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Anchor chains—A simple low-cost device to assist passage of
small-bodied mass fish
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Attention has been placed on a variety of barriers that hinder fish passage in mod-
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impacted waterway connectivity and fish habitats. For small-bodied mass fish, high

of their weak swimming capabilities. In the present study, physical testing was con-
ducted under controlled flow conditions to assess the extent and magnitude of tur-
bulence characteristics, secondary flow and low-velocity zones in a 0.5-m-wide box
culvert barrel. Two cases were investigated; a reference case consisting of a smooth
rectangular channel and a low-cost design solution to improve upstream fish migra-
tion consisting of a single galvanized anchor chain fitted within a smooth rectangu-
lar channel. The single anchor chain was positioned towards one corner of the
channel to induce asymmetric flow, reducing overall energy losses and enhancing
the existing low-velocity zone in the adjacent channel corner. The anchor chain
induced a strong turbulent flow motion away from the anchor chain, characterized
by higher Reynolds stress and turbulent kinetic energy, along with a distinct chan-
nel flow asymmetry. Conversely, the low-velocity zone, between the anchor chain
and the bottom channel corner, was significantly expanded with reduced longitudi-
nal mean velocities and turbulent scales. Whilst the anchor chain link contributed
to some complex localized wake flow, the anchor chain also influenced the distribu-
tions of normal turbulent stresses (v'Z2 - v'yz), which in turn influenced the location
of secondary flow cells. This secondary flow redirected low momentum fluid into
the low-velocity zones, setting the conditions for the favorable upstream passage

of small-bodied mass fish species.
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1 | INTRODUCTION

1.1 | Culverts as barriers

The protection and enhancement of fish passage is a valuable eco-
nomic, conservation, and socio-cultural focus for advanced and devel-
oping societies (Lynch et al., 2016). Modern attention has focused on
a variety of barriers to fish passage, and these include dams, weirs,
culverts, and other forms of river regulation (Rolls et al., 2013). These
barriers range from vertical drops, inadequate light, adverse thermal
and water chemistry levels, excessive velocities, and turbulence levels
(Jones & Hale, 2020; Silva et al., 2018). The most prevalent fish bar-
riers were culverts, which were an indispensable requirement for
modern transportation networks (Goerig et al., 2016), and typically
take the form of box culverts or circular pipe culverts. These culverts
typically comprise an inlet and outlet structure linked by a conduit
(barrel). Examples of box culverts and circular pipe culverts with baf-
fles fitted to the culvert barrel to assist fish passage are shown in
Figure 1. Whilst bridges were typically recommended by fish manage-
ment agencies for cross-drainage fish passage solutions, their higher
capital cost precluded their use for low-discharge applications
(Jones & Hale, 2020). The economic design of culverts typically
focused on maximizing discharge capacity whilst minimizing cross-
sectional area for the benefit of lower construction materials cost
(Chanson & Leng, 2019). This traditional engineering strategy mainly
resulted in culverts exhibiting high barrel velocities and homogenous
velocity fields which were detrimental to fish and other aquatic

species.

1.2 | Impact on small-bodied fish

Fish passage studies have predominantly focused on Northern hemi-
sphere environs involving species of economic significance such as

salmonids. In comparison, little studies have been completed in the

FIGURE 1 Boxculvertsin
Australian fish mapped waterways
(Ensilon Consulting, 2024). (LEFT)
3.0 m x 3.0 m reinforced concrete
box culvert (RCBC) cell fitted with
full-height vertical wall fish baffles at
Flagstone, Queensland, Australia.
(RIGHT) “Quad” fish baffles fitted to
a 1.05-m-diameter reinforced
concrete pipe (RCP) at Walloon,
Queensland, Australia. For further
details on “Quad” fish baffles refer
to Kapitzke (2010). [Color figure can
be viewed at wileyonlinelibrary.com] ks

Vertical Walled
Baffles mounted in
a box culvert

b .

Southern hemisphere, where the outcomes of salmonid studies were
not ideally suited to the management of endemic juvenile and
small-bodied mass fish (Birnie-Gauvin et al., 2019; Miles et al., 2013;
Stuart & Mallen-Cooper, 1999). Australian freshwater fish are mostly
endemic, either diadromous or potamodromous, and migrate within
a range of riverine environments, including ephemeral streams
(Humphries & Walker, 2013; Pusey et al., 2004). Many of these are
juvenile and small-bodied mass fish and tend to display weak swim-
ming performance when migrating upstream (Hurst et al.,, 2007,
Rodgers et al., 2014; Tudorache et al., 2008). Swimming perfor-
mance varies significantly in natural populations depending on spe-
cies, body length, and the hydraulic conditions arising from specific
barriers (Jones & Hale, 2020). Swimming performance is typically
assessed against U.; data, which is assumed to estimate the maxi-
mum sustained swimming speed (Beamish, 1978), and Ugpint data,
which is assumed to estimate the burst speed of fish (Starrs
et al., 2011). For endemic small-bodied and juvenile fish, U: values
typically ranged from 0.1 to 0.6 m/s (Humphries & Walker, 2013;
Hurst et al., 2007), whilst Ugpint data ranged from 0.4 to 0.9 m/s
(Starrs et al., 2011). For road culverts between 12 and 30-m length,
these values could result in fish taking longer to navigate culverts
which could lead to fatigue. Culverts can transport large-scale ener-
getic turbulence from upstream sources which can destabilize and
disorientate small-bodied fish. While many studies indicate that fish
swimming performance decrease with increased turbulence (Enders
et al., 2003; Pavlov et al., 2000), other studies indicate that swim-
ming performance may be improved in zones of high velocity and
zones of decreased turbulence (Smith et al., 2005). This variation
may be due to some fish species harnessing aspects of turbulence
during swimming (Liao, 2007). However, it is realistic to assert that
turbulence metrics cannot explain all observed swimming behaviors
in fish (Goettel et al., 2015). Despite this, investigating the range of
turbulent flow properties that interact with the swimming behaviors
of small-bodied fish species remains important. (Chanson &
Leng, 2021; Lacey et al., 2012).

"Quad" Baffles
asymmetrically
mounted in a

circular pipe culvert
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1.3 | Problems with fish passage devices

A variety of measures were previously devised to improve the likeli-
hood of fish passage in new and retrofitted box culverts. Invert baffles
were the traditional means for improving fish passage with the first
recorded laboratory trials in the 1950s (Shoemaker, 1956). Baffle con-
figurations were subsequently refined and adapted configurations
included invert mounted offset baffles (Rajaratnam et al., 1988) and
similar invert mounted devices such as slotted weirs, weir baffles,
and spoiler baffles (Rajaratnam et al., 1989; Rajaratnam et al., 1991;
Rajaratnam & Katopodis, 1990). These baffles worked on the principle
of “plunging flow” during low-submergence low-discharge conditions
and “streaming” (or “skimming”) flow for higher discharges
(Katopodis, 1992). Localized low-velocity zones (LVZ) and resting
points existed between the baffles. However, due to a lack of a con-
tiguous longitudinal LVZ, fish passage success rates were highly
dependent on longitudinal baffles spacings, where larger baffle spac-
ings resulted in poor fish passage performance (Katopodis, 1992;
Rajaratnam & Katopodis, 1990). Depending on the culvert aspect and
aperture size, baffles adversely impacted the overall discharge capac-
ity of the culvert barrel (Chanson & Leng, 2021; Larinier, 2002). To
address this, alternative configurations were implemented to reduce
discharge impacts, and examples of these included longitudinal beams
(Sanchez et al, 2020), small triangular corner baffles (Cabonce
et al., 2018; Cabonce et al., 2019), and mussel spat ropes (David
et al., 2009; David et al.,, 2014; Kozarek & Hernick, 2018; Tonkin
et al., 2012). However, many contemporary installations still relied on
variants of earlier large baffle designs that resulted in sizable wake
and recirculation zones between baffles. This was evident in the juris-
dictional case of Queensland Australia, where the “deemed to com-
ply” box culvert solution comprised full-height wall-mounted baffles
(DAF, 2018). These full-height wall-mounted baffles were the subject
of limited laboratory trials (Leng & Chanson, 2020) and field investiga-
tions (Marsden, 2015). In the case of an investigation by Li and Chan-
son (2020), full-height side-mounted baffles resulted in significant
reduction in discharge as well as seiching fluid motion that could
potentially disorientate fish.

14 | The anchor chain

New and retrofit installations of full-height side-mounted baffles
represented a considerable proportion of overall materials, fabrication,
and construction cost budgets for culverts (Ensilon Consulting, 2024).
Furthermore, large baffle sets may reduce discharge capacity, increase
blockage risk, increase upstream flood levels, and increase safety risks
during major storm events (Ball et al., 2019). Consequently, simple
low-cost low-impact fish passage solutions for box culverts are
needed. The inspiration for this novel solution combined three recent
research insights. Firstly, the findings from hydrodynamic tests on
mussel spat ropes adapted to fish passage (Kozarek & Hernick, 2018).
Whilst mussel spat ropes were originally aimed to assist climbing fish

such as kokopu Galaxias fasciatus, mussel spat ropes installed in

culverts created hydraulic conditions that enhanced the swimming
capability of small-bodied mass fish (David et al., 2009; Kozarek &
Hernick, 2018). Based on physical modelling and field testing of mus-
sel spat ropes in box culverts, mussel spat ropes provided a small LVZ
surrounding the rope circumference suitable for small-bodied fish,
with a minimal reduction in culvert barrel discharge. Secondly, insights
into the phenomena of LVZs in the bottom corner of box culverts,
which were comprehensively documented by previous researchers
(Cabonce et al., 2018; Chanson & Leng, 2021; Wang &
Chanson, 2018; Zhang & Chanson, 2018). Based on early research on
square conduits (Gerard, 1978; Gessner, 1973), the occurrence of
LVZs in box culvert corners were associated with secondary flow. This
was also associated with turbulent shear stress gradients originating
from abrupt channel variations such as roughness or sharp corners
(Tominaga et al, 1989). Thirdly, the application of hydrodynamic
asymmetry to the design of fish passage devices. This approach was
adopted by Li et al. (2022), where a 60 x 20 mm longitudinal rail with
sharp edges was asymmetrically installed, at 30 degrees to the verti-
cal, in a semi-circular section to induce asymmetrical flow. In this
example, the presence of distinct secondary flow cells was evident. It
was also noted that two modest sized LVZs adjacent to the longitudi-
nal rail were present, whilst discharge capacity impacts were minor.
Similarly, Wang and Chanson (2018) installed sidewall roughening on
one side of a rectangular channel, which resulted in the enlargement
of the bottom corner LVZ and further lowered localized streamwise
velocities.

In this paper, we investigate the use of anchor chains to further
enhance LVZs in the bottom corners of box culverts. Anchor chains
were chosen as it may offer an alternative to mussel spat ropes and
address some of the operational issues reported by Kozarek and Her-
nick (2018) such as rope failure, loss of fiber mass, and potential
microplastic pollution to the environment. The experiments were con-
ducted in a hydraulic flume under controlled conditions to replicate
open channel flow in a smooth box culvert. Three modelling cases
were investigated: a reference case which consisted of a smooth rect-
angular channel; and two design cases which incorporated a single
8 and 13 mm diameter anchor chain, asymmetrically set on the chan-

nel invert adjacent to the right wall.

2 | PHYSICAL FACILITIES AND
EXPERIMENTAL TESTING

21 | Experimental facility and instrumentation
Experimental testing was conducted in the AEB Hydraulics Laboratory
at the University of Queensland using a 15 -m-long 0.5-m-wide hori-
zontal rectangular flume, ending with a free-edge overfall. The slope
was set at 0% to allow comparison with other culvert testing pro-
grams (Chanson, 2020; Leng & Chanson, 2020; Li et al, 2022;
Wang & Chanson, 2018) as well as to reflect on field observations
with most box culverts constructed with little fall and in some

instances set flat (DAF, 2018). The water discharge was measured by
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an in-line Venturi meter installed and calibrated in accordance with
British Standards (1943). Rail-mounted pointer gauges were used to
measure flow depths. For cross-sectional velocity measurements,
boundary velocities were measured at approximately 20 mm spacing
using the Prandtl Pitot tube, whilst 15 vertical profiles were measured
using both Prandtl Pitot tube Dwyer™ 166 Series (diame-
ter = 2.98 mm) and the acoustic Doppler velocimeter (ADV) Nortek™
Vectrino+ fitted a side-looking probe. A minimum of 14 measure-
ments were conducted per vertical profile. For locations adjacent to
the anchor chain and sidewall, where instrument access was difficult,
velocity measurements were supplemented using the roving Preston
tube C1.6R variant (diameter = 1.43 mm), and the acoustic Doppler
velocimeter Nortek™ Vectrino Il (Profiler) fitted with a down-looking
probe set at an angle of 30° to the vertical axis. The roving Preston
tube C1.6R variant was calibrated to the Prandtl Pitot tube results
obtained at y = 0.250 m (Sanchez et al., 2018). The vertical location
of all instruments was recorded with a HAFCO® digital scale unit
with an accuracy of 0.05 mm for the 13 and 8 mm anchor chain case.
The ADV Vectrino+ was sampled at 200 Hz for each measurement

point; for the smooth rectangular channel, 36,000 samples were

TABLE 1  Galvanized anchor chain and installation dimensions.
Link length Link width
Diameter of anchor chain (mm) (mm)
8 mm 48 30
13 mm 77 47

taken, whilst 50,000 samples were taken for the smooth rectangular
channel fitted with the single 13 mm diameter anchor chain. The
ADV Profiler was sampled at 100 Hz for 50,000 samples. The ADV
data were processed by removing erroneous data with an average
signal-to-noise ratio (SNR) of less than 5 dB and an average correla-
tion value (across all beams) of less than 60%. Statistical outliers
were then removed using the phase-space thresholding (PST) tech-
nique and followed by data replaced using linear interpolation
(Goring & Nikora, 2002; Wahl, 2003). The ADV was unable to mea-
sure velocities at the free surface; however, these were estimated
using the last vertical reading in the profile. Dye injections were
employed to visualize flow motion, complemented by digital photog-
raphy and video recordings.

2.2 | Anchor chain treatment

The 0.5-m-wide horizontal rectangular flume was fitted with a single
galvanized anchor chain. The dimensions of the anchor chain were
generally in accordance with Table 2 of Australian Standards (2004)

Overall installed Overall installed Installed offset from

chain width (mm) chain depth (mm) right wall (mm)
26 21 42
42 42 39

TABLE 2 Comparison of results between smooth rectangular channel and smooth rectangular channel fitted with a single anchor chain,
longitudinal location at x = 8.0 m, channel width (B) = 0.5 m, bed slope (So) = 0%, discharge (Q) = 0.0556 m°/s.

V,(mean) V,(max)

(m/s) (m/s)
Smooth rectangular channel 0.79 0.86
Smooth rectangular channel fitted with an 0.77 Did Not
8 mm diameter chain Record
Smooth rectangular channel fitted with a 0.75 0.88

13 mm diameter chain

FIGURE 2 13 mm diameter
galvanized anchor chain. (LEFT)
single anchor chain set in the smooth
rectangular channel with an offset of
39 mm from the side wall
(photograph taken at x = 12 m,
facing upstream). (RIGHT) 13 mm
diameter anchor chain link
dimensions. [Color figure can be
viewed at wileyonlinelibrary.com]

Bulk Reynolds Froude Depth Darcy-Weisbach
number (Re) number (Fr) (d) (m) friction factor (f)
340,900 0.68 0.140 0.019
335,600 0.65 0.145 0.025
343,400 0.62 0.147 0.031
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AS 4177.4-2004. The anchor chain dimensions are highlighted in
Table 1.

The near edge of the anchor chain was set close to the right-hand
flume wall to induce flow asymmetry in the channel cross-section and
enhance the bottom right-hand corner LVZ (Figure 2). For the 13 mm
diameter case, the chain offset dimension (39 mm) and the chain
assembly height (42 mm) were approximately three (3) times the nom-
inal diameter of the chain (13 mm). The longitudinal extent of the
chain was set between x = 0 m (located within the flume inlet zone)
and x = 14.5 m (100 mm from the channel brink). The anchor chain
was lightly tacked to the channel invert with silicone to maintain posi-
tional consistency during the experiment.

2.3 | Experimental flow conditions

The physical experiments for the 8 mm diameter and 13 mm diame-
ter anchor chain cases utilized flow rates at 0.015, 0.020, 0.030,

0.040, 0.0556, 0.070, and 0.100 m3/s for free-surface measure-
ments performed between x = 0.5 m and x = 14.5 m. Velocity cross-
section measurements at x=8.0m were only conducted at
Q = 0.0556 m®/s for the 13 mm diameter anchor chain case, as ear-
lier experiments using an 8 mm diameter anchor chain did not result
in a sizable LVZ in the bottom right-hand corner. Consequently, this
paper will primarily focus on the results of the 13 mm diameter
anchor chain case.

3 | BOXCULVERT BARREL
HYDRODYNAMICS

3.1 | Presentation of velocity, Reynolds stress, and
TKE results

A culvert comprised three physical flow zones, these being the inlet
zone, barrel zone, and outlet zone. In this paper, physical modelling

0 0.2 0.25 0.3 0.35 0.4 045 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
]

0.1

0.08

z (m)

0.06
0.04
0.02

0 - ! '
0.5 0.45 0.4 0.35 0.3 0.25 0.2

y (m)

0.15 0.1 0.05 0

0 02 025 03 035 04 045 0.5 055 0.6 0.65 0.7 0.75 0.8 0.85 0.9
e

0.14 |

0.12

z (m)

FIGURE 3 Contour maps of
time-averaged longitudinal velocity,
V,, Q = 0.0556 m®/s, x = 8.0 m.

y = 0.25 m was the centerline and
y = 0 m was the right-hand sidewall,
velocity scale in m/s, Prandtl Pitot
tube, roving Preston tube, and ADV
data. (TOP) Smooth rectangular
channel, d = 0.144 m. (BOTTOM)
Smooth rectangular channel fitted
with the single 13 mm diameter
anchor chain, d = 0.147 m. [Color
figure can be viewed at
wileyonlinelibrary.com]
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focused on the culvert barrel zone. The anchor chain was positioned
close to the right-hand side wall (streamwise direction). Table 2 high-
lights the comparison of basic flow results between the smooth rect-
angular channel and the smooth rectangular channel fitted with a
single anchor chain.

Detailed velocity measurements were taken at x = 8.0 m for the
13 mm diameter anchor chain case, which was within the fully devel-
oped flow zone. For the smooth rectangular channel, the subcritical
flow was gradually varied for the full length of the channel. The aspect
ratio (B/d) at x = 8.0 m was 3.6. According to Nezu and Nakagawa
(1993), side channel walls influenced the turbulence flow characteris-
tics at the middle of the flow cross-section for aspect ratios less than
five. The outlet was a free brink which induced a H2 free-surface pro-
file (Chanson, 2004). Free-surface undulations were observed within
the developing zone (x = 0-5 m). The free-surface undulations dimin-
ished in the streamwise direction and were marginal at the measure-
ment station (x =8 m). Channel flow was very turbulent with
Reynolds number ranging from 329,000 (x =0.5m) to 374,000

(x = 14.5 m). At x = 8.0 m, dye injections showed the presence of
elongated flow structures, comprising two distinct secondary flow
cells. An upwelling zone was also observed at y = 0.25 m. These elon-
gated flow structures did not laterally meander to any significant
extent. Complex longitudinal streaking was observed, and this was
identical to that reported by Imamoto and Ishigaki (1986) during their
visualization experiment on a smooth rectangular channel with an
aspect ratio of five. Dye injected into both bottom corners remained
intact for longitudinal lengths of at least 8-10 times the flow depth,
highlighting the presence of low-velocity vortical cells.

For the smooth rectangular channel fitted with a single 13 mm
diameter anchor chain, free-surface undulations and very turbulent
flow along the channel were also observed. The overall flow depth
slightly increased. At x = 8.0 m dye injections also showed the pres-
ence of two distinct secondary flow cells to the left of the anchor
chain and a region of complex flow above the anchor chain. No lateral
meandering of secondary flow cells was observed, although dye injec-
tions immediately above the anchor chain appeared highly dispersive.

0.5 0.45

FIGURE 4 Contour maps of

Reynolds stress, pVv/ V.,
Q=0.0556m>/s,x=8.0m.y=0.25m
was the centerline and y =0 m was the
right-hand sidewall, scale in Pa, ADV
data. (TOP) Smooth rectangular
channel, d=0.144 m. (BOTTOM)
Smooth rectangular channel fitted with
the single 13 mm diameter anchor 0.5
chain, d =0.147 m. [Color figure can be

viewed at wileyonlinelibrary.com]
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0.05 0

0.05 0
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Dye injections in the left-hand corner of the channel remained coher-
ent; however, the zone between the anchor chain and the right bot-
tom corner was slightly dispersive. Time-averaged longitudinal
velocities were presented in the form of streamwise velocity (V,) con-
tour maps (Figure 3). The velocity was integrated to check the conser-
vation of mass (Equation 1).

Q=>"V,aA. 1)

The integration results closely matched discharge measurements
obtained from the Venturi meter to within 0.7% for the smooth rect-
angular channel and 0.1% for the smooth rectangular channel fitted
with a single 13 mm anchor chain. For the smooth rectangular channel
case, the streamwise velocity maps generally showed two symmetric

high velocity cells. A lower velocity gradient, dd\g, was observed at

y=0.25m, and this indicated a zone of upwelling low momentum
fluid. Lower velocities were present in the bottom corner zones,
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I

0.14

0.12

0.1

0.08

z (m)

0.06
0.04

0.02

0.5 0.45 0.4 0.35 0.3 0.25 0.2
y (m)
0 0.01
I
0.14
0.12
0.1

0.08

z (m)

0.06

0.04

0.02
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which also matched the dye injection observations. For the smooth
rectangular channel fitted with a single 13 mm diameter anchor chain,
two high velocity cells were observed, although flow asymmetry was

notable. A lower velocity gradient, dd\?, was observed at the upwelling

zone, although this was located at y = 0.30 m. Whilst a small LVZ was
present in the left bottom corner, a significantly enhanced LVZ
was noted in the region between the anchor chain and the right bot-
tom corner.

The instantaneous velocities were measured by ADV velocime-

ters which allowed for the calculation of turbulent Reynold stresses.
Tfj =puju. (2)

The Reynolds stress represents the turbulent flux of momentum
within a fluid (Maddock, 2013), and Reynolds stress contour maps for
p V) v, were presented in Figure 4 for the smooth rectangular channel
and the anchor chain configuration. The smooth rectangular
channel case showed low magnitudes of Reynolds stress. However, it

0.15 0.1 0.05 0

0.02 0.03 0.04 0.05
—

FIGURE 5 Contour maps of
turbulent kinetic energy (TKE),

Q = 0.0556 m®/s,x = 8.0 m.

y = 0.25 m was the centerline and

y = 0 m was the right-hand sidewall,
scale in m?/s2, ADV data. (TOP)
Smooth rectangular channel,

d = 0.144 m. (BOTTOM) Smooth
rectangular channel fitted with the
single 13 mm diameter anchor chain,
d = 0.147 m. [Color figure can be
viewed at wileyonlinelibrary.com]
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should be noted that some Reynolds stress asymmetry appears along
the near-wall region within right-hand side of the channel (viewed fac-
ing downstream), and it is assessed that this asymmetry may be pri-
marily due to instrument noise despite attempts to minimize acoustic
reflectivity in the flume design. For the anchor chain configuration,
higher levels of turbulent Reynolds stress were observed at the invert
near y=0.15m. This location was the confluence of the downwelling
of secondary flow and bluff body turbulent motion emitted from the
anchor chain. The zone between the anchor chain and the right-hand
bottom corner showed lower values of Reynolds stress which coin-
cided with the presence of an LVZ. Overall, the turbulent Reynolds

stress, pVv/ v,, did not exceed the Reynolds stress fish safety threshold
of 50 Pa (Odeh et al., 2002).

The turbulent kinetic energy (TKE) contour maps were presented
in Figure 5 for the smooth rectangular channel and the anchor chain
configuration. The TKE was estimated based on Equation 3

(Dey, 2014).

TKE =7 (VZ+VZ+VZ). (3)

N[ =

The smooth rectangular channel case showed low levels of TKE,
except in regions close to the wall and invert which showed increased
levels of TKE, likely associated with wall-generated turbulence
(Dey, 2014). The smooth rectangular channel fitted with a single
13 mm diameter anchor chain presented increased levels of TKE
between the centerline (y = 0.25 m) and the chain. It was likely that
this feature was generated by the presence of the anchor chain and
laterally transported towards the upwelling zone at y = 0.3 m. Surpris-
ingly, the LVZ near the right-hand bottom corner showed lower levels
of TKE despite its proximity to the chain.

3.2 | Friction factors

The flow resistance of the culvert barrel channel was deduced from
the free-surface measurements for a range of flows. The standard
step method (Chanson, 2004) shown in (Equation 4) was used to cal-
culate the water surface profile from measured depths between
x=0.5m and 14.5 m for Q = 0.015, 0.020, 0.030, 0.040, 0.0556,
0.070, and 0.100 m®/s. The Darcy-Weisbach friction factor calcula-
tions relied on the hydraulic diameter, Dy = 4 x A/P, where A is the
flow area and P is the wetted perimeter. The Haaland's explicit fric-
tion factor formula was used (Haaland, 1983) (Equation 5). Calcu-
lated water surface profiles matched measured profiles to within
+0.003 m.

od 2\ 7fvr?nean
g(lfFr )_So—sfwhereSf—m, (4)

111 -2
f—{—1.8log{<3.l7(‘r3”> +%Z}} , (5)

—— Nikuradse-Prandtl-Karman Smooth Turbulent Pipe (Prandtl, 1952)
----- Modified Prandtl Smooth Rectangular Open Channel (Cheng et al., 2011)
Smooth Rect Channel, B=0.5m with 13mm Chain, S;=0% - Present Study
Smooth Rect Channel, B=0.5m with 8mm Chain, S;=0% - Present Study
Smooth Rect Channel, B=0.5m, S,=0% - Present Study

Smooth Rect Channel, B=0.5m, S,=0% (Leng & Chanson, 2019)

Smooth Rect Channel, B=0.4m, S,=0.06 and 0.1% (Kazemipour, 1979)
Smooth Rect Channel, B=0.5m single mussel spat rope (Kozarek, 2018)
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FIGURE 6 Darcy-Weisbach friction factors for smooth
rectangular channel at x = 8.0 m (Q = 0.015, 0.020, 0.030, 0.040,
0.0556, 0.070, and 0.100 m®/s and Sp = 0%). Comparison between
experimentally derived friction factors, the Nikuradse-Prandtl-Karman
smooth turbulent pipe flow formula, modified Prandtl smooth
rectangular friction law, and relevant experimental pipe data. (Data
from Kazemipour, 1979; Leng & Chanson, 2019; Kozarek &

Hernick, 2018). [Color figure can be viewed at wileyonlinelibrary.com]

where

S¢ = Friction slope.

ks = Equivalent sand roughness height.

The results are presented in Figure 6 for the 8 and 13 mm anchor
chain configurations. The present data were compared with relevant
literature. Whilst the friction factors for the anchor chain configura-
tion were higher than the reference case, friction factors were lower

than the single mussel spat rope (Kozarek & Hernick, 2018).

3.3 | Secondary flow

The secondary flow in the smooth rectangular channel comprised two
dominant counter-rotating cells spanning the channel centerline
(Figure 7). Smaller circulation cells were observed using dye injection
in the upper corners, although proximity to the free surface prevented
ADV operations. At the channel centerline (y = 0.25 m), the counter-
rotating circulation cells contributed to the upwelling of fluid from the
invert to the free surface, where fluid was eventually redirected to
the side walls. This movement contributed to the occurrence of the
“velocity dip” (Nezu & Nakagawa, 1993) seen in the longitudinal
velocity contour map (Figure 3). The upwelling of fluid at the channel
centerline matched the observations from a PIV experiment con-

ducted by Khanarmuei et al. (2020). This experiment was conducted

85U8017 SUOWIWOD /181D (el (dde au Aq pauseno afe sejonie VO 8sn Jo sajni Joj Ariqi]auljuO 8|1/ UO (SUONIPUOD-PUB-SW.BI W00 A | IM ARe.q Ul |uo//Sdny) SUORIPUOD pue sw.e L 84} &8s *[7202/2T/20] uo AriqiTauliuo A8|im ‘puesusend Jo AisieAun Aq Ly eli/200T 0T/I0p/wod A3 1M Afeiqijeul|uoy/sdny wo.y pepeojumod ‘0T ‘¥Z0Z ‘L9VTSEST


http://wileyonlinelibrary.com

v | WILEY

HARLEY ET AL.

0.16 T T T T T T T T T FIGURE 7 Secondary flow
maps, Q = 0.0556 m3/s,x = 8.0 m.
0.14 = - - - - - - - - - y = 0.25 m was the centerline and
o012 P ¥ = 3 = i = - N N7 y= 0 m was the right-hand
woy - 4 = " A - N - \ VoW .5|dewall, velocity vector plot scaled
» in m/s, ADV data. Same legend for
0.1y vy » * A 4 . = \ vom ini
. . L both graphs. Chain icon removed
é 0.08 L 4 i A \ v for clarity. (TOP) Smooth
N :: : : y A ; ; ;; rectangular channel, d = 0.144 m.
0.06 v« N 4 A N > y Yy o (BOTTOM) Smooth rectangular
" : - s : ~ : : ;’ B 4 rw channel fitted with the single
0.04 i; < . N ¢ o A N @ = ’ ’ "" 13 mm diameter anchor chain,
&\\ s g E 7 E A - S ; ; d = 0.147 m. [Color figure can be
0.02 % & v < v = y = 3 4 . . L
: : - ; = : > — » viewed at wileyonlinelibrary.com]
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on a smooth rectangular channel with an aspect ratio (B/d) of 4. How-
ever, their experiments noted three distinct secondary flow circulation
cells either side of the centerline upwelling zone, which were similar
to the secondary flow streamlines documented by Naot and Rodi
(1982). It is believed that these differences were attributed to the
experimental flume inflow configuration used in the present study,
where inflow into the channel contracted both horizontally and verti-
cally. This created the observed counter-rotating cell patterns, which
were transported downstream due to the conservation of angular
momentum and the low channel aspect ratio. Dye injections con-
firmed the presence of a vigorous upwelling of fluid at the centerline
and strong counter-rotating cells, at the flume inlet (x = O m).

The presence of the 13 mm anchor chain significantly modified
secondary flow patterns (Figure 7). The anchor chain contributed to

the occurrence of a third secondary flow circulation cell above the

anchor chain, as well as small-scale weak secondary flow motion in
the zone between the anchor chain and the right-hand side wall.
Some lateral interchange of fluid within the anchor chain links was
evident. This was likely caused by periodic recirculation flow from the
chain link acting as a bluff body. Dye injections showed recirculation
flow around chain links which also appeared to disperse laterally
(Figure 8).

The two dominant counter-rotating secondary flow cells evi-
denced in the reference case were preserved; however, these sec-
ondary flow cells shifted from the anchor chain, with the axis of
upwelling fluid movement shifting from y =0.25m to y = 0.3 m.
Both cells were strong with secondary flow velocity magnitudes
between 8% and 10% of the mean channel velocity, which
exceeded the typical magnitudes for rectangular open channels
(Nezu & Rodi, 1985; Tominaga et al., 1989). The lateral width of the

85U8017 SUOWIWOD /181D (el (dde au Aq pauseno afe sejonie VO 8sn Jo sajni Joj Ariqi]auljuO 8|1/ UO (SUONIPUOD-PUB-SW.BI W00 A | IM ARe.q Ul |uo//Sdny) SUORIPUOD pue sw.e L 84} &8s *[7202/2T/20] uo AriqiTauliuo A8|im ‘puesusend Jo AisieAun Aq Ly eli/200T 0T/I0p/wod A3 1M Afeiqijeul|uoy/sdny wo.y pepeojumod ‘0T ‘¥Z0Z ‘L9VTSEST


http://wileyonlinelibrary.com

HARLEY ET AL.

FIGURE 8 Dye injection tests in
the smooth rectangular channel
fitted with the single 13 mm
diameter anchor chain,

Q = 0.0556 m®/s, x = 10.0 m. Arrow
showed the direction of flow. (TOP
LEFT) Dye injection at y = 0.04 m
showed a recirculating flow pattern
in the turbulent wake of a chain link,
photograph taken in the direction of
the y axis. (TOP RIGHT) Dye
injection at y = O m showed a
coherent streamline within the LVZ
(between the anchor chain and the
right-hand sidewall, photograph
taken in the direction of the y axis.
(BOTTOM) Dye injection at

y = 0.225 m, z = 0.05 m showed the
secondary flow vortical cell,
photograph taken in the z direction
(down) (Injection point was not
shown in the photograph; however, &
dye was released at approximately V
Xx = 9.8 m). [Color figure can be
viewed at wileyonlinelibrary.com]

dominant counter-rotating cells was smaller than the reference
case. Tamburrino and Gulliver (2007) asserted that lateral flow con-
straints (such as side walls) tended to suppress the oscillation of
streamwise vortices in the spanwise direction. Dye injections con-
firmed this suppressive effect, with limited spanwise meandering of
secondary flow cells.

The vertical protuberance of the 13 mm diameter anchor chain
was small (42 mm); however, its complex bluff profile appeared to
generate a localized turbulent wake zone capable of reorganizing the
original right-hand secondary flow cell into smaller secondary flow
cells. Turbulent shear stress gradients created by the anchor chain and
the channel corner generated differences in turbulent normal stresses

(V' 2

, —v;,z) which appeared to be associated with secondary flow
(Gerard, 1978; Nezu & Nakagawa, 1993). The difference (vgz—v;,z)
characterized the generation of streamwise vorticity (Perkins, 1970;
Tominaga et al., 1989), and typical results were presented in Figure 9.
The contour map of (v;2 7v;,2) showed that the anchor chain created
two distinctly opposing stress gradient zones. To the left of the
anchor chain, a strong positive turbulent normal stress gradient close
to the channel invert, was associated with the main counter-rotating
secondary flow cells between y=0.15m and 0.45m. To the right of
the anchor chain, a weak negative turbulent normal stress gradient
was associated with the right bottom corner LVZ. Above the chain

links was a stronger positive turbulent normal stress gradient,

associated with the secondary flow cell located in the top right-hand

side of the channel.

3.4 | Linking fish morphometrics to low-velocity
zones and turbulent flow characteristics

To assess the potential for successful fish passage, the low-velocity
zones (LVZ) were matched against the physical body dimensions of
target fish species. This was achieved by fitting geometric ellipses to
each LVZ in the yz plane. Each ellipse represented the main body
dimensions of a target fish species. Dimensions were based on the
maximum body depth, D,,,, and the maximum body width of target
fish, W, (Sagnes & Statzner, 2009). The semi-major axis ellipse
length was half the maximum body depth of target fish, and similarly,
the semi-minor axis ellipse length was half the maximum body width
of target fish (Figure 10). The local time-averaged longitudinal velocity
was spatially averaged across the area of the ellipse. This result was
denoted as Vi, and was subsequently compared with Uss, to ensure
that the following thresholds were met.

Ve < Usish, (6)

Dima < 23, 7)
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-0.01 0 0.01 0.02 0.03 0.04 0.05 FIGURE 9 Contour maps of
the difference (v;2 7v’yz),
Q=0.0556m°/s,x=8.0m,

y =0.25m at the centerline and
y=0m at the right-hand
sidewall, velocity vector plot
scaled in m?/s2, ADV data. (TOP)
Smooth rectangular channel,
d=0.144 m. (BOTTOM) Smooth
rectangular channel fitted with
the single 13 mm diameter
anchor chain, d =0.147 m. [Color
figure can be viewed at
wileyonlinelibrary.com]
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AT e FIGURE 10 Fish morphometrics.
P S — o (LEFT) Morphometric nomenclature.
I ' 4 (RIGHT) Fish ellipse dimensions. [Color
figure can be viewed at
wileyonlinelibrary.com]
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TABLE 3 Summary of target fish characteristic data and target fish ellipse dimensions.

Standard Vte
length, Body height, Body width, Target fish ellipse  Ugsp Lvz
SL (mm) Dina (mm) Wpa (mm) (a x b) (mm) (m/s)  (m/s) Source (S) = speed (D) = dimensions
M. 48.8 13.9 9.8 7 x5 0.44 0.35 Hurst et al. (2007) (S/D); Crowley et al.
duboulayi (1986) (D)
G. gobio 70 135 11.6 7x6 0.55 0.36 Pavlov et al. (1994) (S); Tudorache et al.
(2008) (S/D); Sagnes (1998) (D)
S. trutta 78 17.6 13.6 9x7 0.65 0.37 Tudorache et al. (2008) (S/D); Sagnes
fario (1998) (D)
0.4 T T T
M. duboulayi
03 -
G. gobio
7] G. Gobio O
< 02 A — ® S tutta fario | S, trutta fario
3 =X ) A M. duboulayi
= [
01 -1
0 l l L
0 0.1 0.2 0.3 0.4 5
Dima / SL o " " <=0.039 m—>]

FIGURE 11 (LEFT) Ratio of W,,,, and D, with respect to SL. Data for M. duboulayi derived from Crowley et al. (1986). Data for G. gobio and
S. Trutta fario derived from Sagnes (1998). (RIGHT) Target fish ellipses applied to the LVZ for M. duboulayi, G. gobio, and S. trutta fario in a smooth
rectangular channel with a single 13 mm diameter anchor chain x = 8.0 m, B = 0.5 m, Q = 0.0556 m®/s. [Color figure can be viewed at

wileyonlinelibrary.com]

Wina < 2b, (8)

where

a = Major semi-axis length of ellipse (mm).

b = Minor semi-axis length of ellipse (mm).

Dma = Maximum body depth of target fish (mm).

W2 = Maximum body width of target fish (mm).

V¢e = Average longitudinal velocity within the ellipse (m/s), where
Vie = [AVx dA.

Vx = Time-averaged local longitudinal velocity (m/s).

Usisn = Characteristic fish speed (m/s) dictated by the relevant
fish management agency, which is typically based on U;; values.

The anatomical features of fish such as dorsal and pelvic fins were
not included in the ellipse sizing. Figure 10 graphically shows the basic
dimensional nomenclature for fish and representative ellipses.

Three species of common small-bodied riverine fish were consid-
ered in this paper. Firstly, the Crimson-Spotted Rainbow Fish Melano-
taenia duboulayi, endemic to coastal streams of south-east
Queensland, Australia. M. duboulayi juveniles were typically 20 mm
long at 8 weeks age, whilst adults in the wild grew to 90 mm long
(Pusey et al., 2004). Swim tests in laboratory flumes showed that
M. duboulayi, with a mean total length of 48.8 mm + 1.8 mm, had a
Usish = 0.44 m/s (Hurst et al., 2007). This study data compared well
with sub-adults (age 1-2 years) that represented the dominant age
class in common stream populations (Milton & Arthington, 1984;
Pusey et al., 2004). Secondly, the Gudgeon, Gobio gobio, were found

in freshwater systems in Europe and Western Asia. Specimens had a
long slender round body shape and a total length usually less than
120 mm. Experiments showed that G. gobio had a Uy, ranging
between 0.32 and 0.60 m/s depending on length (Pavlov et al., 1994;
Tudorache et al., 2008). Finally, the Brown Trout, Salmo trutta fario, a
predatory fish originating from Europe, was an introduced species in
many locations worldwide. Despite large adults attaining high fish
speeds, smaller juveniles are vulnerable to high culvert velocities.
Experiments showed that juvenile S. trutta fario, with a total length of
78 mm, had a Uy, of 0.65 m/s (Tudorache et al., 2008). The maximum
body depths, D, and maximum body widths, W,,.,, were expressed
as a ratio of standard fish length, SL, and were detailed in Figure 10.
The mean values of these ratios were used to size the target fish
ellipse. Based on Figure 3, the LVZ between the anchor chain and the
right-hand bottom corner was selected. Target fish ellipses were then
calculated based on Equations (6), (7), and (8). The values for Uggn
were greater than V¢ and appeared to be suitable for the target fish
species. Whilst V¢, was a spatially-averaged velocity, estimated as part
of this study, and U, was typically based on U data from labora-
tory experiments involving near-uniform velocity profiles, the results
shown in Table 3 indicated prima-facie support for upstream fish
passage.

Figure 11 showed the location of target fish ellipses in relation to
the velocity gradients located near the invert and the anchor chain.

The integral turbulent time scales, Tg;, were calculated using time
series data collected from the acoustic Doppler velocimeter based on

the following equation (Chanson, 2014).
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FIGURE 12 Contour maps of the
integral scales length (L,),
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Q=0.0556 m*/s,x=8.0m.y =0.25m
was the centerline and y = 0 m was the
right-hand sidewall, scale in m, based on
ADV data. (TOP) Smooth rectangular
channel, d = 0.144 m. (BOTTOM)
Smooth rectangular channel fitted with
the single 13 mm diameter anchor chain,
d = 0.147 m. [Color figure can be
viewed at wileyonlinelibrary.com]
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where  Rj(tr) is the normalized autocorrelation  func-

tion, Ry (t) = 10t

, v

Integral length scales, L,, were then calculated by applying Tay-
lor's frozen hypothesis, based on the following relationship

(Hinze, 1975).
Lx = V7)( TEx~ (10)

Results for the smooth rectangular channel showed the presence
of large energetic length scales, of similar magnitude to the flow
depth, coinciding with the presence of high velocity zones (Figure 12).
Smaller scales (L, <0.04 m) were present in both bottom corners. In

comparison, the chain configuration showed a distinct asymmetrical

0.1 0.05 0

distribution of length scales. The larger energetic scales were concen-
trated and intensified within the left-hand high velocity cell, whilst a
reduction of length scales was noted in the right-hand high velocity
cell. The extent of smaller scales (L, <0.04 m) in the bottom left-hand
corner was reduced; however, the bottom right-hand corner remained
relatively unchanged.

The proportion of length scale (L,) to fish length (SL) was critical
for the stability of fish. Lupandin (2005) reported that eddy sizes over
66% of the fish length may destabilize a fish, whilst Tritico and Cotel
(2010) stated that this ratio was 75%. Consequently, small-bodied
mass fish may be adversely affected by L,, subject to other turbulence
characteristics (Maddock, 2013). The ratio of the target fish length
(SL) to the integral length scale (L,) showed the suitability of target
fish species to specific locations within the channel cross-section
(Figure 13). In particular, the LVZ (between the anchor chain and the
right-hand bottom corner) appeared to be suitable for all fish species

investigated in this paper.
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FIGURE 13 Contour maps of the
ratio of fish length (FL) to integral
scales length (L,) in the smooth
rectangular channel fitted with the
single 13 mm diameter anchor chain,
Q = 0.0556 m®/s,x = 8.0 m,
d=0.147 m.y = 0.25 m was the 0.1
centerline and y = O m was the right-
hand sidewall, FL / L, non-dimensional
scale, based on ADV data. (TOP)

M. duboulayi. (BOTTOM) G. gobio.
[Color figure can be viewed at
wileyonlinelibrary.com]
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4 | CONCLUSION
This study aims to enhance the upstream passage of small-bodied and
juvenile fish in smooth rectangular box culverts. The physical investi-
gations were conducted for a range of flow rates corresponding to
less-than-design flows for a subcritical open channel flow in a smooth
box culvert barrel with a flat slope, although the impact of boundary
treatments on fish performance was not tested. A smooth rectangular
channel was used as the reference configuration. The study then pri-
marily investigated a simple solution, a single 13 mm diameter anchor
chain fitted to the invert, located 39 mm from the right-hand sidewall.
The small anchor chain generated some flow asymmetry, as well
as enhancing the LVZ located between the anchor chain and the
right-hand bottom channel corner. Some strong secondary flow was
observed above the anchor chain as well as in the middle of the chan-
nel. The secondary flow structure was markedly different between
the smooth boundary treatment and the configuration with single

13 mm diameter anchor chain. The distributions of turbulent kinetic
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S

energy and normal turbulent stresses (v;2 —v’yz) showed distinct dif-
ferences between each boundary treatment, with the position of the
anchor chain inducing secondary flow motion. Consequently, these
motions formed LVZs which could support the upstream movement
of small-bodied mass fish. The anchor chain created a third secondary
flow zone which enhanced the LVZ located on the bottom right-hand
corner. The anchor chain resulted in a modest increase in flow resis-
tance. Consequently, culvert barrel design roughness coefficients
must be increased to account for the presence of the anchor chain.

Finally, the proposed anchor chain device still requires field verifi-
cation, and refinements may be necessary. However, at this stage, the
anchor chain appears to be a simple low-cost fish passage solution for
new and retrofit box culverts in both advanced and developing
countries.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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APPENDIX A

DIGITAL APPENDIX

Visual observations of smooth rectangular channel operations were
carried out in the laboratory. The movies showed various dye injec-
tions tests conducted in the smooth rectangular channel fitted with a
single 13 mm diameter anchor chain.

Table A-1 Video movies of smooth rectangular channel
operations.
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