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ABSTRACT

The fish’s mechanosensory lateral line system detects non-acoustic hydrodynamic stimuli
required for feeding, schooling, predator avoidance and underwater object detection.
Biological investigations have established that flow stimuli are detected through the bound-
ary layer as pressure gradients by canal neuromasts and as shear stresses acting on the
superficial neuromasts. Previous works have also shown that the spatial distribution of neu-
romasts is strongly correlated with the pressure coefficient. Despite these fundamental
insights, substantial knowledge gaps persist in understanding how fish body geometry influ-
ences the boundary layer, the pressure distribution and shear stresses. To address these
gaps, we provide a set of numerical models based on the open-source CFD toolkit
OpenFOAM which are experimentally validated using velocity measurements obtained in a
laboratory fish swim tunnel. Specifically, we investigate the mid dorsal-ventral planar flow
fields around a 3D fish-shaped body of gudgeon (Gobio gobio), a common freshwater bot-
tom-dwelling fish. The contributions of this work are two-fold: First, we provide a compari-
son of the boundary layer thicknesses and velocity profiles at flow velocities ranging from
0.25 to 1.25m/s. Second, we qualitatively compare the spatial distributions of the pressure
coefficient, dynamic pressure and shear stresses to biological observations of the neuromast
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locations of adult gudgeon.

1. Introduction

Ray-finned fishes represent a highly diverse group
of vertebrates, comprising half of all extant species
(Helfman et al. 2009). Their highly evolved lateral
line flow sensing system consists of neuromasts, spe-
cialized receptor organs distributed along the head
and body of the fish. The lateral line is involved in
multiple behaviors including feeding, navigation,
predator avoidance, and rheotaxis (Montgomery
et al. 2014). Although the biological lateral line has
been extensively researched, the hydrodynamic
properties of natural flow stimuli are rarely consid-
ered or characterized in the literature, especially the
spatio-temporal patterns of small-scale water motion
(Bleckmann 2023). This makes it especially challeng-
ing for ecohydraulic researchers to relate flow stim-
uli recorded in laboratory or field studies to fish
sensory system morphology, function and responses
(Mogdans 2019). Indeed, in 1963 Dijkgraaf postu-
lated that the hydrodynamic environment influences
lateral line

the peripheral system morphology

(Dijkgraat 1963). Since then, several reports and
studies have shown that the lateral line system
morphology can be linked to natural habitats
(Zauner and Eberstaller 1999). In general, limno-
philic fish tend to have larger counts of superficial
neuromasts, widened canals, or canal loss (Bassett
et al. 2006), whereas rheophilic fish have well-
developed canals and lower counts of superficial
neuromasts (Schellart 1991). Furthermore, differen-
ces in the peripheral lateral line sensory responses
to identical flow stimuli have been observed between
still water fish (Carassius auratus) and riverine fish
(Oncorhynchus mykiss), hypothesized as an adapta-
tion to habitats with higher water velocities
(Engelmann et al. 2002). Biological studies also pro-
vide further evidence that riverine fish species
exhibit phenotypic lateral line specialization adapted
to divergent habitat types (Wark and Peichel 2010;
Vanderpham et al. 2016). A detailed literature
review of the sensory ecology of the lateral line sen-
sory system is provided by Mogdans (Mogdans
2019).
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The sensory units of lateral line system, i.e. neu-
romasts, can be classified into two types: shear-
sensitive superficial neuromasts (SN), which are
exposed on the skin surface, and pressure-sensitive
canal neuromasts (CN), embedded within small
canals in the upper layer of the epidermis. Thus
both types of lateral line neuromasts contain hair
cells specialized to respond to hydromechanical
stimuli. The near-body flow field is dominated by
viscous effects over the typical range of the
Reynolds number (100 < Re < 100,000) fish experi-
ence during swimming. These viscous effects gener-
ate a thin layer of fluid over the body surface,
known as the boundary layer (Windsor and
McHenry 2009). The boundary layer acts as a high-
pass filter for the SN, attenuating the low-frequency
stimuli (McHenry et al. 2008). Previous studies have
shown that the pressure across the boundary layer
remains largely constant (White 2006). This implies
that the stimuli experienced by CN are largely deter-
mined by the body geometry, which governs the
pressure distribution and boundary layer thickness.
In addition, the boundary layer thickness over a
streamlined body tends to decrease with increasing
Reynolds number (Windsor and McHenry 2009).
The shear stress exerted on SN cupula cause deflec-
tion due to minute changes in the fluid-body flow
field fluctuations (Dijkgraaf 1963; Bleckmann 2008)
and tend to be most sensitive to frequencies ranging
from <1 to 150 Hz.

Superficial neuromasts are especially well-suited
to detect low-frequency oscillations (< 20 Hz) com-
mon to flowing waters, and are especially sensitive
to near-body velocity gradients (Tuhtan and
Fuentes-Perez 2018). The local skin friction coeffi-
cient (Cr), boundary layer thickness (6) and the
freestream flow velocity largely determine the local
oscillations in the boundary layer (Anderson et al.
2001). It is also known that the boundary layer
thickness varies along a fish’s body length, further
complicating the relationship between the freestream
flow and superficial neuromast stimuli (McHenry
and Liao 2014). Previous works have reported a
strong positive correlation between the density of
superficial neuromasts in the anteriormost region of
the fish’s body (Coombs et al. 2014). These findings
indicate that the location of superficial neuromasts
may correspond to regions where both the local
shear stresses and pressure gradients are the highest,
caused by rapid deceleration and flow stagnation at
the fish’s head.

The pores of the canal neuromasts penetrate the
upper epidermis, and are thus most sensitive to the
pressure differences across the pores. Considering
canal neuromasts, the variation in the cupular size,

sliding stiffness, canal density and fluid viscosity
determine the resonant response of CN to flow
stimuli (Van Netten 2006). This complex mechano-
sensory filtering allows canal neuromasts to be more
robust to local pressure gradients, enhancing the
fish’s ability to orient and detect obstacles
(Bleckmann 2008). Knowledge of the boundary layer
profile for fish hydrodynamic sensing is also impor-
tant because previous works have established that
near-body velocity fluctuations can be modulated
due to the damping properties of the boundary layer
(Teyke 1988). In the absence of undulatory motion
during swimming, the near-body flow field around
a stationary fish exhibits steady conditions without
an oscillatory boundary layer (Anderson et al. 2001).
The boundary layer velocity is zero at the body sur-
face and reaches 99% of the freestream velocity at
the outermost edge of the log region (Schlichting
and Gersten 2000). Although the boundary layer is
known to play different roles in the hydrodynamic
sensing capabilities of fish, there remain few studies
which have specifically taken it into account, largely
due to the difficulty of obtaining data on live fish or
fish-shaped bodies.

Due to the wide variety and complexity of the
biological lateral line and the general lack of studies
into natural flow stimuli, Computational Fluid
Dynamics (CFD) can aid in the investigation of the
near-body flow fields experienced by the fish’s lat-
eral line sensing system. Previous CFD studies have
focused on fish swimming kinematics, thrust and
drag, and vortex structures generation in the wake
(Adkins and Yan 2006; Owsianowski and Kesel
2008). The authors of this work have shown in a
previous CFD study on a trout-shaped body (Khan
et al. 2022) that the Reynolds-averaged Navier-
Stokes (RANS) and Spalart Allmaras turbulence
models can be applied to assess near-body flow
tields with good agreement with measured velocities,
however this work did not investigate the boundary
layer velocity profiles or shear stresses on the body.
A small number of works have applied CFD to spe-
cifically investigate the hydrodynamic sensing capa-
bilities of the lateral line. Notable contributions are
(Windsor et al. 2008, 2010) which carried out three-
dimensional numerical modelling of a fish-shaped
body of a blind Mexican cave fish (Astyanax fascia-
tus), comparing it to a NACAO0013 profile. These
works are based on simplified fish-like body geome-
tries, which allow for a substantially simplified CFD
model setup, reducing the computational effort and
overall time required for post-processing and
analysis.

In addition to CFD, full-scale physical models
have been wused to investigate the pressure



distribution around a rainbow trout (Oncorhynchus
mykiss) at yaw angle orientations of 5, 10" and 20’
as well as pressure fluctuations induced by a foil
placed immediately upstream of the physical model
(Ristroph et al. 2015). A major finding of that work
was that the sensitivity (stimulation per degree) and
canal neuromast density were strongly correlated
along the trout’s anteroposterior axis. Despite the
important advances presented in previous works,
major gaps persist in quantifying and understanding
the boundary layer on fish bodies and the specific
effects it has on the lateral line sensing capabilities.
In this work, our analysis is focused on the bound-
ary layer of the gudgeon (Gobi gobio, TSN: 163658),
a common freshwater fish species which often
remains stationary in the flow (Schmitz et al. 2014).
The typical body length of gudgeon found in
European rivers ranges between 9-21cm (Maitland
and Campbell 1992; Kottelat and Freyhof 2007), and
the body length was chosen to be 15cm, reflecting a
typical size of wild specimens. The dimensions of
the gudgeon model are provided in Figure 1.

The contributions of this work are two-fold:
First, we provide a high-resolution open numerical
model of the gudgeon fish, including a fully
resolved boundary layer as well as an analysis of
the pressure and shear fields. Specifically, we
assess the thickness and velocity profiles of the
boundary layer around the gudgeon body at four
different Reynolds numbers corresponding to typ-
ical velocity ranges in rivers inhabited by the
gudgeon (0.25, 0.55, 0.85 and 1.25m/s). Secondly,
we evaluate the spatial distribution of the pressure
coefficient and shear stresses to biological observa-
tions of the canal and superficial neuromast loca-
tions on a gudgeon body. The pressure coefficient
exhibited the largest gradients in the anterior 20%
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of the body and the shear stress distribution was
found to have two distinct peaks in the anterior-
most 10% of the body, above the eye orbit.

2. Experimental methods

2.1. Gudgeon body geometry and swim tunnel
setup

The gudgeon’s geometry shown in Figure 1 is based
on the 3D gudgeon model of fish donated by
Dosch Design Kommunikationsagentur GmbH
(Marktheidenfeld, Germany) from imagery collected
of live fish, and modified to fit the total body length
of 15cm using the Computer-Aided Design (CAD)
software SolidWorks (V27, Dassault Systemes,
France). All physical experiments were conducted in
the laboratory of fluid dynamics and technical flows
at  Otto-von-Guericke  University, ~Magdeburg,
Germany.

The model was 3D printed and placed into
(Form 3L, Formlabs Inc., USA) a commercial swim
tunnel (185L, Loligo Systems, Denmark). The tun-
nel was chosen as they are widely used in studying
fish swimming kinematics, energy expenditure and
swimming performance (Jones et al. 2020) and has
been used in a study of gudgeon swimming per-
formance on fish of a similar size (Egger et al.
2021). The planar two-dimensional velocity meas-
urements around the fish were then recorded via
optical access from the bottom of the swim tunnel.
These velocity measurements are necessary and suf-
ficient for calibrating and validating the CFD model.
However, in order to obtain velocity, shear and
pressure values over the entire surface of the gudg-
eon body to evaluate fluid-body interactions and the
placement of neuromasts, a numerical model is
needed. Prior to the measurements, the flow inside

5.2cm
2.7 cm

15 cm

L

1.95cm

N~

Figure 1. Physical dimensions of the gudgeon fish-shaped physical model. The pectoral fins were removed from the model as
they are primarily responsible for hovering, turning and braking (Lauder and Drucker 2004) which are swimming activities not

investigated in this work.
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Table 1. Overview of the dimensions, specifications, settings and equipment used in the commercial swim tun-
nel, including the gudgeon-shaped physical model and laser Doppler anemometer.

Dimensions of the gudgeon-shaped body (length x width x height)

15 x1.95 x 2.7cm

Specifications of the swim tunnel

Length x width x height

Water depth

Mean inlet velocity

Mean turbulence intensity

Reynolds number

Froude number

Specifications of the Laser Doppler Anemometer (LDA)
Model

Laser type

Wavelength

Nominal measurement distance

Measuring volume (length(x) x width(y) x height(z))
Software

28 x7.5%x75cm

7.5cm

0.238£0.06 m/s, 0.543+0.06 m/s
15.21%+4 %, 11.38+10 %

37,436, 82,360

0.21, 0.45

Dantec Flow Explorer DPSS

300 2D

Continuous laser

485 mm with 500 mm bottom lens
24 X6 X 6cm

BSA Flow Software

Figure 2. Swim tunnel physical velocity measurement experimental setup used for the gudgeon body, the flow direction is
from left to right. Left: Side view of the swim tunnel working section showing the 3D printed body, mounting assembly dur-
ing an LDA measurement at the anteriormost observation location. Right: Planar velocity measurement locations inside the
swim tunnel working section, the outline of the fish-shaped gudgeon body is marked in red. Blue markers represent the verti-
cal plane used for the upstream boundary conditions and green markers indicate the probe locations of the horizontal plane

used for numerical model tuning and validation.

the swim tunnel was run for a minimum of five
minutes before activating the laser to ensure the
measurements occurred during fully developed
turbulence. A summary of the swim tunnel experi-
ments is given in Table 1, and a detailed overview
of the velocity measurements are provided in the
following subsection.

2.2. LDA velocity measurements

Velocity measurements were carried out using a
Dantec FlowExplorer (Dantec Dynamics, Denmark)
two-dimensional (2D) laser Doppler anemometer
(LDA). Two planar test sections were measured.
First, at a vertical plane located 0.048 m upstream of
the physical model body to establish the inlet
boundary conditions. Second, at a horizontal plane
taken at mid-body elevation (assigned as Om), to
obtain the planar flow field around the gudgeon
body which was required for numerical model cali-
bration and validation (Figure 2).

The two-dimensional horizontal velocity field was
measured as streamwise, U, and lateral, U, compo-
nents. The LDA data were post-processed and saved
using the BSA Flow software (Dantec Dynamics,
Denmark). The parameters and settings applied in
post-processing are provided in the supplementary
material. The lowest signal-to-noise ratio (SNR) of

63.11% was found at measurement points located clos-
est to the surface of the fish. Polyamide seed particles
with a mean diameter of 5 um were added to the
swim tunnel to maintain a high SNR for all measure-
ments. The measurement locations within the swim
tunnel test section were determined after calculating the
focal length and adjusting it to account for refraction
through the tunnel’s acrylic walls and through the
water. A custom Python script was created to calculate
the vertical displacement of the laser inside the test sec-
tion, and is included in the supplementary material.

At each of the two flow velocities measured (0.25
and 0.55m/s), the first set of measurements were
recorded in the vertical plane (YZ) at 0.048 m upstream
of the gudgeon body. The vertical plane data were used
to define the inlet flow boundary conditions of the
numerical model. Each vertical plane consisted of 35
measurement points at a distance of 7.5mm from the
walls. The distance between each measurement point
along the y-axis was 10mm and 15mm along the z-
axis. The second set of measurements was obtained in
the horizontal (XY) plane around the gudgeon body at
264 measurement points, where the neutral axis of
Z =0 was established as the anteriormost point of the
body (Figure 2). At each measurement location, 2000
Uy and 2000 U, samples were recorded over a time
duration of 300s. The density of LDA velocity meas-
urements in the immediate vicinity of the fish-shaped



body was higher than in the freestream region. The
streamwise distance between points was reduced in the
head region, corresponding to the anterior 40% of the
total body length, to ensure a smooth interpolation of
the large velocity gradients caused by stagnation. The
closest points to the surface of the body were located at
a distance of 0.5mm, and resided inside of the bound-
ary layer. The physical experiments in this work pro-
vided 2D velocity measurements required to tune and
validate numerical Model I (swim tunnel) and to define
the inlet boundary condition and numerical model
divergence criteria Figure 3.

3. Numerical model

The open source framework OpenFOAM-v2112 was
used in this work for numerical modelling of the
flow around the fish-shaped body. Validation of the
numerical model was carried out at Reynolds num-
bers of 3.74 x 10* and 8.23 x 10%, which corres-
pond to standard operational conditions in the
commercial swim tunnel with freestream velocities
of 0.25 and 0.55m/s, respectively. All numerical
simulations were based on the 3D incompressible
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Volume Method (FVM). As the gudgeon model is a
rigid body and does not move within the domain,
the steady-state solver simpleFoam was chosen. A
comprehensive summary of the numerical method,
spatial and temporal discretization, turbulence
model and boundary conditions used in this work is
shown in Table 2. The flow within the swim tunnel
test section (Model I) was found to be dominated
by lateral wall effects, which lead to high turbulence

Table 2. Overview of the OpenFOAM simulations for Model
| and Model Il setups investigate in this work.

OpenFOAM-v2112

Numerical framework

Solver simpleFoam
Characteristics Incompressible, steady-state, turbulence
Algorithm SIMPLE
Spatial discretization

Mesh type Polyhedral
Max cell size 0.004 m
Minimum cell size 0.00004 m
Total number of cells 58 M
Steady-state

Max. no of iterations 5000
Timestep 1

Turbulence model
Wall treatment
Convergence criteria
Residuals 10°¢

RANS-Spalart Allmaras
Calculated (fully resolved)

Relaxation factors U=0.7,p=07
steady-state Navier-Stokes equations using the Finite ~ Total simulation time 80 CPUR
Problem identification
Y
» Conceptual model
Physical Experiment Numerical simulations
\ 4
Steady Model | Steady Model Il
v solver vy solver vy
LDA setup OpenFOAM model OpenFOAM model
development development
Implement- Implement-
\ Inlet BC y ation y__ation
- implemented Pre-processing Pre-processing
20 yelaeity SEpEERsssesmn > (non-uniform BC, (uniform BC,
measurements ) . ) .
confined domain) unconfined domain)
A v
time-averaged I - - < . .
velocity plots Simulation results Simulation results
Quantitative 4
comparison Hydrodynamic
sensing analysis
(6.Cp.ct)
\ 4
No Acceptable agreement Yes Results & conclusions

under a degree of
confidence

Figure 3. Flowchart of the physical experiments and two numerical model setups (model | and model Il) applied in this work.
Model | was used for numerical model tuning and validation based on the physical experiments in the commercial swim tun-
nel, and numerical model Il (widened mesh, unconstrained by the tunnel geometry) provided the main results of this work
investigating fish hydrodynamic sensing based on the boundary layer, and anteroposterior pressure coefficient and shear stress

distributions.
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intensities (TI). Due to this limitation, and after val-
idating the Model I setup based on the LDA meas-
urements, a second model domain (Model II) was
widened to 0.3m, which removed the lateral wall
effects. An overview of the physical model setup
and corresponding numerical model validation and
application to evaluate the fish-shaped body hydro-
dynamic sensing analysis is provided in Figure 3.
The results of the widened domain model were sub-
sequently used in the investigation of the boundary
layer, the pressure coefficient and shear stresses over
the gudgeon body. The two model domains includ-
ing the boundary conditions and dimensions are
shown in Figure 4.

3.1. Boundary conditions

The inlet flow conditions in numerical Model I
were assigned in the form of a second-order polyno-
mial interpolated using the vertical planar LDA
measurements with the expression-based boundary
condition (exprFixedValue) in OpenFOAM. The
interpolated inlet velocity was measured and mod-
elled at an upstream distance of 0.048 m from the
anteriormost point of the fish-shaped body. Model
IT was assigned a uniform inlet velocity distribution.
The domain walls for both numerical setups were
specified with a noSlip boundary condition as well
as for the gudgeon body. A zero gradient Neumann
inlet pressure boundary condition of both numerical
setups was specified as Vp =0, and the outlets were
defined using Dirichlet boundary conditions with
zero pressure, p=0. In this study, the influence of
wall roughness was neglected, and the default value
of the wall roughness parameter (E=9.0253) in
OpenFOAM was adopted within the wall boundary
condition for turbulent viscosity v, (Spalding 1961).

3.2. Mesh discretization

A 3D rectangular test section of the swim tunnel
(28 x 7.5 x 7.5cm) was modelled in an open-source
tool: Salome. The CAD model of gudgeon along

(@) SR (b)

/

— ac 4

inlet Front
(non-

~ | uniform
BC) | —
I P

-~

—(uniform BC)

~_

with the test section were imported as .stl files in
OpenFOAM and discretized using the open-source
utilities: surfaceFeatureEdges and cfMesh. The result
was an unstructured mesh composed of hexahedral
and polyhedral elements. Near the surface of the
gudgeon within the boundary layer, polyhedral cells
of size 40 um were created. To ensure a fine mesh
resolution at the surface of the gudgeon, five bound-
ary mesh layers were added around the surface
resulting in the first node of the mesh in the viscous
region with an average y " value of 0.7. Moreover,
different mesh regions were defined around the
gudgeon body with varying cell sizes depending
upon the distance from the gudgeon. The outer
boundaries of the test section were meshed with
hexahedral elements of a larger size, approximately
0.4 mm. The final simulations were run with a total
of 5.8 M elements (Mesh N4 in Table 3).

3.3. Turbulence modelling

Previous works on near-body flow fields around
fish-shaped bodies have assumed laminar flows,
neglecting the effects of turbulence (Rapo et al.
2009; Li et al. 2022). (Windsor et al. 2010) applied
the Arbitrary Lagrangian-Eulerian (ALE) CFD code,
solving the incompressible Navier-Stokes equation
on an unstructured Voronoi finite volume mesh, to
investigate the flow fields around a blind Mexican
cavefish approaching a wall and validated the
numerical models using Particle Image Velocimetry
(PIV) data. To address the lack of turbulence

Table 3. Discretization error for various meshes around
gudgeon model.
Parameter

N1, N2, N3, Ng, Ns

Drag force coefficient (Cy)
172K, 0.65M, 1.0M, 58 M, 79M
yfr,y;r,y;r,yj,y;r 4.0, 0.40, 0.46, 0.65, 0.09
Ca,r Cayr Cay0 Cap Co 0.07087, 0.07431, 0.06947, 0.06389, 0.06354
Pave 3.632
QLo 0.07546, 0.05011, 0.05831, 0.06319

e, e, e®, et 4.63%, 6.96%, 8.73%, 0.55%
GCI?WSE 1.92%
GCl 34.83%
GCI® 10.91%
GClr, 0.68%
T

T —— Back ‘ Top -

inlet

Front

ébx\\ Bottom ‘ P
cm \:——,\\\ ; ‘ ////ig o

— e
— e
~

Figure 4. Schematic showing the numerical model domain dimensions, the location of the gudgeon body and boundary con-
dition labels. The gudgeon model dimensions are given in Figure 1. (@) Numerical model |, used for model tuning and valid-
ation with the same geometry as the swim tunnel with LDA measurements. (b) Numerical model II, widened domain used for
the analysis of the boundary layer, pressure coefficient, dynamic pressure and shear stress distributions over the gudgeon-

shaped body.



modelling for fish sensory ecology CFD studies, the
authors compared several Reynolds Averaged Navier
Stokes (RANS) turbulence models in a previous
work (Khan et al. 2022), where it was found that
the Spalart-Allmaras model yielded superior results
when considering flows with a fully resolved bound-
ary layer (y* < 1). Based on these findings, the
Spalart-Allmaras turbulence model was implemented
in this work.

The RANS-Spalart Allmaras (SA) model, also
known as a linear eddy viscosity model, is widely
used for simulating turbulent flows, particularly in
aerospace applications (Matsui et al. 2021). Unlike
other Reynolds-averaged Navier-Stokes (RANS)
models, the Spalart-Allmaras model distinguishes
itself by omitting the inclusion of an auxiliary set of
equations to facilitate turbulence closure. Instead, it
focuses solely on solving the transport equation gov-
erning the turbulent eddy viscosity. The turbulent
eddy viscosity is intricately linked to the mean flow
properties, and as a consequence, it does not expli-
citly encompass the spatial attributes of turbulence.
Similar to other RANS models the Spalart Allmaras
model is also based on the Boussinesq hypothesis
which takes the assumption that the Reynolds stress
tensor (7;;) is proportional to the traceless mean
strain rate tensor S;; (Spalart and Allmaras 1992).

2
’C,’j = ZutS:; - gpké,] (1)

The model can be reasonably applied to predict tur-
bulent flows with adverse pressure gradients. A further
advantage of the model is that it is local, which means
the transport equation being solved remains independ-
ent of the solution at other locations.

3.4. Grid convergence study

In order to define the mesh resolution at which the
numerical simulation is no longer affected by the
spatial discretization of the computational mesh, a
grid convergence study was conducted following the
guidelines of Celik et al. (2008). The analysis is
based on the accuracy of the numerical solution by
calculating the discretization error between meshes
with increasing levels of refinement. In this work,
the numerical domain was discretized using five dif-
ferent meshes (N; — Ns) with base cell sizes (h),
4cm, 1cm, 0.8 cm, 0.4 cm and 0.2 cm respectively.
Following the (Celik et al. 2008) criteria, the global
refinement ratio, r (r = hcourse/Nfine) Was chosen as
10, which remained above the suggested minimal
threshold value of 1.3. The targeted discretization
error parameter used in this work was the drag
coefficient (Cy). It was chosen as it integrates pres-
sure and shear forces over the entire surface of the
fish-shaped body based on the following expression:
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2F,

Ca=pA 2)
where F; is the drag force acting on the fish body, p is
the density of water, U is the freestream velocity (here
taken at 0.50 cm upstream of the fish) and A is the
projected surface area of the body in the vertical plane
perpendicular to the freestream velocity. The discret-
ization errors between two meshes as a function of Cy
is reported in Table 3. In addition, the apparent order
of the method (p,), extrapolated values (C]c;m) between
the successive meshes, the approximate relative error
(¢h) and the grid convergence index (GCI) were also
calculated to establish the final mesh resolution. The
formulas and variables used to calculate the grid con-
vergence parameters are provided in the supplementary
material.

The second finest mesh with 5.8 M cells was found
to provide a stable estimation of the drag coefficient
with a suitable relative error (Table 3). The summed
fluxes over all elements stabilized to a constant min-
imum after 456 iterations, and data were obtained from
this time step for further analysis of the boundary layer,
pressure coefficient and shear stress distributions.

3.5. Numerical model validation

The swim tunnel model (numerical Model I) was vali-
dated based on the planar time-averaged velocity fields
obtained from LDA measurements at 0.25 and 0.55m/
s. The velocity difference between the LDA measure-
ments and simulated values was evaluated based on the
standard deviation, which yielded a mean difference
value of around 1cm/s. Outliers were detected and
removed using Bland-Altman plots (see supplementary
material) with maximum deviations of up to 0.08 m/s,
primarily in the anteriormost region of the tunnel
working section. The measured and simulated stream-
wise velocities are illustrated in Figure 5 and the relative
differences are shown in Figure 6.

4, Results

In this study, a numerical model of a gudgeon fish sub-
ject to steady flow was developed to investigate the
near-body flow fields relevant to the superficial and
canal lateral line sensing modalities. The physical fish-
shaped body was placed within a commercial swim
tunnel, and 2D LDA velocity measurements of the
streamwise and lateral velocity distributions at the mid
dorsal-ventral plane were used to tune and validate the
numerical model. This section presents the results of
the numerical analysis, focusing on the boundary layer
velocity profile and thickness, as well as the pressure
distribution and shear stresses, including their relation-
ship to biological observations of the superficial and
canal neuromast distributions on a gudgeon.
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U=0.25 m/s (upper) and U=0.55 (lower) m/s. Right panels: Simulation results of the time-averaged streamwise velocity at
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Figure 7. Left: Steady, dimensionless boundary layer profile envelopes in the posterior region (65% BL), highlighting the vis-
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(convex during gait) and crosses (concave during gait) of a swimming rainbow trout after (Yanase and Saarenrinne 2015),
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body at 65% BL.

4.1. Fish boundary layer constraint on the turbulent viscosity (v; =0). The
The boundary layer was resolved via numerical sim- boundary layer simulation results were first eval-
ulations using a RANS model by employing low uated (at 65% BL) by plotting (Figure 7) the dimen-
Reynolds number wall functions to provide a wall sionless velocities, (U*) and distances, (y*) and



comparing the velocity profiles for each of the four
flow rates evaluated in this work (0.25, 0.55, 0.85
and 1.25m/s).

The model results of the boundary layer profiles
indicate that inside the viscous sub-layer (i.e.
y* < 5), the velocity is linearly increasing with the
normal distance to the wall irrespective of the flow
velocity. The flow inside the viscous sublayer is
dominated by viscous forces and exhibits significant
shear. The boundary layer profiles in the buffer
layer increase in slope with decreasing freestream
velocity. Within the buffer region, the turbulence
production is maximum due to the outward ejection
of low-speed flow near the body, which transport
low-momentum fluid from the wall into the main
flow. The buffer layer thus serves as an intermedi-
ary, establishing a link between the region character-
ized by prevailing viscous effects and the transports
region, where inertial forces dominate. The flow
behavior in the transport region exhibits a pro-
nounced dependency on the Reynolds number, Re.
In the case of a fully turbulent flow (Re > 10°) over
a flat plate, the velocity profile follows the classic
law of wall, where the transport region is propor-
tional to the logarithmic distance from the surface
(Chen and Doi 2002). However in this study, the
flow at the surface of the gudgeon is not yet fully
turbulent, but rather transient i.e. Re = 10, for all
four velocities investigated. Therefore the profiles do
not strictly follow the logarithmic law on a signifi-
cant part of the body. Despite all velocities laying in
transitional state, with an increase in inlet velocity,
the mean velocity tends to converge towards the
classical curve shapes in the log-law region.
Furthermore, the averaged velocity profiles shown
here correspond to a streamwise location of 65% BL
of the fish, where the flow is not fully developed.
Further downstream, for example, close to the tail,
the flow gets fully developed and the boundary layer
exhibit turbulent behavior, as shown in Khan et al.
(2024).

The authors were also interested in the potential
effects of a steady swimming gait on the boundary
layer velocity profile (65% BL), and overlaid obser-
vations (Figure 7) obtained from a swimming rain-
bow trout during the concave and convex portions
of the gait cycle from (Yanase and Saarenrinne
2015). Although this data provides a rough and
qualitative comparison, the (U") trend from the
numerical model closely matched that obtained dur-
ing the trout’s convex body orientation during a
swimming gait but was found to overestimate the
(U") trend for the concave portion of the gait cycle.

Canal neuromasts, embedded in the upper der-
mal layer, and superficial neuromasts, originating
from the surface and suspended in the flow, both
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tend to reside within the boundary layer (McHenry
and Liao 2014). The authors illustrate the boundary
layer thickness at various locations along the body
length of gudgeon Figure 8. Following the nomen-
clature and visualizations of Yanase and Saarenrinne
(2015), the boundary layer regions are classified as
anterior, pectoral, pelvic and posterior. The bound-
ary layer thickness in each region was calculated
using the classical approach of Schlichting and
Gersten (2000). The results of the numerical model
show that regardless of the flow rate, the boundary
layer thickness is observed to be thinner in the ante-
riormost region of the gudgeon body, while it
increases along the body and reaches its maximum
thickness in the tail region. For instance, at 0.25m/s
velocity, the boundary layer was found to grow the
most rapidly from 26% BL anterior region to 80%
BL posterior region, reaching a local maximum of
6.04mm near the tail. This trend was generally
observed for all flow velocities. The boundary layer
remained laminar in the anterior head region until
reaching 67% BL. Corresponding to the known
height of superficial neuromasts, assuming a stand-
ard value of 50 um (Coombs et al. 2014), the
boundary layer thickness in the head region is not-
ably higher at all Reynolds numbers than the height
of superficial neuromasts at the fish’s surface. These
observations align with the findings of the study
conducted by McHenry et al. (2008), which suggests
that the viscous drag within the boundary layer
induces deflection of the elastic hair cells within the
cupula of a superficial neuromast, and not the near-
body velocity itself.

4.2. Pressure distribution

The spatial distribution of gudgeon canal neuro-
masts is concentrated in the anterior head region,
where it diverges into multiple branches and extends
as a single main branch laterally along the body
(Schmitz et al. 2014). The distribution of the major-
ity of canal neuromasts are illustrated in Figure 9
and overlaid with the normalized pressure coeffi-
cient C, for the four velocities investigated in this
work in order to qualitatively assess the sensitivity
of the pressure-sensitive canal neuromast receptors
for the gudgeon.

The individual positions of the superficial and
canal neuromasts were obtained from a biological
study of gudgeon (Schmitz et al. 2014), and each
neuromast location was manually extracted from
the reference work using WebPlotDigitizer.
Subsequently, these points were superimposed onto
the reconstructed 3D model surface of the gudgeon
body used in this work, keeping the original vertical
and horizontal aspect ratios of the neuromast
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Figure 8. Near-body velocity fields around the stationary gudgeon model. The boundary layer thickness is reported at the
anterior, pectoral, pelvic, and posterior regions at U=0.25, 0.55, 0.85, and 1.25 m/s velocity. The boundary layer thickness
was obtained by determining the normal distance from the body at which the flow velocity is 99% U, (Schlichting and

Gersten 2000).

distribution as close to the original work as possible.
The precise locations of the presented neuromasts
are therefore reasonable approximations of a live
gudgeon and are evaluated in terms of their relative
position along the total body length to reduce posi-
tion errors to the greatest extent possible.

It was observed that the most rapid change in C,
corresponding to the region of highest pressure sensi-
tivity occurs within the first 20% of the gudgeon body.
These results are in good agreement with those pre-
sented in previous works which investigated the C, dis-
tribution over a slender hydrofoil (Hassan 1992), a
blind Mexican cave fish (Windsor et al. 2010) and a
rainbow trout (Ristroph et al. 2015). Noticeable devi-
ation in C, from these works is the presence of a large
secondary peak for all investigated velocities on the

gudgeon body between 6 % and again at 14 % of the
body length. These peaks correspond to the regions
immediately anterior to, and aligned with the gudgeon’s
eye, and are associated with the highest density of canal
neuromasts. The Ristroph model (Ristroph et al. 2015)
also included a detailed body geometry including the
trout eye, and exhibits a similar secondary depression
of the C, at nearly the same location along the normal-
ized body length, as shown in Figure 9.

The normalized pressure coefficient C, describing
the pressure to inertial forces around the gudgeon body
remain identical for all flow rates. Whereas the
dynamic pressure at the surface of the fish changes
with respect to the Reynolds number (see Figure 10).
The maximum dynamic pressure is observed to be at
the stagnation region (at the nose) of fish and recedes



JOURNAL OF ECOHYDRAULICS 1

1.0
0.84
0.6~ 
0.41
0.2

0.0 14

Normalized pressure, [Cp]

—0.21 M4
_0.4_

_06_

—— OpenFOAM, Uy 35
—— OpenFOAM, Ug 55
—— OpenFOAM, Uy gs
OpenFOAM, Uis
---- Hassan(1992a)
—-—- Windsor(2010a)
—— Ristroph(2015)

0.0 0.2 0.4

0.8 1.0

Position along body, [s/BL]

Figure 9. Pressure coefficient, C, along the body length of the gudgeon fish model in comparison with previous studies. The
C, measurements are compared at the vertical plane (s/BH = 0) as of the normalized fish geometry. Black dots represent the
estimated locations of the canal neuromasts, distributed on the surface of gudgeon adopted from the biological study of

Schmitz et al. (2014).

(a)

y

e

-
i

LA .\t“ L
4 [ACN A EENERAVEY 3
.;ﬁ,’::u""\‘ € (REFRENITT

P-PO [Pa]
-50-40-30 -20 -10 0 19 20 30
— T

P-PO [Pa]
-50-40-30-20-10 0 10 20 30

(b)

P-P0 [Pa]
-50-40-30 -20 -10 0 1p 20 30
[ |

(d)

P-P0 [Pa]
-50-40-30-20-10 0 10 20 30
| |-

Figure 10. Comparison of the dynamic pressure (P — P0) distribution over the gudgeon body at four freestream velocities. (a—
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overlaid with the approximate positions of the lateral line receptors of a biological gudgeon specimen. Black dots represent
the canal neuromasts and red dots the superficial neuromasts, adapted from (Schmitz et al. 2014).

around the head region along the body until it reaches
80% BL where it eventually rises due to the retardation
of the flow velocity in the posterior tail region because
of the streamlined body shape. The pressure coefficient
is normalized by the kinetic energy of the fluid, and is
therefore insensitive to changes in the freestream vel-
ocity. In order to better assess the regions of higher
sensitivity to near-body pressure changes, the dynamic
pressure (difference between freestream pressure and
the pressure acting at a point on the body) was also
plotted for all four velocities, as shown in Figure 10.
An interesting finding emerged from this visualization,
as it can be seen that the sensitivity of the dynamic
pressure varies widely, depending on the freestream

flow velocity, where the anteriormost (head) and pos-
terior regions around the caudal peduncle had the
highest gradients for all flows investigated in this work.
The increased density of superficial neuromasts in the
posterior regions correspond well with the increased
dynamic pressure in this region, indicating that they
may benefit from the increased pressure gradients in
these regions in addition to fluid shear stresses.

4.3. Shear stress distribution

As the boundary layer develops along the body, its
thickness increases, and the wall shear stress
decreases (Schlichting and Gersten 2000). Water
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motion around the surface of fish exerts a constant
drag force produced as a result of shear forces act-
ing on the surface. Fish perceive the flow caused by
the deflection of the cupulae through the depolariza-
tion of the membrane potential of hair cells within
the cupulae. To better understand how a fish per-
ceives its surroundings, we evaluated the net vari-
ation of the shear along the body in juxtaposition to
the total percentage of superficial and canal neuro-
masts. A dimensionless shear stress coefficient at the
surface of the gudgeon model along the mid dorsal-
ventral plane was calculated and plotted with
the percentage of neuromasts along the body of the
gudgeon in Figure 11. The shear stress inside of the
viscous sub-layer are a function of the viscosity and
velocity gradient, and is driven by the velocity pro-
files resulting from changes in the freestream vel-
ocity, as shown in the rightmost panel of Figure 7.
In our observations, the concentration of both
the canal and superficial neuromasts in gudgeon is
found to be primarily situated within the anterior
20% of the total body length. The approximate loca-
tions of these neuromasts on the surface of the fish
are adapted from (Schmitz et al. 2014). The plot
depicting the total count of superficial and canal
neuromasts in each 2.5mm segment of the fish’s
body length is presented as a function of the per-
centage of each respective neuromast in Figure 11.
Along the gudgeon body, the distribution of both
types of neuromasts was observed to concentrate in
the the anteriomost region, where the coefficient of
skin friction (Cy) was the highest. The anterior 20%
BL contains above 47% of the total number of
superficial neuromasts. Analagous to the pressure
coefficient, the coefficient of skin friction (C;) in
this region also exhibited notable gradients. These
findings suggest that the arrangement of superficial
and canal neuromasts on the body of the gudgeon
are not solely associated with near-body pressure

gradients, but may also correlate to regions with ele-
vated shear stress and gradients thereof.

5. Discussion

Whether migrating, feeding, schooling, or avoiding
predators, fish must contend with an extensive
range of natural flow conditions for survival. The
flow conditions encountered by fish are necessary
but not sufficient to understand the fish’s response
to its physical environment. Due to this, we must
also investigate how fish perceive and adapt to the
dynamically changing flow environment via their
sensory systems. However, measuring the near-body
flow fields under laboratory conditions remains a
persistent challenge. To address this difficulty, CFD
can be used in some cases to provide fully-resolved
and highly detailed information to better understand
fish-flow interactions. However, this requires the
development, testing, and validation of numerical
models capable of accurately simulating boundary
layers, pressure fields and shear stresses.

In this work, we propose numerical methods suit-
able for exploring the variability of near-body vel-
ocity profiles as well as the boundary layer thickness
on a gudgeon-shaped body. In addition to the
boundary layer, the pressure and shear stress distri-
butions can be obtained from numerical simulations
and compared with the locations of superficial and
canal lateral line receptors. A major contribution of
this work for future studies are the openly available
LDA near-body velocity measurements required for
the validation of the simulation as well as an open-
body geometry, mesh, and numerical modelling
setup which can be replicated in studies of other
near-body flow fields. Although there were signifi-
cant differences at some probe locations within the
swim tunnel due to the measurement artifacts, the
mean velocity difference between the measured and
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Figure 11. Dimensionless shear stress along the body of the gudgeon (right vertical axis) in relation to the distribution of
neuromasts (left vertical axis) expressed as the percentage of canal neuromasts (CN) and superficial neuromasts (SN). The per-
centages were calculated based on biological observations from (Schmitz et al. 2014).



simulated gudgeon model after removing outliers
remained at a suitably low level (U = 0.01 m/s),
substantiating the proposed numerical model setup.
In general, the numerical approach used in this
work can be considered suitable for any fish-shaped
body where the boundary layer mesh region is
refined such that y* < 1.

The resolved boundary layer model was evaluated
for four flow velocities (0.25, 0.55, 0.85 and 1.25m/
s). Inside the boundary layer at all investigated
Reynolds numbers, the flow within the known
length scales of the superficial neuromasts (approx.
30 pm (Coombs et al. 2014)) remained laminar. The
boundary layer thickness varies around the gudgeon
body ranges from 0.67 mm in the anterior region
(head region) to 6.04mm in the posterior region
(tail region) for the 0.25m/s velocity. The variation
of the boundary layer thickness along the fish’s
body length could be the source of perceiving the
velocity gradients from the bulk flow. Based on
these biological observations which report the not-
able features of the boundary layer, we encourage
future studies to consider the potential effects of the
boundary layer on fish lateral line sensing.

Pressure gradients are perceived by the canal
neuromasts distributed on the fish surface. Previous
studies have shown that the lateral line receptors are
highly concentrated in the anterior head region 20%
of the total body length and tails off further along
the body (Ristroph et al. 2015). For the current
study, the pressure distribution was analysed by
plotting the pressure coefficient, C, along the body
length of the gudgeon model at the mid dorsal-ven-
tral plane relative to the previous biological observa-
tion of neuromasts layout. The C, along the body
largely agree with the previous literature, and exhib-
its large gradients in the anterior head region at up
to 20% of BL. Furthermore, the pressure coefficient
plots illustrate that because C, is normalized by the
freestream kinetic energy, lateral distributions of C,
do not provide information related to potential
changes in pressure-related lateral line sensitivity as
a function of the freestream velocity. Instead, we
recommend evaluating the dynamic pressure distri-
bution over the body, which is highly sensitive to
changes in the freestream flow velocity.

The variation in the dimensionless shear stress,
Cs along the fish’s body at different Reynolds num-
bers over the gudgeon body was found to correlate
with higher percentages of both types of neuro-
masts, the majority of which were found within the
first 20% of the fish’s body length. This indicates
that similar to the pressure coefficient, C, the high-
est sensitivity to shear stresses likely occurs in the
anteriormost region of the gudgeon head, corre-
sponding to the location of the fish’s eye. However,
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in contrast to the pressure coefficient, C; exhibited a
greater degree of variability as a function of the flow
velocity, where it was found that C; tended to
increase in magnitude with decreasing Reynolds
numbers (and correspondingly, at lower flow veloc-
ities). Models of superficial neuromasts have indi-
cated that their sensitivity is also dependent on their
morphology, where increased flexural stiffness leads
to a decrease in sensitivity (McHenry and van
Netten 2007). These findings warrant further inves-
tigation by evaluating CFD-based shear stress distri-
butions with biological observations of the
placement and morphological characteristics of
superficial neuromasts obtained in previous studies
(Coombs and Montgomery 1994). Such investiga-
tions could plausibly evaluate if individual superfi-
cial neuromasts’ sensitivity or groupings thereof are
specifically tuned for fixed ranges of shear stresses.
If the properties of superficial neuromasts of a given
fish species and life stage were well-defined, it
would then be possible to infer the flow conditions
at which the fish are most sensitive.

A limitation of this work was the use of a sta-
tionary numerical approach. Although the time-
averaged velocity, pressure and shear stress can
provide valuable insights into the magnitude of lat-
eral line stimuli, further work using time-resolved
numerical models is required to explore spatio-tem-
poral stimuli experienced by live fish. In addition,
the authors wish to point out that the walls of the
flume were smooth and modelled without any sur-
face relief, which represents a highly synthetic flow
environment. Stationary flow simulations including
realistic bedforms with cobbles and woody debris
can be used to model more complex hydrodynamic
environments, and may lead to further insights into
the lateral line sensing abilities of freshwater fish,
even under stationary flow conditions.

6. Conclusion

This work is one of very few to provide open
numerical models of a fish-shaped body, including
laboratory-validated simulations for near-body flows
under stationary conditions. Specifically, the open
velocity data, mesh, and simulation setup from this
work can be utilized by other researchers to
improve the understanding of how fish perceive tur-
bulent flows in natural and laboratory setups. The
investigation of boundary layer thickness around the
gudgeon revealed consistent variations along the
body length across all Reynolds numbers. The anter-
ior head region showed a thin, laminar boundary
layer, while the posterior tail region exhibited a rela-
tively thicker, turbulent boundary layer. Within the
viscous region of the boundary layer at 65% BL,
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velocity profiles remained linear with the normal
distance from the wall at all incoming flow veloc-
ities. The velocity profiles varied in the logarithmic
region generally conformed to the logarithmic law.
The pressure coefficient evaluated at the mid dorsal-
ventral plane of the gudgeon exhibits large gradients
in the anterior 20% of the body length, and was
found to agree with previous studies by Windsor
et al. (2010) and Ristroph et al. (2015). The dynamic
pressure was most sensitive in the anteriormost
(head) and posterior (caudal) regions. Similarly, the
shear stress coefficient exhibited the largest gra-
dients in the anterior head region, near the eye.
These findings suggest that the high-density distri-
bution of SNs and CNs in the anteriormost head
region are likely to correspond to the pressure gra-
dients and local shear stresses experienced by a sta-
tionary gudgeon oriented into the principal flow
direction.
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