can also assist
1998). A culvert is a narrow-covered channel designed to pass the passage of small animals, thus reducing their road kills (Dodd Jr,
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Barichivich, & Smith, 2004; Goosem, 2002). In terms of fish passage

for a given targeted species, some parameters relevant to

traversability include the culvert type, the barrel dimensions, cross-
sectional shape and invert slope, as well as the water discharge and
fluid dynamics properties in the culvert structure (Larinier, 2002;
Olsen & Tullis, 2013). For small-bodied and juvenile fish species, the
excessive barrel velocities are often a major hinderance, because
small-body-mass fish tend to have weak swimming capabilities (Hurst,
Kay, Ryan, & Brown, 2007; Pavlov, Lupandin, & Skorobogatov, 1994;
Tudorache, Viaene, Blust, Vereecken, & De Boeck, 2008), notwith-
standing that swimming performance data can exhibit substantial vari-
ability in natural populations (Jones & Hale, 2020). In laboratory, the
testing protocol and equipment may impact the data outcomes
(Katopodis & Gervais, 2016; Kern, Cramp, Gordos, Watson, &
Franklin, 2018), leading to “inconsistent metrics” (Kemp, 2012). While
some studies suggested that the swimming performances might
decrease with increased turbulence (Pavlov, Skorobogatov, & Shtaf,
1982; Shaft, Pavlov, Skorobogatov, & Barekyan, 1983), the interpreta-
tion of flow turbulence typology is critical to any boundary treatment
conducive to the upstream passage, especially with small weak-
swimming fish often seeking high-turbulence low-velocity zones
(Chanson, 2019; Goettel, Atkinson, & Bennett, 2015). Other relevant
fluid flow parameters include secondary circulation (Papanicolaou &
Talebbeydokhti, 2002) and transverse velocity component, that hinder
fish performances with increasing transverse current (Skorobogatov &
Pavlov, 1991).

FIGURE 1 Pipe culverts in Australia.
(a) Pipe culvert outlet below Market
Street off Witton Creek (Indooroopilly
QLD) on 6 February 2020 after more than
60-65 mm of rain in catchment in the last
8 hr. (b) Multicell pipe culvert beneath
Karrabin-Rosewood Road, Walloon
(QLD)—Note the lower (left) cells
equipped with baffles for fish passage—
Inset: details of baffles [Color figure can
be viewed at wileyonlinelibrary.com]

Research into the passage of small-body-mass fish in pipe culverts
has been relatively limited, compared to the literature for box culverts
(Chanson & Leng, 2021). On one hand, several studies stated that box
culverts are more suitable for fish passage because of the greater
diversity in water velocities and substrate (Briggs & Galarowicz, 2013;
Doehring, Young, & Mclntosh, 2011). On another side, a few field
studies (Cahoon, McMahon, Solcz, Blank, & Stein, 2007; Monk &
Hotchkiss, 2012; Rogers et al., 2021) showed contrasted results, with
one data set showing comparable passages of Brook Trout (Salvelinus
fontinalis) over several months in a reference site (no culvert), in a box
culvert and a pipe culvert of comparable size, all sites bring located in
the same water system (Rogers et al., 2021).

With pipe culverts, some computational studies tested various
shapes of baffles (Feurich, Boubee, & Olsen, 2012; Khodier & Tullis,
2018). Several physical studies indicated that large roughness ele-
ments, corrugations and baffles may effectively assist the upstream
passage of fish (Gigleux & de Billy, 2013; Macdonald & Davies, 2007,
Olsen & Tullis, 2013; Santos et al., 2021). A few biological studies
under controlled conditions at full-scale showed that small to
medium-size fish tended to follow paths along low-velocity zones
(LVZs) (Goerig, Bergeron, & Castro-Santos, 2017; Pearson et al.,
2005), as previously reported in box culverts (Blank, 2008; Cabonce,
Fernando, Wang, & Chanson, 2019; Cabonce, Wang, & Chanson,
2018; Jensen, 2014; Wang, Chanson, Kern, & Franklin, 2016).

The present investigation was inspired by the needs to facilitate

the upstream passage of small-bodied and juvenile native fish species,
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common to eastern Australia, in pipe culverts, but the present results
may apply to other weak-swimming species. For these fish species,
the characteristic swimming speed is often less than 0.6 m/s
(Humphries & Walker, 2013; Hurst et al., 2007) and high water veloci-
ties in the barrel constitute a major obstacle to their upstream
traversability. In the present study, the physical testing of several con-
figurations was undertaken in standard pipe culverts. The physical
modelling was conducted under controlled flow conditions to compar-
atively test three designs, aiming to minimise the change in energy
losses and to maximise low-velocity zones and secondary circulation
conducive to small-body mass fish passage. The paper finally focused
on a relatively simple solution, that is, a longitudinal rail, which could
be used to retrofit existing pipe culverts and for new designs.

2 | PHYSICAL FACILITIES AND
EXPERIMENTAL TESTING

21 | Experimental facility and instrumentation

The physical experiments were conducted in the AEB Hydraulics Lab-
oratory at the University of Queensland. Two different facilities were

used (Table 1, Figures 2 and 3). A complete culvert model (Model 1)
was used to simulate a single- pipe culvert, installed in a 2.5 m long

1 m wide PVC and perspex flume (Figure 2). The culvert inlet and out-
let were identical, that is, 0.325 m long with 45° wingwalls. The barrel
was 0.50 m long with an internal diameter D = 0.095 m. The flume
was fed by a constant head tank and the tailwater depth was con-
trolled by a downstream overflow gate. The second facility (Model 2)
was a near-full-scale pipe culvert, placed in a 15 m long 0.5 m wide
horizontal flume, ending with an overfall. A semi-circular section
(D = 0.50 m) was installed between x = 1.17 m and 14.42 m, where
x is the longitudinal distance from the upstream end of the flume
(Figure 3).

The water discharge was measured with an orifice and a Venturi
meter installed in the supply line of the Models 1 and 2 respectively.
Both devices were designed based upon British Standard (1943) and
calibrated in-situ. The water depths were measured using rail
mounted pointer gauges. In the Model 2, velocity measurements were
performed with a Prandtl-Pitot tube Dwyer™ 166 Series
(@ =318 mm), a roving Preston tube (RPT) type C1.6
(r) (@ = 1.43 mm), an acoustic Doppler velocimeter (ADV) Nortek™
Vectrino+ equipped with a side-looking head, and an acoustic Dopp-
ler velocimeter (Profiler) Nortek™ Vectrino Il equipped with a side-
looking head. The ADV signal was sampled at 200 Hz for 400 s at
each sampling location, and the Profiler signal was sampled at 100 Hz
for 540 s. The vertical position of the velocimeters were recorded
with a HAFCO® digital scale unit with an accuracy of 0.05 mm. The

Instrumentation

Pointer gauge

Pointer gauge, Prandt-Pitot
tube, RPT, ADV

Pointer gauge, Prandt-Pitot
tube

Pointer gauge

Video camera

Pointer gauge, PIV

Pointer gauge, Prandt-Pitot
tube, ADV

Pointer gauge, dye tracer

TABLE 1 Experimental flow conditions—comparison between present and previous related studies
Reference S D(m) Q(m3/s) Configuration
Present study
Model 1 0 0.095 0.001-0.009 Smooth pipe
Baffles: L, = 0.09 m, h, = 0.010 & 0.020 m
(0.008 m thickness), @ = 0, 10, 20, 30, 45°
Longitudinal rail: h, = 0.005, 0.010, 0.020 m,
=0, 10, 20, 30, 45°
Model 2 0 0.50 0.025-0.075 Smooth pipe
0.055-0.075 Longitudinal rail: h, = 0.060 m, § = 30°
Rajaratnam and 0to 0.05 0.305 0.001 to 0.070 Baffles: L, = 0.183 & 0.366 m, h, = 0.0305
Katopodis (1990) & 0.046 m, 0 = 0°
Olsen and Tullis Oto 0.573 0.018t00.131 Baffles: L, = 0.515 m, h, = 0.086 m, § = O,
(2013)? 0.035 10°
Khodier and Tullis 0.03 to 0.573 0.0283,0.0565, Baffles: L, = 0.515 m, hy, = 0.086 m, & = 0°
(2014)° 0.06 0.085
Khodier and Tullis 0.005 to 0.570 0.0283,0.0565, Baffles: L, = 0.514 m, hy, = 0.086 m, & = 0°
(2018) 0.06 0.085
Chanson (2020) 0 0.50 0.055 Longitudinal rail: h, = 0.030 m, = 30°
Tonkin et al. (2012)¢ 0.18 0.35 0.0009 to Mussel spat rope: @ = 14 mm (core)
0.001

Note: ADV, acoustic Doppler velocimetry; D, internal pipe diameter; hy, baffle/rail height; Ly, longitudinal baffle spacing; PIV: particle image velocimetry; Q,

water discharge; S., bed slope; 6, tilt of baffle/rail.

2Experiments with wild brown trout (Salmo trutta morpha fario and S. trutta morpha lacustris).

bExperiments with wild brown trout (Salmo trutta).
“Experiments with redfin bully (Gobiomorphus huttoni).
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FIGURE 2 Pipe culvert model and testing configurations. (a) Pipe culvert model outlet with baffles (h, = 0.020 m, L, = 0.09 m, = 10°)
operating with free-surface flow for Q = 0.004 m®/s. (b) Barrel designs with longitudinal ribs (0.020 m, 0.095 m, 0.010 m), baffles (0.010 m,
0.020 m) and smooth configuration from left to right. (c) Definition sketch of the baffled and longitudinal rail pipe culvert configurations.

(d) Photographs of low-velocity zones and recirculation regions in the baffled pipe culvert barrel highlighted by dye injection—Flow direction from
right to left. (d1) Dye injection in the middle of the baffled barrel (h, = 0.010 m, L, = 0.09 m, 6 = 10°) for Q = 0.001 m*/s and d,, = 0.06 m—
Blue arrow shows the main flow direction. (d2) Dye injection at the upstream end of the baffled barrel (h, = 0.020 m, L, = 0.09 m, @ = 20°) for

Q = 0.002 m*/s and dy,, = 0.09 m [Color figure can be viewed at wileyonlinelibrary.com]

ADV data processing included the removal of communication errors,
of average signal to noise ratio data less than 5 dB and of average cor-
relation values less than 60%, while the phase-space thresholding
technique was applied (Goring & Nikora, 2002; Wahl, 2003). While
some ADV signal scattering was induced by the curved invert surface
(Chanson, 2020; Garner, 2011), the percentage of good samples was
typically greater than 90% at all sampling locations during the current
study.

In both facilities, flow visualisations were undertaken with dye
injection and wool strings, complemented by digital photographic and

movie recordings (Figure 3 and Appendix ).

2.2 | Boundary treatments

In the whole culvert model (Model 1), three boundary treatments
were tested: smooth pipe, baffles, and a longitudinal rail (Table 1 and
Figure 2b). The reference configuration was a smooth pipe barrel. The
baffles were installed 0.95 x D apart (L, = 90 mm), the baffle height
was 0.105 x D (h, = 10 mm) or 0.21 x D (h, = 20 mm), and the tilt
angle was 6 =0, 10, 20, 30 or 45° (Figure 2c). The first baffle was
installed 0.030 m from the upstream end of the barrel. The ratio L,/hy,
was 9 and 4.5 for the small and large baffles respectively. For compar-

ison, Olsen and Tullis(2013) used a similar baffled culvert
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FIGURE 3

Full-scale pipe culvert barrel channel with 0.060 m x 0.020 m rail installed at & = 30°. Left: Looking upstream for Q = 0.065 m®/s,

with the longitudinal rail seen on the left of the photograph (Arrow). Middle: Dye plume advected along the lower (left) side of the rail for
Q = 0.075 m%/s. Right: Dye plume advected along the upper (right) side of the rail for Q = 0.075 m®/s. The dye was injected at x = 2.0 m and the
photograph were taken at x = 7.15 m looking upstream [Color figure can be viewed at wileyonlinelibrary.com]

configuration with h,/D = 0.15, Ly/h, = 6 and 8 = 0 or 10° (Table 1).
The third configuration, a longitudinal rail, was motivated by a recent
study showing the positive impact of longitudinal mussel spat rope on
upstream passage of small fish (Tonkin, Wright, & David, 2012). The
rail was installed for the full length of the barrel at a tilt angle 6§ = O.
10, 20, 30 or 45°, with 45° bezel ends. Three rail sizes were tested:
h, = 0.005, 0.010, and 0.020 m.

In the near-full-size barrel channel (Model 2), two boundary treat-
ments were investigated: a smooth pipe and a longitudinal rail
(Table 1 and Figure 3). In the latter configuration, a longitudinal rail
was installed at & = 30° from the centreline vertical. The rail was
0.020 m wide, 0.060 m high (h, = 0.060 m), and 13.25 m long. The
rail configuration corresponded to a 6:1 upscaled version of the
Model 1 configuration with h, = 0.010 m.

2.3 | Experimental flow conditions

The physical investigations were performed with flow rates within
0.001 m®/s < Q < 0.008 m®/s in the Model 1 and tailwater depths
between 0.010 m and 0.100 m for all boundary treatments. The
observations focused on the flow patterns, including recirculation and
low-velocity zones, and on the afflux-discharge relationship for each
pipe culvert configuration. All the experiments were performed with
increasing flow rates, to avoid hysteresis (Montes, 1997).

In the Model 2, the flow patterns and free-surface measurements
were conducted for 0.015 m®/s < Q < 0.075 m®/s. The velocity mea-
surements were performed for 0.025 m®/s < Q < 0.075 m%/s in the
smooth pipe and 0.055 m3/s < Q < 0.075 m®/s in the pipe culvert bar-
rel with longitudinal rail. For each boundary treatment, the velocity
data were collected for 0.025 m <y < 0.475 m where y is the trans-
verse distance from the right sidewall. With the longitudinal rail, a

total of 14 velocity profiles were recorded for each flow rate, with a

minimum of 25 data points per profile, except in shallow waters at the

outer edges.

3 | PIPECULVERT HYDRAULICS

3.1 | Flow patterns

In the smooth pipe culvert, that is, reference boundary treatment, the
flow in the inlet and barrel entrance was smooth and waveless, with-
out any sign of flow separation. The flow-velocity increased in the
barrel as a result of the reduction in cross-sectional area. The culvert
outlet flow was very turbulent for all investigated conditions. At low
tailwater levels, the outlet flow was supercritical and a three-
dimensional free hydraulic jump took place downstream of the outlet.
At high tailwater, a high-speed jet discharged out of the downstream
end of the barrel, with strong recirculation and large-scale vortices in
the outlet and downstream channel (Figure 2a and Movie M1). The
Movie M1 (Appendix I) shows the outlet operation of a multi-pipe cul-
vert with the barrel operating half-full. In the movie, strong turbu-
lence, waves and recirculation can be seen in the outlet. Figure 4a
presents a typical relationship between the upstream flow depth d;
and tailwater depth d,,, for a given flow rate. At low tailwater levels,
the pipe culvert operated with inlet control and the tailwater level had
no impact on the upstream water levels. Once outlet control was
reached, the upstream depth increased with increasing tailwater
depth (Figure 4a).

At low discharges, the flow in pipe culverts was a free-surface
flow for all boundary treatments and investigated tailwater conditions
0.105 < dy,,/D < 1.05. With increasing discharges, the barrel flowed
full at large tailwater depths. The observations of the transition from
free-surface flow to full barrel are reported in Figure 4b. The results in

terms of transition flow conditions were basically identical for the
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FIGURE 4 Hydraulic of pipe culvert model (D = 0.095 m, S, = 0).
(a) Dimensionless relationship between the upstream depth d4/D and
tailwater depth d,,/D for smooth pipe culvert, baffled barrel culvert
(hp, = 0.020 m, L, = 0.09 m, 8 = 20°) and longitudinal rail culvert

(h, = 0.020 m, 6 = 20°) for Q/(g x D)2 ~0.065. (b) Dimensionless
relationship between the upstream depth d4/D and tailwater depth
dun/D at the end of free-surface barrel flow. Comparison between
smooth pipe culvert, baffled barrel culvert and longitudinal rail culvert
data with USGS and FHWA guidelines for barrel flowing full (shaded
areas). (c) Dimensionless relationship between afflux Ad/D and
discharge Q/(g x D°)2 for smooth pipe culvert (Black stars and thick
dashed line) and pipe culvert equipped with baffles (Blue diamond
symbols) and with longitudinal rail (Red cross symbols). Tailwater
condition: d,,/D = 0.40 [Color figure can be viewed at
wileyonlinelibrary.com]

smooth pipe and longitudinal rail configurations, with a slightly earlier
transition with the baffles. Although the tilt of appurtenance had no
effect on the onset of transition, the size of baffles had some slight
impact (Figure 4b). The present data are further compared with the
range of conditions reported by the USGS and FHWA (Bodhaine,

1968; Chin, 2013), showing some agreement (Figure 4b) although the
present data were slightly outside of these guidelines (i.e., shaded
areas).

With the baffle boundary treatment, the observations indicated a
slower motion in the barrel compared to the smooth pipe for the same
discharge and tailwater conditions. The flow appeared more turbulent
as evidenced by free-surface disturbances and waves in the barrel.
Dye injections showed some flow recirculation occurring between the
baffles, irrespective of the tilt angle (Figure 2d). No other obvious rec-
irculation region was observed within the pipe barrel. Figure 2d pre-
sents photographs of the recirculation motion in the cavity between
baffles. The Movie M2 (Appendix 1) shows the recirculation between
two baffles, visualised with dye injection. The low-velocity zone and
recirculation region extended over the full cavity length between adja-
cent baffles, and the current observations were consistent with the
PIV data of Khodier and Tullis (2018).

With the longitudinal rail, both dye injection and the use of wool-
len strings assisted the visualisation of flow patterns. Unlike the baf-
fled culvert design, there was no obvious recirculation nor strong
free-surface turbulence in the barrel. Visual observations suggested
that the rail induced elongated longitudinal eddies on both sides of
the rail. With some tilt (¢ >0), the eddies tended to be larger above
the rail than below. As the discharge increased, larger eddies were
observed on both sides of the rail.

3.2 | Afflux-discharge relationship
The relationship between discharge and afflux was investigated for all
boundary treatments including the reference smooth pipe culvert, for
the flow conditions listed in Table 1. The afflux is defined as the rise
in upstream water level caused by the culvert: Ad = d, — dy,, with d,
the upstream water depth and d,,, the tailwater depth. The afflux data
are presented in Figure 4c, with the black star symbols for the refer-
ence boundary treatment. Overall, the smooth pipe culvert yielded
the smallest afflux for Q/(g x D> < 0.5 and all tailwater levels,
which corresponded to free-surface inlet flow conditions. For Q/
(g x D°)°5 > 0.5, that is, submerged inlet, the smallest afflux was
achieved with the longitudinal rail configurations, irrespective of the
rail dimensions, possibly because of the flow streamlining induced by
the rail. For Q/(g x D°)°° > 0.85, the embankment was overtopped
for all boundary treatments and all the data collapsed (Figure 4C).
Overall, the largest afflux was systematically observed with the
baffle designs for all flow conditions, with a larger afflux for the larg-
est baffles (h,/D = 0.21), linked to the increased roughness, in line
with previous data (Khodier & Tullis, 2014; Olsen & Tullis, 2013;
Rajaratnam & Katopodis, 1990). Compared to the smooth pipe, the
baffled pipe culvert data presented a dimensionless increase in afflux
Ad/D of 0.2-0.25: that is, 25-50% increase in afflux depending upon
the dimensionless discharge (Figure 4c). The results demonstrated a
higher discharge capacity in pipe culverts equipped with longitudinal
rail than in baffled pipe culverts. While the comparison between baffle

and longitudinal rail was expected, the present findings showed
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further an even greater discharge capacity at large discharges com-
pared to the reference smooth pipe boundary treatment (Figure 4c).

With both baffle and rail boundary treatments, the flow
visualisations based upon dye injection highlighted low-velocity zones
and recirculation regions which were considered as potential zones to
assist upstream fish passage. But the energy losses were greater with
the baffles. Although the longitudinal rail induced elongated low-
velocity zones on both sides of the rail, their size could not be vis-
ualised in Model 1. Further experiments were conducted in near-full-
scale pipe culvert barrel model (Model 2) to quantify the low-velocity-
zone properties.

4 | PIPE CULVERT BARREL
HYDRODYNAMICS

4.1 | Presentation

In the near-full-scale pipe culvert barrel (Model 2), detailed free-
surface and velocity measurements were conducted in the middle
of the barrel at x = 7.15 m. Typical results are presented in terms of
the time-averaged longitudinal velocity in Figure 5. Owing to the
presence of the free-surface and to the boundary friction along the
wetted perimeter, the velocities in the smooth boundary pipe were
not uniformly distributed, with slower flow next to the invert
(Figure 5a). Further, dye injection showed the existence of large
elongated streamwise structures in the mainstream, likely initiated
by secondary currents (see below). Complicated upwelling and
downwelling longitudinal streaks were seen, similar to those
reported by Imamoto and Ishigaki (1986) and Tamburrino and
Gulliver (2007).

In presence of the longitudinal rail, low-velocity zones were
evidenced on both sides of the rail (Figures 3 and 5b, Movie M3). The
Movie M3 (Appendix |) shows the visualisation of low-velocity zone
along the rail. The dye was injected in the inner corner below the rail.
The dye cloud maintained its coherence for the full length of the rail
(i.e., 13.25 m). The longitudinal rail induced some flow asymmetry,
similar to earlier findings in circular and rectangular channels
(Chanson, 2020; Sanchez, Leng, Von Brandis-Martini, & Chanson,
2020) (Figure 5b).

The longitudinal velocity maps were integrated to check for conti-

nuity (i.e., conservation of mass):

<Q>:JVX><dy><dz (1)
A

The results were in close agreement with the discharge measurements
using the Venturi meter within less than 4%. The non-uniformity of
the velocity distributions was characterised by the kinetic energy and
momentum correction coefficients, « and f respectively, used in one-
dimensional hydraulic modelling (Henderson, 1966; Montes, 1998).
The present data are shown in Table II-1 and Figure II-1 (Appendix Il),
with a and g being defined as:

Vilm's) o 03 035 04 045 05 055 06 065 07 075 08 09 095
—

z (m)

Vi(m's) 0 03 035 04 045 05 055 06 065 07 075 08 085 09 095
—— —

025

7 (m)

0.05

T T T T
0 0.05 0.1 0.15 02 025 03 033 04 045 03

(b) v

FIGURE 5 Contour maps of constant time-averaged longitudinal
velocity V, in the near-full-scale pipe culvert barrel (Model 2) with
smooth boundary and with longitudinal rail—Q = 0.075 m°/s,
x=7.15m,y = 0.25 m at the centreline and y = O at right glass
sidewall, velocity scale in m/s, Prandtl-Pitot tube and roving Preston
tube data. (a) Contour plot in the smooth pipe culvert barrel,

d = 0.223 m. (b) Contour plot in the pipe culvert barrel with
longitudinal rail, d = 0.235 m [Color figure can be viewed at
wileyonlinelibrary.com]

jVX3 x dy x dz
A

a= —,  3_ .
Vmean xA

Vi x dy x dz
p=t (3)

2
Vmean xA

Although the overall data showed some scatter (Appendix Il), the pre-
sent results suggested a limited impact of the longitudinal rail on the
velocity correction coefficients.

The turbulent velocity fluctuations were recorded with the ADV
velocimeters. Some typical velocity fluctuation maps are presented in
Figure 6 for the smooth pipe culvert (Figure 6, left) and the configura-
tion with the longitudinal rail (Figure 6, right). In Figure 6, each con-
tour map included more than 150 measurement points, with a greater
number of readings in the longitudinal rail configuration. The largest
longitudinal velocity fluctuations were recorded next to the invert in
the smooth pipe culvert, as well as next to the rib in the configuration
with the longitudinal rail (Figure 6a). In terms of the transverse and

vertical velocity fluctuations, large fluctuations were recorded
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004 006 008 0.1 FIGURE 6 Contour maps of constant

vy (m's)

velocity fluctuations in the near-full-scale
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throughout the entire flow cross-sections for all discharges and both
boundary treatments. The large fluctuations were linked to the exis-

tence of marked secondary circulation.

4.2 | Secondary flow motion

Secondary circulation occurs in open channel flows, irrespective of
the cross-section shape and boundary treatment, because of turbu-
lence anisotropy (Perkins, 1970; Prandtl, 1926; Prandtl, 1952). Sec-
ondary currents are directed at right angle with the longitudinal flow

504045

T
3

15 02 025 03 0
¥ (m)

direction, that is, in the y-z plane, and they redistribute the momen-
tum across the channel cross-section (Naot & Rodi, 1982).

For the investigated flow conditions (d/D <0.5), the secondary
circulation in the smooth boundary pipe culvert presented a primary
large circulation about the channel centreline (Figure 7a). Some
lesser circulation was seen using dye injection in the upper corners,
although the proximity of the free-surface prevented the operation
of the ADV velocimetry. More generally, the secondary circulation
near the water surface contributed to the occurrence of the velocity
dip phenomenon seen in the longitudinal velocity contour map

(Figure 5a). The presence of the longitudinal rail created some
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FIGURE 7 Secondary recirculation in
the near-full-scale pipe culvert barrel
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asymmetrical velocity field conducive to some strong secondary cir-
culation (Figures 3b,c). The longitudinal rail was favourable to the
development of small longitudinal structures on each side of the rail,
visualised with dye injection (Figure 3), as well as two large-scale
vortices within the bulk of the flow (Figures 5b and 7b,c). The two
large structures extended up to the water surface for 0.4 <y/
D < 0.8 for the largest secondary structure, and for O < y/D < 0.3
for the smaller structure. Further, an upward secondary motion was
seen above the outer edge of the rail. For the present investigations,
the magnitude of the secondary current was in the order of 0.06 to
0.12 X Vean for both boundary treatments, with Viean the bulk
velocity. The secondary velocities were comparatively larger than
observations in rectangular open channels (Nezu & Rodi, 1985;

Tominaga, Nezu, Ezaki, & Nakagawa, 1989).

0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Despite its small physical size (0.06 x 0.02 m?), the longitudinal
rail created two outer and two inner sharp corners, that generated
some transverse circulation, directed towards the corner edge
because of the turbulent shear stress gradients normal to the bisector
(Gessner, 1973; Liggett, Chiu, & Miao, 1965). Secondary motion may
develop naturally, particularly when the difference in turbulent normal
stresses (v,/% — vy’z) is non zero (Gerard, 1978; Nezu & Nakagawa,
1993). The difference (v, — v,’?) characterises the streamwise vortic-
ity generation (Perkins, 1970; Tominaga et al., 1989), and typical
results are presented in Figure 8. The comparison between
Figures 8a,b is striking, because the contour map data of (v,/? — vy’z)
basically determined the structure of the secondary circulation. In the
smooth pipe, the distributions of (v,/2 — vy’z) presented a similar pat-

tern to that in rectangular channels (Tominaga et al., 1989), with
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negative values towards the outer flow regions (Figure 8a). The cor-
ners of the longitudinal rail caused abrupt spatial variations in bound-

ary conditions, inducing stable secondary motion near the inner
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FIGURE 8 Contour maps of the difference (v,”> — v,/ in the
near-full-scale pipe culvert barrel (Model 2) with smooth boundary
and with longitudinal rail—Q = 0.075 m3/s,x =7.15m,y = 0.25 m at
the centreline and y = 0 at right glass sidewall, velocity scale in m/s,
ADV Vectrino+ (smooth boundary & rail) and Vectrino Il (rail only)
data. (a) Smooth boundary, d = 0.223 m. (b) With longitudinal rail,

d = 0.230 m—Solid red arrows indicate large secondary structures
and dashed red arrows mark smaller structures [Color figure can be
viewed at wileyonlinelibrary.com]

corners on both sides of the rail, as well as larger structures on either
side of bisectors from the outer corners (Figure 8b). Noteworthy, the
strength of secondary circulation was closely linked to the sharpness
of the outer corners (Gessner, 1973; Sanchez et al., 2020). The sec-
ondary structure pattern is sketched in Figure 8b.

43 | Low-velocity zones

The longitudinal velocity data presented sharp differences between
the no-slip condition (V, = 0) at the invert and the maximum velocity
about the channel centreline (Figure 5). The results were analysed in
terms of the total area of low-velocity zone (LVZ) as well as the LVZ
dimensions to ensure that they would encompass the size of the
targeted fish species. Figure 9 presents the fraction of the cumulative
low-velocity zone where the longitudinal velocity V, was less than a
percentage of the bulk velocity Viean, that is, Vi < Vinean. In other
words, the value of V,/V nean is shown in the lower axis of the graph
as a percentage. In Figure 9, for a targeted fish swimming speed, a
larger LVZ facilitates the upstream fish traversability. Although the
size of the LVZ was comparatively smaller in pipe culverts than in box
culvert, the present data compared reasonably well to earlier studies
in smooth circular channels (Chanson, 2020; Sterling, 1998). The pres-
ence of the longitudinal rail (h, = 0.06 m) increased substantially the
LVZ area, by nearly a factor of two (Figure 9). It is believed that the
LVZ's increased size was primarily generated by the secondary motion
induced by the rail and its sharp corners.

The LVZs on both sides of the rail (Figures 3 and 5b) might consti-
tute preferential swimming paths for small-bodied and juvenile fish
species. Some elliptical shapes were used to characterise the physical
size of these low-velocity zones (LVZs) using the software AutoCAD
(Figure 10a). Only the LVZs next to the rail were considered, and ellip-
ses with minor radius less than 0.005 m were ignored. The results are
presented in Figure 10b, in terms of vertical dimensions of the ellip-
soidal LVZs beside the longitudinal rail. The data for three boundary
configurations were compared: smooth boundary, 0.030 m rail and

BT T T T T T T T 1
1
| X
< 20% I -
= /
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a / ;
= 15% _ o /A area (LVZ) relative to the flow
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viewed at wileyonlinelibrary.com]
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0.060 m rail. The data showed a monotonic relationship between the
LVZ height and the percentage of the mean flow-velocity. Further-
more, the vertical size of the right LVZ was systematically the larger
than that of the left LVZ, that is, on the right of the longitudinal rail
when looking downstream, for the slower flow regions with V,/
Vimean < 0.7.

Practically, let us consider some targeted fish species that would
require a minimum vertical height of 0.025m (Leng, Chanson,
Gordos, & Riches, 2021). Based upon Figure 10b, the 0.025 m high
LVZ would have local velocities less than 0.80 m/s for the smooth
boundary pipe culvert and a water discharge Q = 0.075 m®/s, when
the pipe was near half full and the bulk velocity was 0.89 m/s (-
Table 1I-1). For the same discharge, the LVZ would encompass a flow
region with longitudinal velocities slower than 0.67 m/s with the
0.06 m high longitudinal rail, with a bulk velocity of 0.84 m/s (Table II-
1). “Thinking like a fish” (Williams, Armstrong, Katopodis, Larinier, &
Travade, 2012) (Figure 10a right), the swimming speed requirement
would be 17% slower in presence of the rail, and the fish would

expend 40% less power during swimming in the LVZ because the rate

of work required by the fish to deliver thrust is proportional to the
cube of the local water velocity (Wang & Chanson, 2018).

5 | CONCLUSION

The present study aimed to facilitate the upstream passage of small-
bodied and juvenile fish species in pipe culverts. In a pipe culvert, the
high water velocities in the barrel and the absence of sizeable low-
velocity-zone constitute a major hindrance. Physical testing of pipe
culverts was conducted under controlled flow conditions to compare
three boundary treatments. These treatments aimed to minimise the
change in energy losses, to maximise low-velocity zones and to gener-
ate secondary circulations conducive to small-body-mass fish passage,
although the boundary treatment impact on fish behaviour was not
tested. A smooth boundary pipe was used as the reference configura-
tion. In a whole pipe culvert model, two further boundary treatments
were tested: that is, baffles and longitudinal rail. The study then
focused on testing a relatively simple solution, that is, a small
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longitudinal rail (0.06 m x 0.02 m) in a near-full-scale pipe culvert bar-
rel (D = 0.5 m).

In the whole pipe culvert experiment (Model 1), both baffle and
longitudinal rail boundary treatments provided low-velocity zones:
that is, with recirculation regions between each baffle and with elon-
gated low-velocity-zones along the rail respectively. The baffles how-
ever induced a strongly turbulent flow, associated with substantially
larger energy dissipation and afflux than the reference smooth bound-
ary pipe culvert. The longitudinal rail boundary treatment produced
somehow comparable energy losses than the smooth boundary refer-
ence configuration. Thus, both were tested comparatively at near-full-
scale (Model 2) to
characteristics.

quantify the low-velocity-zone (LVZ)

In the pipe culvert barrel (Model 2), the small longitudinal rail,
installed at 30° from the centreline, induced some flow asymmetry, as
well as some low-velocity zones on both sides of the rail. A strong
secondary motion was observed in the rail configuration, induced by
the flow asymmetry and singularities of the rail corners. The second-
ary motion structure was markedly different, and the distributions of
the normal turbulent stresses (v,/> — vy’z) showed key differences
between the two boundary treatments, with the sharp corners of the
rail contributing to the generation of secondary motion and in turn
low-velocity zones conducive to the upstream passage of small-body
mass fish species and juveniles of larger fish.

Finally, the present physical experiments were performed for a
range of flow conditions corresponding to less-than-design flows for a
subcritical free-surface flow in the pipe culvert barrel. The proposed
fish-friendly pipe culvert design with rail still needs to be verified in a

field situation, and adjustments might be necessary.
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