UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Evaluation of Reynolds-averaged Navier-Stokes turbulence models in open
channel flow over salmon redds

Bhattarai, B.; Hilliard, B.; Tonina, D.; Reeder, W.J.; Budwig, R.; Martin, B.T.; Xing, T.

DOI
10.1007/s42241-024-0051-5

Publication date
2024

Document Version
Final published version

Published in
Journal of Hydrodynamics

License
Article 25fa Dutch Copyright Act (https://www.openaccess.nl/en/policies/open-access-in-
dutch-copyright-law-taverne-amendment)

Link to publication

Citation for published version (APA):

Bhattarai, B., Hilliard, B., Tonina, D., Reeder, W. J., Budwig, R., Martin, B. T., & Xing, T.
(2024). Evaluation of Reynolds-averaged Navier-Stokes turbulence models in open channel
flow over salmon redds. Journal of Hydrodynamics, 36(4), 741-756.
https://doi.org/10.1007/s42241-024-0051-5

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
You will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:16 Jul 2026


https://doi.org/10.1007/s42241-024-0051-5
https://handle.uba.uva.nl/personal/pure/en/publications/evaluation-of-reynoldsaveraged-navierstokes-turbulence-models-in-open-channel-flow-over-salmon-redds(e8f1396f-43db-40b1-b590-f72b1cc54c72).html
https://doi.org/10.1007/s42241-024-0051-5

741

Available online at https://link.springer.com/journal/42241
http://www.jhydrodynamics.com
Journal of Hydrodynamics, 2024, 36(4): 741-756
https://doi.org/10.1007/s42241-024-0051-5

@ Springer

Evaluation of Reynolds-averaged Navier-Stokes turbulence models in open
channel flow over salmon redds

Bishal Bhattarai" 4, Brandon Hilliardz, Daniele Toninaz, William J. Reederz, Ralph Budwigz, Benjamin T. Mamn3,
Tao Xing'"

1. Department of Mechanical Engineering, University of Idaho, Moscow, USA

2. Center for Ecohydraulics Research, University of Idaho, Boise, USA

3. Institute for Biodiversity and Ecosystem Dynamics, University of Amsterdam, Amsterdam, The Netherlands

4. Hamm School of Engineering, University of Mary, Bismarck, USA

(Received December 23, 2023, Revised April 1, 2024, Accepted April 19, 2024, Published online September 13, 2024)
©China Ship Scientific Research Center 2024

Abstract: This study evaluates computational fluid dynamics (CFD) turbulence closures for Reynolds-averaged Navier-Stokes (RANS)
equations against experimental data to model complex open channel flows, like those occurring over dune-shaped salmon spawning

nests called “redds”. Open channel flow complexity, characterized by near-bed turbulence, adverse pressure, and free surfaces, requires

suitable turbulence closure capable of capturing the flow structure between streambed and water surface. We evaluated three RANS

models: Standard k - @ , shear-stress transport (SST) k- @ and realizable k - ¢, along with four wall treatments for the realizable

k - & . Standard, and scalable wall functions, enhanced wall treatment, and an unconventional closure combining standard wall

function with near-wall mesh resolving the viscous sublayer. Despite all models generally capturing the bulk flow characteristics,

considerable discrepancies were evident in their ability to predict specific flow features, such as flow detachments. The realizable

k - & model, with standard wall function and mesh resolving viscous sublayer, outperformed other closures in predicting near-wall

flow separations, velocity fields, and free surface elevation. This realizable & - & model with a log-layer resolved mesh predicted the
free surface elevation equally well but lacked precision for near-wall flows. The SST k-® model outperformed in predicting
turbulent kinetic energy and provided better predictions of the near-boundary velocity distributions than realizable & -¢& closure with

any of the conventional wall treatments but overestimated the separation vortex magnitude. The standard k-@ model also

overestimated near-wall separation. This study highlights the variability in accuracy among turbulence models, underlining the need for
careful model selection based on specific prediction regions.

Key words: Salmon redd, numerical simulation, turbulence models, volume of fluid (VOF)

0. Introduction

Understanding hydrodynamics, particularly over
complex geometrical formations like salmonid redds,
is essential in riverine ecosystem studies to compre-
hend salmon spawning behaviors, egg incubation
conditions, and overall ecosystem function'!. Salmon
redds, the nests created by salmon in the riverbed for
spawning, interact with river water flow, affecting the
survival of salmon eggs and larvae'™. The interaction
between the redd and the riverine hydraulics results in
oxygen-rich surface water downwelling into the
redd’s pit and upwelling just downstream of the redd’s
crest, forming a process of water exchange known as

Biography: Bishal Bhattarai (1991-), Male, Ph. D.,
E-mail: bbhattarai@umary.edu
Corresponding authors: Tao Xing, E-mail: xing@uidaho.edu

hyporheic exchange!!. This water exchange is vital
for oxygenating the eggs, transporting nutrients,
removing metabolic waste, and sustaining the habitat
for salmonid egg development. Hyporheic exchange
supplies dissolved oxygen, vital for egg survival, by
delivering oxygen-rich surface water into the eggs’
environment. This process also removes metabolic
waste, preventing harmful accumulation around the
developing eggs. Additionally, hyporheic exchange
moderates the water temperature around the eggs,
protecting them from extreme heat, which underscores
its importance in maintaining a suitable habitat for
salmonid egg development!' !, Numerical models*”
and with experimental set-ups®® have been a
valuable tool to investigate these complex fluid
dynamics. Given the nature of turbulent flow around
salmon redds, turbulence models need to capture the
effects of flow characteristics accurately. Among the
various numerical models, Reynolds-averaged Navier-
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Stokes (RANS) models have been widely used due to
their relative computational efficiency and acceptable
levels of accuracy in predicting complex flow
behavior in natural water bodies!'”. Realizable & - g,
standard k-® , and shear-stress transport (SST)
k- models have shown promising results in
aquatic environments with turbulent flowst 7 1121,
However, the prediction of flow characteristics in
open channel flows, such as streams and rivers, which
are characterized by their inherent turbulent nature,
several flow reversals, and the presence of a free
surface, is highly complex and poses a significant
challenge for simulation. Adverse pressure over
salmon redds, accompanied by near-bed turbulence,
results from water flowing over the uneven topo-
graphy of dune-shaped redds built by salmon in
riverbeds. This interaction, particularly at the pit and
just downstream side of the redd, leads to flow
deceleration and separation. These changes stimulate
near-bed turbulence, which is crucial for inducing
hyporheic exchange. To accurately model the flows
over salmon redds, crucial for salmon spawning, we
chose the standard k-w, SST k-w and realizable
k - ¢ turbulence models. Realizable k-& model is
widely used for free surface and k-@ models for
flow with separation caused by adverse pressure
gradient'!). There has not been a comprehensive
evaluation of these turbulence models’ behavior, when
both free surface and adverse pressure gradient
present, for open channel flow over salmon redds to
date. The standard k-® model is known for its
robust near-wall predictions, while the SST k-
model excels in blending near-wall and free-stream
flow predictions. The realizable k-& model was
chosen for its improved accuracy in free flows and
boundary layer flows. It is evaluated alongside four
distinct wall treatments. These treatments include
standard and scalable wall functions, enhanced wall
treatment, and a combination of standard wall
functions with fine near-wall meshing. This selection
aims to explore a range of computational methods to
identify the most suitable one for these types of flows.
The goal is to accurately capture the dynamic water
flow essential for understanding and supporting
salmon habitat.

Recent advances in computational fluid dynamics
(CFD) have provided an invaluable tool to assess and
quantify these flow dynamics with a considerable
degree of accuracy. However, the performance of
these models can vary significantly based on the
specific application, requiring their careful evaluation
for each study!*".. Therefore, no single turbulence
model is universally accepted as being superior for all
classes of problems. The choice of turbulence model
depends on considerations such as the physics of the
flow, the established practice for a specific class of

problem, the level of accuracy required, the available
computational resources, the information detailing the
boundary conditions, e.g., streambed, and the amount
of time available for the simulation. To make the most
appropriate choice of model for our application, we
need to understand the capabilities and limitations of
the various options!®!.

The realizable k& -& model enhances the perfor-
mance of the standard % -& model by addressing the
limitations associated with the isotropy of turbu-
lence!”. It introduces flexibility in predicting the
spreading rate of both free and wall-bounded shear
flows!"®], making it suitable for complex flow simula-
tions such as over salmon redds. The realizable & -¢&
model is often used in free-surface flow simulations[lg],
however it needs additional wall treatment for
accurately predicting near-wall flows''®.. On the other
hand, k- turbulence models, being wall-resolved,
can predict turbulence near solid boundaries without
additional wall treatments. @ -based turbulence
models use an automatic wall treatment (AWT),
recommending a highly refined near-wall mesh to
resolve the viscous sublayer for optimal results .
The standard k-® model, with its robustness and
accuracy in the near-wall region, has been extensively
used in boundary layer flow computation[lo]. However,
its performance under adverse pressure gradients, a
condition often present in salmon redd environments,
and for free stream modeling has been questioned[“].
The SST k- model is particularly suitable for
flows with adverse pressure gradients and separa-
tion™®"). It combines the features of the standard & -
model in the inner region of the boundary layer and
the k-& model in the outer region, providing accu-
rate predictions across a wider range of flow regimes!'".

Despite the popularity of RANS models, their
comparative performance in simulating flow over
salmon redds remains unexplored and represents a gap
in the literature. The accurate simulation of such flow
conditions can provide insights into important

ecological processes[zl] such as egg incubation?),

intra-gravel flow'® and fine sediment infiltration'**.
Our research addresses this gap by evaluating and
contrasting the predictive capabilities of the SST
k-w, standard k-o and realizable k-& models
in this unique ecological scenario, along with wall
treatments for the realizable k-& model: Standard
wall function, scalable wall function, enhanced wall
treatment, and standard wall function with the near
wall mesh resolving viscous sublayer in predicting the
flow behavior over a salmon redd. For easy conven-
tion, these wall treatments are indicated hereafter as
follows: Realizable k-& model with standard wall
function and the first grid point within the log layer as
RKE-SW-LL, standard wall function with near-wall
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mesh resolving viscous sublayer as RKE-SW-VS,
scalable wall function as RKE-ScW and enhanced
wall treatment as RKE-EW. We implement a 2-D
numerical modeling approach and employ the volume
of fluid (VOF) method to determine the free surface in
each case. We carried out a series of simulations and
compared the numerical results against experimental
data collected with stereo particle image velocimetry
(SPIV) in a controlled flume experiment[4] to assess
model accuracy and reliability in predicting the flow
hydraulics, e.g., flow and turbulence fields, over a
salmon redd. The performance of each RANS model
is assessed based on various metrics such as flow
speed, turbulent kinetic energy (TKE), and water
surface elevation.

1. Computational methods

The numerical simulations are performed using
the commercial CFD code, ANSYS Fluent (releases
2022 R1, R2 and 2023 R1). The simple scheme is
used to solve the pressure-velocity field, and the
second-order upwind scheme is used for the spatial
discretization of the momentum equation. The second-
order implicit scheme is used for transient temporal
discretization. The governing equations consist of
transport equations for continuity and momentum
quantities. The governing equations are solved for a
finite-volume formulation of the RANS equations for

an incompressible, homogeneous fluid'* **/:
ou,
a—x’ = (1
L) Sloun)) 0P o | fou O

ot ox, Ox, Ox; ox; 0Ox

0 —pW
+¥ Q)
Y

where p and u are the fluid density and dynamic
viscosity, u, ., (i,j=12, where i# j)is the time-
averaged velocity, u/(i=1,2) are the fluctuations in
the instantaneous velocity components in X,

(6,j=12,

iorj

where i# j ) directions, the term,

—puju’; is the Reynold stresses and P is time-
averaged pressure.
Additional transport equations are also

required to be solved for the turbulent flow!'®. We
utilized the three commonly used RANS equations
coupled to the two-equation turbulent models, namely,
realizable k-& , standard k-w and SST k-
models, to simulate the open channel flow over a
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salmon redd. A transport equation for the turbulence
kinetic energy, k, is solved by all turbulent viscosity
models. The realizable & - & model from Shih et al.l'”!
uses the turbulence eddy dissipation rate (& ) equation
derived from the mean-square vorticity fluctuation.
The Wilcox"” k-» model computes the second
equation for the specific turbulence dissipation ().

Menter’s!'"! SST model solves a blended transport
equation of dissipation (&) in the outer part of the

boundary layer and specific turbulence dissipation
(w) within the boundary layer.

1.1 Realizable k-& model

he realizable k-& model is an improved
version of the standard k-& model, which includes
modifications to the turbulent viscosity and dissipa-
tion rate equations''®. It aims to capture the physics of
turbulent ﬂows better and is widely used in CFD
simulations'®. It demonstrates enhanced accuracy in
forecasting the dissipation rates of flat and round jets,
as well as predicting the properties of boundary layers
under significant pressure gradients™. The eddy
viscosity (g, ) and the transport equations for &
and ¢ in the realizable k -& model are as follows!'®":

2

#, =pC, k; &)

C, is computed from

1
cC =—— 4
“ kU” @)
Ayt A4 —
£
where
= ,[Si/-Si/. + .5;/ ?21‘/ ®)
Q5 =0 26,0, (6)
Q Q l/k (7)
where E, is the mean rate-of-rotation tensor viewed

in a moving reference frame with the angular velocity
®,,A, and A are the model constants, A, =4.04,

A :\/gcosgo, and

S.S.S -
(p—%cos (\/_W) W= %, S=./S.S. .,

3 gy

Ou; ou,
S = 8
v {6)5 ox, ] ®
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Transport equations k& and @ are computed
from

%(pkw—(pku)

8 8 ) ok
=—||lyut—|— |t
ox, T o o, )ox;

G, tG,—pe-Y, t§, )

and

0 0
—(pe)+—(peu,)=—
at(p ) v (peu;)

pCSe—pC, +C, C .G, +S, (10)

+J_

where
n k

C =max|043,——|, n=8—, §=25,5, (11)
n+s £

G, is the generation of TKE due to the mean velocity

gradients, G, is the generation of TKE due to buo-

yancy, VY,, represents the contribution of the
fluctuating dilatation in compressible turbulence to the

overall dissipation rate, C,, C, and C,, are

le

constants, o, and o, are the turbulent Prandtl

numbers for k£ and ¢, v is the kinematic viscosity,
S, and S, are user-defined source terms.

1.2 Standard k- model

The standard k-@ model in ANSYS Fluent is
based on the Wilcox!"” model, which incorporates
modifications for low-Reynolds number effects,
compressibility, and shear flow spreading. One of the
weak points of the Wilcox model is the sensitivity of
the solutions to values for k& and outside the shear
layer (freestream sensitivity)!'. While the new
formulation implemented in ANSYS Fluent has
reduced this dependency, it can still have a significant
effect on the solution, especially for free shear
flows™™. The turbulent viscosity (1) and the two
transport equations (TKE (k) and specific dissipa-

tion rate of turbulence (w)) of the standard k-

model are as follows!'®:

g—a 2t (12)
w

0 0 0 U, | Ok
—(pk)+—(pku,)=— + L — |+
PG ox (pku;) ax, K# J }

o, ) 0x;

Gk_Yk+Sk (13)
0 0 0 U | 0w
—(pw)+—(pou,)=— +L | — |+
o P g P T, K” aJaxJ

G,-Y +S, (14)

where the coefficient " damps the turbulent visco-
sity, g, , causing a low-Reynolds-number correction,

G, is the generation of TKE due to mean velocity

gradients, G

. 1s the generation of @, Y, and Y,
are the dissipation of & and @ due to turbulence,
S, and S,

The main advantage of this model is its good
performance for near-wall turbulence, free shear
layers, and in regions affected by strong adverse
pressure gradients'' ). However, the standard & - @
model has shown some deficiencies for fully deve-
loped free shear flows and is also very sensmve to the
inlet boundary conditions of the @ equatlon . It’s
important to note that the standard k-® model is
known to have limitations in modeling complex flows,
and other turbulence models such as the k-¢& and
SST k- models may be more appropriate in those
cases.

are user-defined source terms.

1.3 SST k-w model

The SST k-w turbulence model is a two-
equation model that blends the k-® model in the
near-wall region and the k-& model in the outer
region and in the free stream!'® **!. The SST k-w
model, incorporating the precise Wilcox!"” k-w
model for near-wall regions and the stable k-¢
model for far-field regions through specific blending
functions, was further enhanced by Menter’s!'"
proposal to redefine the eddy viscosity, resolving the
issue of excessive eddy viscosity prediction. So, while
the standard k- model and the SST k- model
both contain two transport equations (one for £ and
one for w), the equations are different due to the
blending of the k-& model in the SST version.
Specifically, the SST k- model modifies the
production terms in the k& and @ equations and
includes a cross-diffusion term in the @ equation.

_pk 1 (15)
"o 1 aarn
a oo
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d d . u | ok
a(pkﬁa—%(pku,«)— KAH ] }

ox; o, ) Ox;
G -Y +S, (16)
0 0 0 U | 0w
—(pw)+—(pou,)=— +L | — |+
o P g PO axﬂ” aJaxJ
G(l) - Y(l) +D(1) +S(1) (17)
where
o, = ! (18)
R 1-R
+
Or1 Ok
o -t (19)
°" K __1-F
[l SR
o o

,1 ,2

Model constants are o,, =1.176, o,,=2.0, o, , =
1.0, o,,=1.168, o, and o, are the turbulent

Prandtl numbers, G

[}

is the generation of @, Y,
and Y, are the dissipation of & and @ due to
turbulence, D, is the cross-diffusion term, F, and

F, are the blending functions.

2. Near-wall treatment

Wall treatments in turbulence models are crucial
for precise flow predictions near solid boundaries®.
They capture important boundary layer characteristics,
flow separation, and reattachment zones, integral for
understanding flow dynamics over salmon redds and
other similar environments like flow over dunes’.
One common approach is to use wall functions that
prescribe the near-wall conditions for the turbulence
variables based on the local flow properties and the
distance from the wall. Wall functions are efficient
and computationally inexpensive, and they can be
used with coarse meshes. This paper focuses on wall
treatment options for the realizable k-& model,
known for its effectiveness in high Reynolds number,
fully turbulent flows. However, its performance can
degrade near walls and in complex flow regions,
requiring wall functions or other near-wall treatments
for these scenarios'™,

2.1 Standard wall function (RKE-SW-LL)
The standard wall functions in ANSYS Fluent

745

are based on the work of Launder and Spalding™®® and

uses the logarithmic law for the velocity variation near
the wall. The primary use of standard wall functions is
to simplify the calculation of near-wall turbulence
without requiring a detailed resolution of the boundar?f
layer, which would be computationally expensive®..
It assumes that the near-wall flow can be modeled
using semi-empirical relations, which allow the
turbulent quantities (velocity and turbulent kinetic
energy) to be extrapolated from the turbulent core to
the wall and typically requires a first cell height within

the log layer at y~ value above 30.

2.2 Standard wall function with near-wall mesh (RKE-
SW-VS)

In ANSYS Fluent, the law-of-the-wall for mean

velocity and temperature is based on the wall unit, y*,

rather than y*. These quantities are approximately

equal in equilibrium turbulent boundary layers[16]. The
log-law is utilized for the dimensionless near-wall

distance, y*>11.225, whereas the laminar stress-

strain relationship is employed when y* <11.225 in

the wall-adjacent cells. To investigate the potential
benefit of solving momentum equations near the wall
for a better flow field, we positioned the first grid

point in the viscous sublayer (3~ <35), to observe the

variations in flow characteristics near both the wall
and the free stream regions, as tested by Mohotti et
al.®™ for the study in predicting wind pressure on
buildings. We implemented this change with the hope
of enhancing the capability of this turbulence closure
near the wall while retaining its good performance
near the water surface.

2.3 Scalable wall function (RKE-ScW)
The scalable wall functions are designed to work

efficiently across a wide range of y* values, thus
offering more flexibility in meshing the near-wall
regions. For grids that are coarser than " >11, the

standard wall functions are identical™”. They force
the use of the log law in conjunction with the standard
wall function approach. This 1is achieved by

introducing a limiter in the y* calculations such that
¥ =max(y", y;..)» Where yp . =11.225. They pro-
vide more accurate results in situations involving
strong adverse pressure gradients compared to
standard wall functions™. Despite their improved
performance over standard wall functions, scalable
wall functions still represent an approximation to the
near-wall turbulence and may introduce some errors.

2.4 Enhanced wall treatment (RKE-EW)
ANSYS Fluent simulations use enhanced wall
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Fig. 1 (Color online) Illustration of the flow domain with boundary conditions

treatment for the ¢ based models like realizable & - ¢ .
This is a near-wall modeling method which combines
a two-layer model that subdivides the computational
domain into two regions: A viscosity-affected region
and a fully turbulent region. Additional details of the
turbulence models are in Refs. [16, 29]. The enhanced
wall treatment is used when a more accurate pre-
diction of the near-wall flow field is needed,
especially in cases with significant impact from the
boundary layer, such as flow separation or high
skin-friction drag. However, they require a high-
quality mesh with a finer near-wall resolution, which
could lead to increased computational cost.

3. Free surface modeling

We treated the system as a two-phase (air and
water) problem and tracked the water surface eleva-
tion at the air-water interface using the VOF
approach®’’. The water surface profile was extracted
at locations where the volume fraction is 0.5, with the
values of 1 or 0 representing only water or air. VOF
method has become the preferred method in modeling
due to its superior interface capturing ability com-
pared to other methods®". The tracking of the
interface between the different phases is achieved by
solving a continuity equation that describes the
proportion of volume occupied by one or more of the

phases. Specifically, for the ¢™ phase, the equation
can be expressed as follows

0 S )
5 (FP)+V (@py,) = Z;(mp,, —n,,) (20)
=

where m, is the mass transfer from phase p to

phase ¢, m_ is the mass transfer from phase ¢ to

ap
phase p, p, is the density and v, is the velocity
vector of the ¢™ phase. If the ¢™ fluid’s volume
fraction in the cell is denoted as «, , then the

following three conditions are possible:

(1) a, =0: The cell is empty of the ¢" fluid.
q pty q

2) a, =1:Thecellis full of the ¢" fluid.

(2) e, q

(3) 0<a,<1: The cell contains the interface

between the ¢" fluid and one or more other fluids.

4. Geometry, boundary conditions and mesh

The water-sediment interface was specified as a
smooth, no-slip impermeable boundary (Fig. 1), which
is a typical condition for this problem™*** because
momentum and mass exchanges with porous sediment
are small and have negligible influence on surface
hydraulics®. Water boundaries were defined as
velocity inlet and velocity outlet conditions for the
upstream and downstream locations, respectively.
Measured flow fields at upstream (x=-1.14m) and

downstream (x=-1.42m) locations were used to

establish boundary conditions for the streamwise
(V,) and vertical (V) velocities (¥, was less than

2% of V) as well as the TKE profiles for the CFD
models™. The redd starts at x=0m. Air boundaries

were specified as pressure outlets. We ran all
simulations for about four flow cycles throughout the
full domain to ensure that the flows were in
equilibrium with the specified boundary conditions.
The computational mesh was constructed using
Pointwise (release V18.0 R4) (Fig. 2(a)). There are
approximately 0.2x10° quadrilateral cells with a mean
cell size of about 3 mm in the horizontal direction. We
employed a highly refined 0.8 mm cell size in the
vertical direction at the air-water interface to
accurately track water surface elevation. For all
models except RKE-SW-LL, we used a very small
vertical cell size of about 0.375 mm close to the
bottom boundary i.e., the first grid point off the wall
for these models was within the viscous sublayer

where y* <5. For RKE-SW-LL, the first grid point
was positioned in the log layer with an average y' =

33.4 and a near-wall grid spacing of y" =20.6 mm.
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The y" distribution for each model and wall treat-
ment analyzed is shown in Fig. 2(b).

0.4
0.3
0.2
g 0.1
= Near free 0.8 mm
W surface meshing | (Grid spacing in a vertical direction)
-0.1
-02F
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Fig. 2 (Color online) Mesh topology and the y* distribution

for the first grid point away from the riverbed. (a)
Zoomed-in section of the mesh for near-wall turbulence

models, (b) y* distribution across different turbulence

models and wall treatments

This study utilizes supplementary experimental
data from an experiment conducted at The Center for
Ecohydraulics Research to study the hydrodynamics
of a model salmon redd®~®. The experiment
involved an upstream flow depth of 0.1 m and an
upstream streamwise velocity of 0.2 m/s in a 7 m long,
0.5 m wide, and 0.7 m deep recirculating flume. We
reference the velocity field at the downstream end of
the redd crest and the streamwise velocity profile from
Bhattarai et al.”*). In addition, this study also compares
TKE and free surface profiles to wvalidate the
simulation results. The free surface is expressed in

terms of relative water surface elevation (WSE,).
WSE, is defined as the difference between the local

free surface elevation and the undisturbed free surface
elevation based on water depth at the inlet. We

defined the relative total head, H,=h—- (Y, +2z),
where H, is the total head, ¥, is the undisturbed
hydraulic depth away from the redd based on the inlet
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water depth and z is the difference between the local
streambed and the datum that is sloped at the same
angle. The experimental setup and the overall proce-
dure are further discussed in Bhattarai et al.!*l.
Simulation performance was also quantified using the
nash-sutcliffe coefficients (NSC) as an indicator of
model quality. The NSC values are categorized as
follows: very good (NSC>0.75), good (0.65<

NSC <0.75) , satisfactory (0.5<NSC<0.65) and
unsatisfactory (NSC <0.5) B7],

5. Solution verification and validation (V&V)

To ensure that the results are independent of the
time-step size and mesh resolutions, we conducted a
solution verification using three systematically refined
meshes (fine, medium and coarse).

Table 1 Solution verification

Total number Time step

Grids Grid dimensions . .
of points size/s
1 (fine) 869%220 191 180 0.002000
2 (medium) 615x155 95325 0.002828
3 (coarse) 430x108 46 440 0.004000

In this study, we performed the solution verifica-
tion for V_ using the SST k-® model. The V&V

for the RKE-SW-VS model was performed in our
earlier study™. We did not conduct solution verifica-
tion for all models because it applies only to
systematically refined meshes. V&V is not applicable
for cases using the wall function or those that require
the log law in conjunction with the standard wall
function, due to their specific requirements for mesh
refinement. The overall grid size, the total number of
grid points, and the time step size used for solution
verification are given in Table 1. We used a grid
refinement ratio, 7, =Ax, /Ax, =Ax;/ Ax, =1.414 ,
where Ax is the grid distance between two elements
and the subscripts 1, 2, and 3 represent the fine,
medium, and coarse meshes, respectively. The overall
procedure is described in Ref. [38]. The convergence
ratio, denoted by R, is the ratio of solution diffe-

rences for medium-fine and coarse-medium solution
pairs. L2 norms (square root of the sum of the squares
of the differences between the coordinates of the two
points) of streamwise velocity profiles are used to

calculate &g, and &g to define the ratios for R;

and P, (observed order of accuracy), i.e.

e2y)
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Table 2 V&V study for the longitudinal component of the velocity. Percentages are calculated using experimental data

(%D)
x - location/m R, P, s BE g, |E]| 18
1.00 0.40 2.56 0.190 87.22%D 0.33%D 0.49%D 87.22%D
1.05 0.56 1.65 0.090 85.51%D 0.41%D 1.80%D 45.51%D
1.15 0.47 2.15 0.056 30.37%D 0.55%D 1.99%D 30.38%D

Note: U is the numerical uncertainty estimate, |E | is the absolute relative error between the fine mesh and the experimental

data, U, is the validation uncertainty and U/,, is the experimental uncertainty.

I
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02¢
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_0.2 L 'l L L L L A1 1 AL ' L 'l 'l J
=12 -1.0 -08 06 04 02 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
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(a)

70- l 2 L L L
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0.90 0.98 1.06 1.14 0.90 0.98 1.06 1.14 0.90 0.98 1.06 1.14
x/m x/m x/m
(b,) RKE-SW-VS (b,) RKE-SW-LL (b,) RKE-ScW
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(b.) RKE-EW (b,) Standard k-e (b,) SST k-w
(b)

Fig. 3 (Color online) Comparison between CFD and experimental data for streamwise velocity field: (a) Across the entire simu-
lation domain, indicating the comparison region with a red square box, (b) Experimental and CFD results within that
region. The flow direction is from left to right
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where
||5Gﬂ ) m (22)
In "gG“ 2
(P >=—”8621 : (23)
¢ In(7;)

where ( > and || ||2 are the profile-averaged quan-

tity (solution change ratio based on L2 norms) and L2
norm. N is the number of points along a single
velocity profile and P, P, are the point solutions
(V) for meshes 1, 2.

For the solution verification and validation study,
we used three locations (x =1.00 m, 1.05 m, 1.15 m).
The grid triplet showed monotonic convergence
(0<R; <1) at all three horizontal locations with
small grid uncertainty values ranging from 30.37%D
to 87.22%0D . All four locations showed that the model

0.04

R (K
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was validated (E|<U,) (|H<Uy)(Table2).

6. Results

6.1 Velocity field comparisons

We compared the streamwise velocity contours
and flow streamlines predicted by different RANS
models against the experimental flow field in the area
denoted by the red box, representing the region
extending from the crest of the redd to its downstream
end (Fig. 3(a)). RKE-SW-VS showed the closest
resemblance to experimental observation in depicting
the near-wall separation vortex size and the location
of the reattachment zone (Fig. 3(b)). The SST k-w
model slightly overpredicted the size of the separation
vortex, whereas the standard k- not only
overpredicted the vortex size but also predicted an
additional separation zone further downstream. The
realizable k& -& model, coupled with other near-wall
treatments, either underestimated the size of the
separation zone or failed to depict it altogether.
Consequently, RKE-SW-VS demonstrated the best

T T T T T
-0.058 0.012 0212 0.342
Velocity magnitude/(m-s ')

LT

0.12 L
0.90 0.98

Wikl

i

1.06 1.14

x/m
(a) Experiment

*hkon

1;‘1'“ Lo
£ —~0.04 021
0,163}
—0.08 10.132]

oog.

0.98 1.06

x/m
(b) RKE-SW-VS

0 307]
f _lyl“:"
021

Rk# 0 165}

0.98 1.06
xX/m
(e) RKE-EW

“0.90 0.98 1.06 1.14
x/m
(¢) RKE-SW-LL

‘-“.
& ;
¥ L ‘k‘,’,"

= L Wl

-0.12 1 1 1
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[KER
R e

0.98 1.06 1.14

x/m
(g) SST k-c0

Fig. 4 (Color online) Comparison of the simulated and experimental velocity magnitude contours from different models in the
region denoted by the red box in Fig. 3(a)
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performance in predicting near-wall flow separation.

The velocity magnitude contours from different
models compared differently with the experimental
result (Fig. 4). Both RKE-SW-VS and the SST k-
models accurately simulate the experimental velocity
magnitude contours. While the standard & -® model
captured the velocity field effectively very close to the
wall, its performance notably degraded near the free
stream. Compared to all other k-& models, RKE-
SW-VS aligns most closely with the experimental
observations, both near the wall and in the free stream
regions.

Experiment
RKE-SW-VS
-0.02f----- RKE-SW-LL
===~ RKE-ScW
----- RKE-EW
—0.04 Standard k-
£ —0.06
-0.08
-0.10f
01207 0 0.1 02 03 04
V.i(ms")
(a) x=0.95 m
0 -
-0.02
-0.04F
£ —0.06F
—0.08
-0.10F
—o12 " , ] " )
20.1 0 0.1 02 03 04
V./ms")
(b) x=1.05 m
i ‘
~0.02
—0.04F
£ 006}
~0.08F
-0.10F
01203 0 0.1 02 03 04
V (mrs ")
(c)x=1.15m

Fig. 5 (Color online) Streamwise velocity profiles

We also evaluated streamwise velocity (V)
profiles downstream of the crest (x=0.95m) and
further downstream of the end of the redd (x =1.05 m,

1.15 m) for all models, comparing with experimental
V_ profiles (Fig. 5). Both SST k-® and standard

k - @ models effectively replicated the overall profile
trend and accurately captured near-wall flow circu-
lations, as indicated by the negative V_ profile, at

two of the three investigated x -locations (x =0.95 m,
1.05 m), marking a potential flow separation zone (Fig.
3(b)). However, both models overpredicted the flow
circulation at x=1.15m (potential end of the flow
separation, Fig. 3(b)). Although RKE-SW-LL also
mimicked the profile trend, it did not accurately
represent the flow circulation close to wall. RKE-ScW
and RKE-EW models did not predict the V_ profile
effectively. RKE-SW-VS performance was superior
compared to all other models at all three specified x -

Experiment
. RKE-SW-VS
=0.02} - RKE-SW-LL
RKE-ScW
- RKE-EW
0.04 Standard k-o
SST k-
£ 006
~0.08 =
=0.10F
-0.12 1 L L L J
0 0.001 0.002 0.003 0004 0.005
TKE/(m"s )
(a)x=0.95 m
0
-0.02
-0.04
E _
= 0.06
-0.08
=0.10
~0.12 L L . i ;
0 0.001 0.002 0.003 0.004 0.005
TKE/(m*s ")
(b) x=1.05m

002
~0.04
£ -0.06
~0.08

-0.10

_0'120 0.001 0.002 0.003 0.004 0.005
TKE/(m™s ")
(c)x=1.15m

Fig. 6 (Color online) TKE profiles
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Table 3 Evaluation of Streamwise velocity (), TKE, and Free Surface performance for various RANS models using

the NSC
NSC
RANS models V_ (x -location/m) TKE ( x -location/m)
! Free surface
0.95 1.05 1.15 0.95 1.05 1.15

SST k-w 0.93 0.96 0.82 0.69 0.90 0.88 0.65
Standard k- @ 0.95 0.94 0.74 0.29 0.73 0.83 0.68
RKE-SW-VS 0.96 0.99 0.96 N/A 0.84 0.85 0.91
Realizable - & RKE-SW-LL 0.82 0.94 0.96 N/A 0.62 0.25 0.90
RKE-ScW 0.53 0.73 0.84 N/A 0.22 N/A 0.63
RKE-EW 0.62 0.76 0.83 N/A 0.44 0.10 0.50

locations, both near the wall as well as near the free
stream.

SST k-w, standard k-w, RKE-SW-VS and
RKE-SW-LL consistently demonstrated good perfor-
mance with high NSC values. In contrast, the
performance of realizable & -& varied when coupled
with other wall treatments. Particularly, RKE-ScW
and RKE-EW displayed a degraded performance
when compared to experimental data, especially at
x=095m (Table 3). Among all the models, RKE-

SW-VS exhibited the best performance in all three
x - locations (Fig. 5), recording the highest NSC
values (Table 3), highlighting its exceptional capa-
bility in predicting the velocity profiles.

6.2 TKE comparisons

SST k-w, standard k-o and RKE-SW-VS
closely represented the shape of the TKE profile
across all three x-locations, comparing against the
experimental TKE profile in the protruding region
(maximum TKE) (Fig. 6). At x=0.95m, each model
showed the highest deviation in the TKE profile,
ranging from about 0.0005 m%s® to 0.0010 m%/s”
above the protrusion. RKE-ScW underpredicted the
profile trend at all x-locations. RKE-SW-LL and
RKE-EW captured the trend but underestimated the
magnitude of the maximum TKE value.

Closer TKE profile comparisons using NSC
values demonstrated varying performance at different
x - locations (Table 3), consistent with the visual
observations in Fig. 6. The realizable k-& model,
with all wall treatments, underperformed against the
mean observed value at x=0.95m (marked as N/A,
indicating predictive deficiencies). Notably, both the
standard k-® and RKE-SW-VS showed improved
performance at the downstream end of the redd at
x=1.05 m, 1.15 m. However, the performance of the
realizable k-& models, when coupled with other
wall treatments, was still not as effective. Compared
to all other models, the SST k-@ model exhibited
better performance across all three x -locations, indi-
cating that the SST % -® model has proven to be the
best option for predicting TKE.

6.3 Free surface profile comparisons
All models yielded diverse relative water surface

elevation (WSE,) profile predictions upstream and
downstream of the redd crest (Fig. 7). Upstream of the
redd crest, the RKE-ScW model showed oscillations
inthe WSE, profile around the experimental WSE,
profile, while RKE-EW model slightly overpredicted
the WSE, when compared to the experimental data.
Both RKE-ScW and RKE-EW overestimated the
downstream WSE,. RKE-SW-VS closely predicted

the experimental WSE, profile, both upstream and

downstream of the crest, while RKE-SW-LL also
showed nearly identical profile predictions in these
regions. Both k- models predicted the WSE,

profile upstream of the crest but underestimated it
downstream (Fig. 7).

0.002

0.001 Py

= —0.001

WSE,/m

Experiment
RKE-SW-VS
—0.002F ===~ RKE-SW-LL
------- RKE-ScW

—=== RKE-EW \
Standard k-w ]
SST k-0 ¥

—0.003

-0.004 1 1 1 )
0 OD*D.S 0 0.5 1.0 1.5

Fig. 7 (Color online) Relative water surface elevation (WSE,)

profiles for different RANS models compared with ex-
periment, along with the illustration of the redd profile

(redd starting at X = 0 ) indicating redd location

The superior performance of the realizable % -¢&
model coupled with standard wall function, especially
RKE-SW-VS, as seen in Fig. 7 and confirmed by high
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NSC values in (Table 3), indicates the realizable
k-& model’s effectiveness in representing free
surface profiles.

6.4 Total head profile comparisons

All models predicted similar profile trends for the
head, except for RKE-SW-LL. This model diverges
significantly, predicting the highest head at the stoss
side of the redd but slightly shifted downstream near
the redd crest. The SST k-w, standard k- and
RKE-SW-VS, all portrayed similar profiles, with
comparable head amplitudes but with slight diffe-
rences in the minimum and maximum head values
(Fig. 8). This indicates that the realizable k-¢
model employing a wall function with a coarse mesh
near the wall boundary may not accurately capture the
head variation in the viscous sublayer. In contrast,

using fine mesh resolution near the wall (low y+
treatment) can better resolve these head variations.

0.010
RKE-SW-VS ,f',.
0008F = = = RKE-SW-LL o N
R RKE-ScW ;L
—-——-RKE-EW !
0.006 |- Standard k- g N
———SST k- i i
0.004
£
E<
0.002
0
-0.002
0.004 =

05 0 0.5 1.0 15

Fig. 8 (Color online) Relative total head (H,) profiles for
different RANS models, along with the illustration of

the redd profile (redd starting at X =0) indicating
redd location

6.5 Flow field comparison over salmonid redds

In the redd’s pit region (Fig. 9), substantial flow
circulation was predicted by both k-@ models as
well as RKE-SW-VS. These models yielded fairly
similar sizes for the separation vortex. RKE-ScW and
RKE-EW, on the other hand, predicted a smaller
separation zone, and RKE-SW-LL failed to capture
this separation entirely, potentially due to the insuffi-
cient grid points near the wall, thus limiting its ability
to accurately model near-wall characteristics.

7. Discussion
We assessed the performance of three RANS

turbulence models-realizable k-&, standard k-
and SST £ - w —in capturing the flow dynamics over a
salmon redd, a highly complex and ecologically
significant flow scenario. An additional aspect consi-
dered was the influence of wall treatments for the
realizable k-& model. This analysis highlighted the
importance of selecting the appropriate wall treatment
based on the specific requirements of the study in
terms of accuracy, complexity, and computational
cost.

The flow structure around salmon redds, particu-
larly the near-bed pressure distributions and near-wall
flow separations, is critical for understanding riverine

;s 6]
ecosystems and salmon reproduction'” ™. Our study
employed a two-dimensional model to simulate flow
over salmon redds, an inherently three-dimensional
structure. We recognize that this simplification might
lead to slight discrepancies in our predictions of
pressure and velocity distribution. However, we
utilized a quasi-3D geometry, i.e., the same cross
section in spanwise direction in our simulations and
experiments and the agreement between them for the
surface flows in the current study, as well as
hyporheic flow as found in our previous study[4], are
reasonable. The work of Chen et al.[33], which
quantified that hyporheic fluxes induced by 3-D dunes
(featuring a trough and crest similar to a redd’s pit and
a hump topography) were approximately 2.3 times
those from 2-D configurations in their simulations, for
Reynolds numbers (Re) up to 25 000. This potential

underestimation is due to flow simplification from
3-D to 2-D, not due to turbulence closure selection
that we investigated in the current study. Therefore,
while our accurate 2-D analysis provides valuable
insights, it underscores the necessity for future studies
to employ 3-D modeling to capture the flow dynamics
more accurately and precisely quantify hyporheic
exchanges within salmonid spawning habitats.

The RKE-SW-VS model exhibited significant
accuracy in predicting near-wall phenomena, such as
separation vortices and reattachment zones, as well as
characteristics of the free surface. Additionally, the
RKE-SW-VS emerged to be the most accurate in
predicting streamwise velocity and free surface
profiles. This result is supported by visual inspections
as well as NSC values, further affirming its suitability
for such predictions. The limitation of the realizable
k-& model applied to log-layer resolved grids
(RKE-SW-LL) in predicting separation zone and the
total head profile suggests that without a fine mesh
near the wall, it lacks the sensitivity required to
capture complex flow dynamics near the boundary
layer. Consequently, it may not effectively capture
variation in head within the viscous sublayer. The
standard k-® and SST k- models predicted
near-wall flow circulations, aligning well with the
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Fig. 9 (Color online) Streamwise velocity contours and flow streamlines for different RANS models across the redd. Flow is

from left to right

experimental flow field, particularly in velocity
magnitude contour visualization (Fig. 4). However,
the SST k- model slightly overpredicted the size
of the separation vortex, while the standard k-
model not only overestimated the vortex size but also
incorrectly introduced an additional downstream
separation zone. The standard k-@ model, while

accurately predicting flow near the wall boundary,
failed to predict the free stream flow with a similar
accuracy (Fig. 4), confirming the known limitations of
this model in such conditions'”. The SST k-
model was the most effective in predicting TKE, a
crucial factor for water mixing processes and
enhancing the water transport into the hyporheic zone.
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However, overestimation of the size of the separation
vortex can lead to inaccuracies in the assessment of
salmon habitat suitability and could also lead to
imprecise interpretations of the flow behavior around
redds. Different variations of the realizable £ -¢&
model with alternative wall treatments, such as
RKE-ScW and RKE-EW, exhibited significantly
degraded performance, particularly in capturing
streamwise velocity profiles at critical locations where
potential flow separation occurs. This suggests a
potential limitation in near-wall treatments under
complex flow conditions, including strong pressure
gradients and flow separation. Such deficiencies
suggest their limited applicability in accurately
modeling flow dynamics around redds. Both
RKE-SW-LL and RKE-SW-VS showed impressive
performance for predicting the free surface profile,
with very good NSC values of 0.9.

The results indicate that while some turbulence
models exhibit strengths in certain critical areas, no
single model consistently provides the best results
across all flow characteristics, which is similar to the
findings from the CFD workshop on ship hydrody-
namics””.  This suggests the importance of a
customized model selection process, considering the
specific flow features and ecological interactions
under investigation, as well as the availability of the
computational resources and the associated costs. For
instance, the RKE-SW-LL model may be chosen for
predictions in the free surface region where it is
computationally less demanding and provides accurate
results, however, its coarse mesh may not capture
near-wall flow fields with sufficient precision. On the
other hand, the RKE-SW-VS model predicted all
characteristics with high accuracy except for TKE, yet
the SST k-® model was marginally better at pre-
dicting TKE. Therefore, it is important that model
development continues to be refined through such
comparative analyses, particularly to improve
simulations of flow over complex topographies, such
as those found over salmon redds. These
advancements are crucial for the effective
conservation and management of salmonid species
and their habitats.

8. Conclusions

We systematically evaluated the performance of
various turbulence closures, such as standard %k -o,
SST k- and realizable k-¢, which require selec-
tion of wall treatment, with standard function, scalable
wall function, enhanced wall treatment, and an
unconventional closure combining standard wall
function with near-wall mesh resolving the viscous
sublayer, used in solving the RANS equation for
simulating open channel flow over salmon redds. Our

comprehensive analysis, performed in ANSYS Fluent
simulations and validated against flume experimental
data, led to critical findings and implications for
hydrodynamic research and ecological applications.

Results demonstrated that the simulations using
the realizable k-& model with a standard wall
function on a near-wall mesh significantly enhanced
the accuracy of predicting velocity fields and flow
separation over salmon redds. This result underscores
the importance of selecting appropriate wall treat-
ments for k-& models to capture the complex flow
dynamics critical to salmon spawning habitats.
Despite the success of the realizable k-& model in
one aspect of our simulations, the SST k-o model
exhibited superior performance in predicting TKE.
Our study contributes to the field by providing a
nuanced understanding of how different RANS
turbulence models and wall treatments perform in
ecologically significant scenarios. The insights gained
from our study emphasize the need for careful
evaluation and selection of CFD models based on the
precise requirements of ecological hydrodynamics
research.

Our future work will expand our analyses from
2-D to 3-D flow dynamics over salmon redds with
solution verification and validation*". Additionally,
advanced turbulence models, such as large eddy
simulation and detached eddy simulations can be used
and compared with experiments similar to those
presented herein, using new methods for solution
verification and validation for these models!*'’.
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