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ABSTRACT

Waterway culverts are very common hydraulic structures along streams and water systems, in rural and urban
drainage networks. Current expertise in environmental hydraulics of culverts is limited, sometimes leading to
inadequate fish passage with adverse impact on the catchment eco-system. Recent recognition of the
ecological impact of culverts on natural streams led to changes in culvert design guidelines. It is believed that
fish-turbulence interplay may facilitate upstream migration, albeit an optimum design must be based upon a
proper characterisation of both hydrodynamics and fish kinematics. Basic dimensional considerations highlight
a number of key parameters relevant to upstream fish passage, including the ratio of fish speed fluctuations to
fluid velocity fluctuations, the ratio of fish response time to turbulent time scales, the ratios of fish dimension to
turbulent length scale, and the fish species. Combining the equation of conservation of momentum applied to
an individual fish, the instantaneous thrust and power expended during fish swimming may be derived from
fish kinematic data, including the associated energy consumption. Within basic assumptions, the present
findings suggest that the culvert invert slope may affect significantly the energy spent by the fish to provide
thrust during upstream culvert passage.

Keywords: Standard box culverts; fish passage; fsh-turbulence interactions; dimensional considerations; energy
consumption.

1 INTRODUCTION

Culverts are covered channels designed to pass floodwaters beneath an embankment, typically a
roadway or railroad. Figure 1 presents a few examples of standard box culverts in Australia. The three-cell
structures seen in Figure 1 (Top) would be typical of a large majority of road culvert structures. Culverts may
cost about 15% of total road construction costs (Hee, 1969). Their designs are very diverse, using various
shapes and construction materials determined by stream width, peak flows, stream gradient, and minimum
cost (Henderson, 1966; Hee, 1969). While the key design parameters of a culvert are its design discharge and
the maximum acceptable afflux (Chanson, 2004), the variability in culvert dimensions is closely linked to the
various constraints of each site (Figure 1), resulting in a wide diversity in flow patterns (Hee, 1969; USBR,
1987; Australian Standard, 2010).

In recent decades, recognition of the ecological impact of culverts on natural streams and rivers led to
changes in culvert design guidelines (Behlke et al., 1991; Chorda et al., 1995). The culvert discharge capacity
is basically based upon the hydrological and hydraulic engineering considerations, which may result in large
flow velocities creating some fish passage barrier. In this paper, the interactions between the turbulence and
fish are reviewed in the context of upstream fish passage in standard box culverts. Basic dimensional analysis
is presented, before fish kinematics and energetic considerations are developed and results are discussed.

2 FISH-TURBULENCE INTERPLAY: A REVIEW

One of the primary ecological concerns regarding culvert crossings is the potential velocity barrier to
upstream fish passage resulting from the constriction of the channel as illustrated in Figures 1 and 2A. Several
jurisdictions developed culvert design guidelines to ensure that the designs will allow for the upstream
passage of fish. In Canada, guidelines are based upon a number of criteria including the average flow velocity
and minimum embedment depth (Hunt et al., 2012). For culvert rehabilitation applications, baffles may be
installed along the invert to provide some fish-friendly alternative (Olsen and Tullis, 2013; Duguay and Lacey,
2014; Chanson and Uys, 2016). At low flows, baffles decrease the flow velocity and increase the water depth
to facilitate fish passage. For larger discharges, baffles would induce locally lower velocities and generate
recirculation regions. Unfortunately, baffles can reduce drastically the culvert discharge capacity for a given
afflux (Larinier, 2002).
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Figure 1. Standard box culverts in Australia.(A) Culvert outlet beneath Haydon Drive, Canberra ACT on 15
December 2011.(B) Culvert outlet on Marom Creek beneath Bruxner highway B6, Wollongbar NSW on 28
October 2016.(C) Culvert inlet along Gin House Creek, Carrara, Gold Coast QLD on 5 December 2007.

The critical parameters of a culvert in terms of fish passage are the dimensions of the barrel, including its
length and cross-sectional characteristics and the invert slope. Generally, the box culverts are considered the
most effective for fish passage, although the culvert length may be a key factor for some fish species, with
long culverts limiting upstream fish passage (Brigg and Galarowicz, 2013). The behavioural response by fish
species to culvert length, light conditions and flow turbulence could play a role in their swimming ability and
culvert passage rate. The broad range of culvert designs results in a wide diversity in turbulent flow patterns
observed in prototype culverts (Figure 2A). When the fish swimming power is greater than the maximum
volumetric power (Bates, 2000), the fish may be able to pass the successive baffles and rest in each pool.
There is no simple technical means for measuring the turbulence characteristics in fish passage with baffles,
although it is understood that the flow turbulence plays a key role in fish behaviour (Liu et al., 2006; Yasuda,
2011; Breton et al., 2013). Several studies argued that the most important parameters to assist fish passage
include the turbulence intensity, Reynolds stress tensor, turbulent kinetic energy, vorticity, and dissipation
(Pavlov et al., 2000; Hotchkiss, 2002; Nikora et al., 2003). Recent observations showed that fish may take
advantage of the unsteady character of turbulent flows (Liao, 2007; Wang et al., 2010) and it was shown that
fish can save energy by swimming as a school (Plew et al., 2015; Chen et al., 2016). Importantly, the
interactions between fish and turbulence are very complicated, and naive "turbulence metrics cannot explain
all the swimming path lines or behaviors" (Goettel et al., 2015).

First mentioned by Leonardo Da Vinci (Keele, 1983), the interactions between swimming fish and vortical
structures involve a broad range of relevant length scales (Lupandin, 2005; Webb and Cotel, 2011). The
turbulent flow patterns are one key element determining the capacity of the system to pass successfully
targeted fish species. A seminal discussion argued for the role of secondary flow motion and "the importance
of performing three-dimensional turbulent flow measurements to precisely identify the effects of secondary
flows on fish motion" (Papanicolaou and Talebbeydokhti, 2002). The discussion was extended by recent
contributions, suggesting that "a proper study of turbulence effects on fish behaviour should involve, in
addition to turbulence energetics, consideration of fish dimensions in relation to the spectrum of turbulence
scales" (Nikora et al., 2003), and that large-scale "turbulent structures associated with wakes can be
beneficial if fish are able to exploit them™" (Plew et al., 2007).

While the literature on culvert fish passage focused mostly on fast-swimming fish species, recent studies
acknowledged the needs for better guidelines for small-bodied fish including juveniles (Behlke et al., 1991;
Fairfull and Witheridge, 2003; Rodgers et al., 2014; Forty et al., 2016; Wang et al., 2016a).
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3 DIMENSIONAL ANALYSIS AND SIMILITUDES

3.1 Basic considerations

In experimental fluid dynamics, the model study of a prototype is to provide reliable predictions of the flow
properties of the associated prototype (Liggett, 1994; Foss et al., 2007; Novak et al., 2010). This type of study
is based upon the basic concept and principles of similitude to ensure a reliable extrapolation of the results
from the hydraulic model study to the prototype. That is, physical measurements from the model (e.g.,
pressure, velocity, drag) are used to predict the extrapolated values for the same quantities to be present in
the prototype flow (Henderson, 1966; Novak and Cabelka, 1994). The processing, analysis and interpretation
of experimental data constitutes an essential activity in physical modelling (Darrozes and Monavon, 2014).
Two basic principles are: (1) the simplest relationships have the fewest number of relevant variables and (2)
they are dimensionless (Foss et al., 2007). The presentation of numerical results must have the most
extensive validity, and dimensional analysis is the basic procedure to deliver dimensionless parameters.

For any dimensional analysis, the relevant parameters include the fluid properties and physical
constants, the channel geometry and initial flow conditions. Considering the simple case of a steady turbulent
flow in a rectangular open channel, a dimensional analysis yields a series of relationship between the flow
properties at a location (x,y,z) and the upstream flow conditions, channel geometry and fluid properties:

dV,v',pL,T,....=F, (% Y,2.Bk.,0,d, Vi, v, ', py 1y, 5, G-..) (1

where d is the flow depth, V is the velocity, V' is a velocity fluctuation, p is the pressure, L; and T; are integral
turbulent length and time scales, x, y and z are the longitudinal transverse and vertical coordinates,
respectively, B is the channel width, ks is the equivalent sand roughness height of the channel boundary, 6 is
the angle between the invert and horizontal, d4, V1 and v¢' are the inflow depth, velocity and velocity fluctuation,
respectively, p,, and p,, are the water density and dynamic viscosity, respectively, o is the surface tension, and
g is the gravity acceleration. In Equation [1], right handside term, the 4th, 5th and 6th variables characterise
the boundary conditions, whereas the 7th, 8th and 9th terms are the inflow (initial) conditions, and the
following terms are fluid and physical properties.

The T1-Buckingham theorem states that a dimensional equation such as Equation [1] with N dimensional
variables may be simplified in an equation with N-3 dimensionless variables, when the Mass, Length and Time
units are used among the N dimensional variables (Liggett, 1994). Thus Equation [1] may be rewritten as:
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where d_ is the critical flow depth (d. = (Q%/(gxB?))"®), V. is the critical flow velocity, Q is the water discharge
and Dy is the equivalent pipe diameter, or hydraulic diameter. In Equation [2], right handside term, the 7th
term is the inflow Froude number (Fr;), the 8th and 9th terms are the Reynolds number (Re) and Morton
number (Mo). The I1-Buckingham theorem states that any dimensionless number can be replaced by a
combination of itself and other dimensionless numbers. In Equation [2], the Morton number is introduced
because it is a constant in most hydraulic model studies when both laboratory experiment and prototype flows
use the same fluids, namely air and water.

Traditionally hydraulic model studies are performed using geometrically similar models. In the
geometrically similar physical model, the flow conditions are said to be similar to those in the prototype if the
model displays similarity of form (geometric similarity), similarity of motion (kinematic similarity) and similarity
of forces (dynamic similarity) (Liggett, 1994; Chanson, 1999). If any similarity (geometric, kinematic or
dynamic similarity) is not fulfilled, scale effects may take place. Scale effects yield discrepancy between the
model data extrapolation and the prototype performances. In a physical model, true similarity can be achieved
if and only if each dimensionless parameter (or I1-terms) has the same value in both model and prototype:

Fr, =Fr, [3]
Re, =Re,
Mo,, =Mo,

where the subscripts m and p refer to the model and prototype conditions, respectively. Scale effects may
take place when one or more dimensionless terms have different values between the laboratory and
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prototype. Let us consider a prototype culvert flow (Figure 2A) and fish passage experimental flumes in
Figures 2B and 2C, how can we extrapolate the laboratory results to full-scale real-world culverts with
minimum scale effects?

(A)

(C)
Figure 2. Physical modelling of culvert hydraulics: Comparison between a prototype culvert operation and
laboratory studies of upstream fish passage in culverts - Blue arrow shows flow direction. (A) Multi-cell box
culvert inlet along Norman Creek, Brisbane QLD during a small flood on 20 May 2009. (B) 12 m long 0.5 m
wide tilting flume in the UQ Bio-hydrodynamics laboratory, looking upstream for Q = 0.261 m®/s and 6 = 0. (C)
Medium-size and small-size recirculating water tunnels.

Open channel flows including culvert flows are typically studied based upon a Froude similarity because
gravity effects are important (Henderson, 1966; Liggett, 1994; Chanson, 1999). The turbulent flow motion is
dominated by viscous and dissipative effects. Thus, a true similarity of culvert flow requires achieving identical
Froude, Reynolds and Morton numbers in both the prototype culvert and its laboratory model (Equation [3]).
This is impossible to achieve using geometrically similar models unless working at the full-scale. Practically,
the Froude and Morton dynamic similarities are simultaneously employed with the same fluids, air and water,
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used in prototype and model. In turn, the Reynolds number is grossly underestimated in laboratory flow
conditions. This may lead to viscous-scale effects in small-size hydraulic models seen in Figure 2C.

Similarly, a dimensional analysis may be conducted for the fish motion in a turbulent flow (Alexander,
1982; Blake, 1983). Considering the simplified motion of a fish travelling upstream in a prismatic open channel
with a steady turbulent flow, the dimensional considerations yield a series of relationship between the fish
motion characteristics at a location (x,y,z), the fish characteristics, the channel boundary conditions, the
turbulent flow properties and the fluid properties. It becomes:

XYz,

L:.ls,hs, ps, Specie,
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dV,v'L,T,
PwrHw: 0,9,

where U is the Eulerian fish speed for a fixed observer, positive upstream since this study is concerned with
the upstream fish passage, u' is a fish speed fluctuation, O, is the oxygen consumption, [J; is the fish response
time, Ly, k and h; are the fish length, thickness and height, respectively, and s is the fish density. While
Equation [4] is simplistic, for example, ignoring the effects of fish fatigue, the T-Buckingham theorem implies
that Equation [4] may be rewritten in dimensionless form as:
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3.2 Discussion

The present result (Equation [5]) emphasises a number of key parameters and variables relevant to the
upstream fish passage in turbulent open channel flows, including the ratio u'/v' of fish speed fluctuations to
fluid velocity fluctuations, the ratio [¢#T; of fish response time to turbulent time scales, the ratios of fish
dimension to turbulent length scale and the fish species. To date, few studies provided quantitative and
detailed characteristics of both fish motion and fluid flow (Nikora et al., 2003; Plew et al., 2007). Even fewer
studies reported fish speed fluctuations and fluid velocity fluctuations, as well as fish response time and
integral time scales (Wang et al., 2016a). The fish swimming accelerations have also important implications in
terms of energy expenditure required to swim against the current over a period of time.

The effect of intrusive probe sensor on laboratory hydrodynamics is rarely considered, despite non-trivial
flow disturbances and blockage and Equation [2] did not account for such effects. A recent investigation tested
systematically the impact of an acoustic Doppler velocimeter (ADV) in a 0.5 m wide channel (Simon and
Chanson, 2013). Even though the sampling volume was 50 mm away from the probe head, the submerged
ADV system induced some blockage effect which affected adversely the flow motion including increasing
locally the water depth and generating some turbulence in the stem wake. Blockage effects were also
documented in a 0.25 m wide channel with a 'vane wheel' propeller meter (Wang et al., 2016b). The propeller
casing induced some blockage effect, generating a local fluid acceleration around the propeller, with its
readings overestimating the longitudinal velocity by 5% to 30% depending upon the propeller elevation. The
usage of intrusive instruments in small flumes and tunnels, as seen in Figure 2C, could lead to biased data.

4 FISH KINEMATICS AND ASSOCIATED ENERGY CONSUMPTION

4.1 Basic considerations

When a fish swims upstream in a culvert barrel, its motion provides critical information on locomotion
dynamics that can be used to calculate energy expenditure, with significant implications for the understanding
of energetics and biomechanics of aquatic propulsion (Lauder, 2015). Assuming carangiform propulsion, the
main forces acting on each fish individual include the thrust force, the gravity force, the buoyancy force, the
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shear/drag force, the lift force, the virtual mass force (or inertial force). Newton's law of motion applied to a fish
yields:

W o= = L
m; x E = Ftnrust — Fdrag — Finertial — m; xg+ Fiirt + Fbuoyancy [6]

where m is the fish mass. The virtual mass force might be neglected when the fish density is about the water
density. The buoyancy and lift forces act along the normal direction: i.e., perpendicular to the flow streamlines.
The drag force acts along the flow direction, and includes a skin friction component and a form drag
component. The former is associated with a boundary layer development along the fish surfaces, while the
latter is linked to the vortex and wake development downstream of the fish. For a fish swimming upstream
along a streamtube and neglecting the virtual mass force, Newton's law of motion applied to the fish in the
longitudinal x-direction yields in first approximation:

ou

m; X a—t" =Fyust — Fy m; xgxsin® [71

rag

where the forces acting on the fish are the thrust (Finwst), drag force (Farg), and the last term is the gravity
force component in the flow direction. For a fish in motion, the drag force may be expressed as (Lighthill,
1969):

Fdrag :Cd Xpw ><(gx| +Vx )2 ><Af [8]

where Cg4 is the drag coefficient, Uy is the fish speed positive upstream, V, is the fluid velocity at the fish
location, positive downstream, A is the projected area of the fish. b!+ v, is the mean relative fish speed over

a control volume selected such that the lateral surfaces are parallel to the streamlines and that it extends up to
the wake region's downstream end (Figure 3A) (Alexander, 1982). In Equation [8], the total drag force (Fgrag)
includes a combination of the skin friction on the fish skin surfaces and the form drag and turbulence
dissipation in the wake of the fish (Schultz and Webb, 2002).

An estimate of the drag coefficient (C4) might be derived from trajectory data when the fish drifts (Figure
3B). During drifting in a horizontal channel, the fish deceleration is driven by the drag force. In first
approximation, Newton's law of motion becomes:

mfx%z—Cdxpwx(@+V)zfo [9]

Namely the drag force and drag coefficient may be derived from the rate of deceleration, assuming
implicitly that the form drag is identical during glide and during thrust, and unaffected by body motion. Figure
3A presents a typical time-variation of fish speed and acceleration during a drift event, for a fish individual
swimming next to the corner between a rough sidewall and rough invert (Wang et al., 2016a). For that
individual event and fish, Equation [9] gives: C¢xAs = 1.8x10™ m?.

Despite its underlying assumptions, Equation [7] implies that the fish thrust may be derived from the fish
acceleration, fish speed and fluid velocity time-series. In turn, the rate of working of the fish and associated
energy consumption may be estimated with a fine temporal scale.

The power that the fish expends during swimming is the product of the thrust and the relative fish speed.
Neglecting efforts spent during lateral and upward motion, the mean rate of work by the fish is expressed by
Equation [10a] (Lighthill, 1960; Behlke et al., 1991). Combining with Equations [7] and [8], it yields Equation
[10Db]:

P= Fthrust X (Uf + Vx) [10a]
P :[mf x%+0d xpy < (Bl +V )2 x A +m, ><g><sin6j><(Uf +V,) [10b]
with P the instantaneous power spent by the fish to provide thrust and (U,+V,) is the local relative fish speed,

at the fish location. Equation [10] expresses the rate of working by the fish, to counterbalance the effects of
inertia, drag and gravity.

©2017, IAHR. Used with permission / ISSN 1562-6865 (Online) - ISSN 1063-7710 (Print) 2591



Proceedings of the 37th IAHR World Congress
August 13 — 18, 2017, Kuala Lumpur, Malaysia

0.5 : 5
Start drift [ —— — Usx
— —a,
™ — — V,=-0366m/s
/\K End drift
Control volume E 0 / } \\ rf/J' 0 2
=} / &

1
z —‘l— !
X t \
- —_—
0.5 L L L -5
86.94 86.96 86.98 87 87.02
Time (s)

Figure 3. Drag force on a swimming fish (A, Left) Definition sketch of drag force acting on swimming fish.
(B, Right) Time-variation of fish speed and acceleration during a drift event - Data from Wang et al. (2016a),
Duboulay's rainbowfish No. 22 (m¢ = 3.6 g, Ly = 72 mm) swimming along a rough sidewall, fluid flow conditions:
Vy = +0.366 m/s, v,' = 0.315 m/s, 6 = 0 - The double-edged arrow shows the relative fish speed @X +V,

The energy spent by the moving fish during a time (T) is:

T
E=IP><dt [11a]
t=0
T ou
E= J.(mfx§+Cdxpwx(QX+Vx)2fo +mf><g><sin9j><(Uf +V, )xdt [11b]

t=0

where t is the time. If T is the time of transit in a culvert structure, Equation [11] provides some estimates of
the energy spent by the fish to navigate the culvert, albeit it does not take into account the heat transfer nor
any fish metabolism.

4.2 Energetic considerations

The present results provide a deterministic means to quantify the power and energy expended by the
moving fish, to counterbalance the drag, inertia and gravity forces (Equations [10] & [11)). Recently, fish
kinematic data were recorded with fine spatial and temporal resolution in a 12 m long and 0.5 m wide open
channel (Wang et al., 2016a). Figure 4A shows a typical fish trajectory data, with the fish mass and length,
and flow conditions listed in the figure caption. The fish swam against the current (i.e., upstream), next to the
corner of the channel, exhibiting some carangiform locomotion. For the entire 100 s time series, the fish
progressed upstream by 99 mm. Visual recordings, fish trajectory data and fish speed time series showed that
the time-series could be sub-divided into some quasi-stationary motion where fish speed fluctuations were
small and short upstream burst facilitated by a few strong tail-beats. The instantaneous power and energy
spent by the moving fish were calculated using Equations [10] and [11] (Figure 4B). For the same fish and
trajectory data shown in Figure 4A, results are presented in Figure 4B. On average, the mean rate of work by
the fish was 9.0 mW, with a standard deviation of 2.9 mW, while the first, second and third quartiles were 7.3
mW, 8.7 mW and 10.3 mW, respectively, and the maximum power spent by the fish reached 161 mW. The
power distribution was skewed with a preponderance of small power values relative to the mean. Forthe entire
trajectory, the energy spent by the moving fish was 0.89 J.

The results may be extrapolated to a 10 m long box culvert barrel, a structure similar to the standard
culvert seen in Figure 1A. During the upstream fish migration, assuming that the fish swimming behaviour was
identical to the trajectory data shown in Figure 4A, the energy spent by the moving fish would be 89.9 J for a
10 m long horizontal culvert barrel. Assuming that the fish swimming capability and flow conditions are un-
affected by the channel slope, Equations [10] and [11] may be applied to test the effects of bed slope (0) on
the same fish individual. For a same 10 m long culvert, the energy spent by the moving fish would be 202 J
and 1210 J for a bed slope of 6 = 0.05° and 6 = 0.5°, respectively. The former slope would be typical of a mild
slope flood plain, while the latter would correspond to a steep flood plain. Within the present assumptions, the

2592 ©2017, IAHR. Used with permission / ISSN 1562-6865 (Online) - ISSN 1063-7710 (Print)



Proceedings of the 37th IAHR World Congress
August 13 — 18, 2017, Kuala Lumpur, Malaysia

findings suggest that the channel slope may affect significantly the instantaneous power and energy spent by
the fish to provide thrust during upstream culvert passage.

More generally, the bed slope has a drastic impact on the optimum design of fish-friendly culverts. With
very flat bed slopes, the energy spent by the moving fish to migrate along the culvert is drastically smaller,
hence facilitating upstream fish migration, but the head loss available is very small. The latter implies that any
baffle system may drastically reduce the discharge capacity for a given afflux, this increasing substantially the
cost of the culvert structure. On another hand, a steep bed slope may provide a greater head loss available,
allowing for a wider range of baffle systems without adverse reduction in discharge capacity, albeit with a
greater power spent by the moving fish. The latter might be particularly detrimental to weak-swimming fish
species.
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(B)
Figure 4. Time-variations of power expended during fish swimming and energy spent by the moving fish -
Data from Wang et al. (2016a), Duboulay's rainbowfish No. 22 (m; = 3.6 g, Ly = 72 mm) swimming along a
rough sidewall in an 0.5 m wide open channel, fluid flow conditions: V, = +0.366 m/s, v,' = 0.315 m/s, 6 = 0.(A)
Fish trajectory next to the left rough sidewall (B) Instantaneous power P and energy E spent by the moving
fish during the trajectory shown in Figure 4A.

5 CONCLUSIONS

Standard box culverts may constitute barriers to the upstream passage of weal swimming fish, with
adverse impact on the upstream and downstream catchment bio-diversity. It is believed that fish-turbulence
interplay may facilitate upstream migration, albeit an optimum design must be based upon a careful
characterisation of both hydrodynamics and fish kinematics. Basic dimensional considerations highlight a
number of key parameters relevant to the upstream fish passage, including the ratio of fish speed fluctuations
to fluid velocity fluctuations, the ratio of fish response time to turbulent time scales, the ratios of fish dimension
to turbulent length scale, and the fish species. The latter may be possibly a most important variable, since
design guidelines developed for one species might be inadequate for another species.

The application of the equation of conservation of momentum provides a deterministic method to quantify
the fish thrust and instantaneous power expended during fish swimming. Using kinematic data recorded with
fine spatial and temporal resolution, the associated energy consumption may be estimated and the effects of
bed slope be tested. Within basic assumptions, the present findings suggest that the bed slope may have a
drastic impact on the optimum design of fish-friendly culverts, since the invert slope affects both the energy
spent by the fish to provide thrust during upstream culvert passage and the total head loss available.

The present study paves the way for an improved knowledge of fish-turbulence interplay relevant to
upstream fish passage in culverts. This is significant given the recent efforts to design cost-effective standard
box culverts with enhanced fish passage capability.
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