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ABSTRACT

In this study, the Large Eddy Simulation (LES) model in OpenFOAM was used
to investigate the scale effects in the physical modeling of recirculating shallow
flow at low Froude numbers. A laboratory test of turbulent flow through a
submerged conical island with a Reynolds number of 6,210 was selected. The
lab prototype was scaled with factors of 3 and 10 for both undistorted and
distorted models. Our study employed the Froude similarity as the gravitational
force is more dominant than the others (viscous, drag, and cohesion forces).
Because the fluid (water) used for the prototype and model is the same, it is
impossible to match the Reynolds, Weber, and Froude numbers simultaneously,
resulting in the scale effects. For a scale of 1:1, the LES model could simulate
the experimental data by appropriately capturing the vortices behind the conical
island. For the undistorted models with scales of 3 and 10, the numerical model
captured weaker magnitudes of vortices than the 1:1 scale, indicated by the
discrepancies in velocity. In fact, the magnitudes of vortices became weaker with
the distorted models. We also observed a significant increment in energy loss
behind the conical island (where recirculating flows exist) as the scale increased.
However, no significant discrepancies in velocity were observed between the
results of the 1:1 scale and the scaled models in front of the conical island, where
vortices were absent. These results indicate that the scale effects due to the
Froude similarity are quite significant provided that recirculating turbulent flow
occurs.
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In hydraulics, flow characteristics are commonly

Shallow or free-surface flow is a flow driven by
gravity, where the fluid surface is exposed to the air
(Chaudhry, 1993), such as in rivers, oceans, drainage
systems, etc. Based on the Reynold numbers, shallow flow
can be categorized into three conditions: laminar,
transitional, and turbulent. Smooth, regular traveling
particles and a lack of flow mixing in their paths generally
characterize the laminar flow. Meanwhile, irregular flow
paths, fluctuations, and mixing occur in relation to
turbulent flow. For this regime, exogeneous perturbations
that enter the boundary layer and are filtered eventually
become unstable waves. Variables that govern the
pathway to turbulence are the rising coherent flow
structures, the critical or transitional Reynolds number, the
skin friction, and the heat transfer to/from the wall (Rodi,
2017).

investigated in two ways, either by the use of physical or
numerical modeling. The former is a laboratory model that
mimics the real-life prototype. In contrast, the latter
utilizes a set of mathematical equations relying on
computer capabilities to represent the physical system and
to find approximate solutions to the underlying physical
problems. Both approaches have their advantages and
disadvantages. For instance, physical modeling is
obviously more accurate than numerical modeling to
represent a prototype; however, constructing it for a real-
world scale requires high cost and an extended period of
time. In some cases, this method even proves to be
impossible.

Theoretically, prototypes in hydraulic physical
modeling are replicated based on three similarity criteria:
geometric, kinematic, and dynamic (Hughes, 1993; Martin
& Pohl, 2000; Heller, 2007, 2011). The geometric similarity
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NOMENCLATURE

g  gravitational acceleration 7565 sub-grid scale stress tensor

L hydraulic length A scale

L,,  model hydraulic length Ay scale ratio

L,  prototype hydraulic length € average rate of dissipation

D pressure u dynamic viscosity

t time kses  sub-grid scale kinetic energy
P density v kinematic viscosity

U  velocity |4 mesh volume

u velocity vr sub-grid scale eddy viscosity
v,  model velocity Sij rate-of-strain tensor

v,  prototype velocity

comprises a similarity in shape, signifying that the
dimension of the prototype must be scaled with a factor
(4); hence, the model will have a dimension that is A times
smaller. The kinematic similarity involves establishing a
ratio between a model and its prototype in terms of their
motion properties, such as velocity, time, acceleration, and
discharge, in addition to the geometric similarity. The
dynamic similarity dictates that the force ratio in the
system of both model and prototype must be identical,
including the kinematic and geometric similarities.

Furthermore, two scaling types are commonly applied
to physical modeling, namely undistorted and distorted
models. The former is meant to have geometric
dimensions proportionate to the scaled prototype.
Conversely, the latter has a different geometric scaling
ratio indicating that both the horizontal and vertical scales
differ.

One challenge primarily encountered in physical
modeling pertains to scale effects, which are defined as
discrepancies in modeled-flow characteristics in relation
to their prototype attributes. These differences were
caused by the incapability of the scale to represent all the
relevant force ratios (Chanson et al., 2004; Novak et al.,
2007; Heller, 2007; Chanson, 2008; Chanson & Murzyn,
2008; Chanson, 2009; Heller, 2011; Tullis 2018; Torres et
al., 2022). If the scale between the model and the prototype
is not identical, then only one force ratio can be equivalent
between the two systems. Thus, dynamic similarity is
impossible to achieve, and to deal with this issue, only the
most prominent force ratio in both systems is selected
(Heller, 2007; Novak et al., 2010; Heller, 2011).

To our knowledge, only small attention is given to the
scale effects’ investigation for recirculating turbulent
flows. Torres et al. (2022) confirmed that the most
significant discrepancies between the model and prototype
scales occurred in the lowest flows due to the relative
influence of viscosity and surface tension. Nonetheless,
the differences in the flow behaviors between both scales
reduced for increasing flow rate. While their work focused
on the scale effects for the cross-wave patterns by
observing the mean depth and average velocity, no
attention was paid to the scale effects for recirculating
flow (vortices).

Suerich-Gulick et al. (2014) proposed a correction
factor to estimate the magnitude of surface tension effects
in a laboratory-scale vortex. Nevertheless, it failed to
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reproduce the independence from the Reynolds number at
large Reynolds values up to a certain level, implying that
additional processes must intervene or that the flow
structure may change at larger scales. Suerich-Gulick et al.
(2014) underlined that the scale effects associated with
viscosity and turbulence are much more difficult to
predict. Consequently, potential changes in the flow
structure at larger scales, perturbations, and enhanced
diffusion caused by turbulence must be examined more
thoroughly to better understand the observed scaling
behavior. This indicates that understanding the scale
effects for recirculating turbulent flow remains
challenging.

The objective of our study is to examine the impact of
various turbulent structures on flow properties with the
Froude similarity scaling (both distorted and undistorted),
particularly for recirculating turbulent shallow flows at
low Froude numbers. Hypothetically, the scale effects
become highly significant when vortices or recirculating
flows appear. Generally, the recirculating zone is
dominated by energetic flow structures and significant
flow separation, posing difficulty in numerical modeling
(Quro et al., 2017). Seeking to prove this hypothesis, we
conducted a numerical simulation with the Large Eddy
Simulation (LES) model for the laboratory experiment
done by Lloyd and Stansby (1997) that dealt with
recirculating turbulent shallow flows.

Principally, the LES model lies between the Direct
Numerical Simulation (DNS) and Reynolds-Averaged
Navier Stokes (RANS) models; hence, it gives the best of
both methods in terms of accuracy and computational time
(Rodi, 2017). The LES model includes a low-pass spatial
filter, thus resolving larger vortices or eddies than the
RANS model and requiring coarser computational grids
than the DNS model (Ferziger & Peri¢, 1996; Lesieur &
Metais, 1996; Piomelli, 1999; Frohlich & Rodi 2002;
Stoesser, 2014; Rodi, 2017). The LES technique requires
the sub-grid scale (SGS) model as there are motions at all
scales (from the large scale to the Kolmogorov one)
(Frohlich & Rodi 2002). To accomplish the research
objective, the investigation will be carried out as follows:

1. Validating the results of the numerical model with
the observed data from Lloyd and Stansbhy (1997) for
the prototype scale

2. Examining the scale effects for both undistorted and
distorted models.
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Note that our study is limited to investigating the scale
effects for recirculating turbulent shallow flows under the
Froude similarity as the gravitational force is more
dominant than the others (viscous, drag, and cohesion
forces). In this way, it is impossible to match the Reynolds,
Weber, and Froude numbers simultaneously because the
fluid (water) used for the prototype and model is the same,
thus resulting in the scale effects. We will show in this
paper that when recirculating turbulent flows occur, the
scale effects owing to the Froude similarity are
considerable, where the differences in velocity magnitude
and vortices’ period are detected. This points out that the
Froude similarity does not adequately account for the
influence of changes in turbulent structure of the flow.

Our research contributes to a better understanding of
the complex interplay between turbulent structures,
Froude similarity scaling, and flow characteristics by
highlighting the considerable scale effects induced by
recirculating turbulent shallow flows. In this regard, the
velocity is used to compare the scale effects between the
prototype and model scales, while the flow depth is
relatively constant over the domain.

2. METHODS

2.1 Governing Equations

The Navier-Stokes equations for incompressible,
Newtonian fluids are generally expressed as

div(T) = 0 1)
p (“;—‘Z + (div(U)U)) = —div(p) +
p(div(grad U)) + pg

)

where U defines the velocities in all directions, p is the
fluid density, p is the pressure, u is the dynamic viscosity,
and g is the gravitational acceleration.

On the left side of the Eq. (2), p‘;—fdenotes the local

acceleration, and p(div(U)U) denotes the convective
acceleration. While on the right side of Eq. (2), —div(p)
is the pressure gradient of the fluid, which flows in the
direction of the |largest change in pressure.
u(div(grad U)) indicates the viscous effects, where the
viscosity operates as a diffusion of momentum for the
Newtonian fluid, and pg denotes the external forces, e.g.,
gravity, see Versteeg and Malalasekara (2007).

The idea behind the LES model is to include a low-
pass spatial filter, which allows for resolving the bigger
vortices or eddies in the turbulent domain while only
modeling the smaller vortices or eddies. This approach
enables the computing grids to be coarser than the ones
required in the DNS model. Physically, there is an
interaction in the movements at all scales (from large to
Kolmogorov), necessitating the incorporation of a so-
called sub-grid scale (SGS) model, see Frohlich & Rodi
(2002). Resolving vast scales of the flow while just
modeling the miniscule ones will be advantageous,
resulting in findings with far greater accuracy than the
Reynolds-averaged Navier-Stokes (RANS) model. The
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LES SGS models were also recently employed in several
previous works, see Sharma et al. (2021) and Singh et al.
(2022).

The SGS technique is employed in the LES model,
thus leading to

V.@) =0

du _
pP (E + V(ﬁ u))

®)

(4)

—VP + uV?u + pg
+V.7568

where u denotes the velocities in all directions and the
sub-grid scale stress tensor 7565 is an apparent stress that
arises from the filtering operation, being equivalent to

Q)

In the LES model, the incompressible Navier-Stokes
equations are spatially filtered to a characteristic width A.
The details are not discussed here. Hence, interested
readers are referred to Pope (2000), Sagaut (2006),
Frohlich & Rodi (2002), and Rodi (2017).

A dynamic one-equation model for the SGS kinetic
energy kggs = %(u_l2 —i,?), in the upcoming form can be
written as (Yoshizawa, 1993):

565 = —(wu - W)

OksGs
at

_ 0ksgs —

aksas)
t axi

axi

(6)

which has also been studied in Menon and Yeung (1994)
and Menon et al. (1994). On the right side of Eg. (6), the
terms denote, respectively, the production rate, the
dissipation rate, and the transport rate of the kgzg. The
subgrid stress 7;; is modeled in terms of the SGS eddy
viscosity vy, which is:

a
e+a—xi(vT

(7

where the SGS eddy viscosity v, is computed using kggg
as

Tij = §k5656ij - ZVTgij

vr = Cpi/ksgs A ®)
where the filter size A is computed from
A=V"s ©)
and the dissipation rate £ can be modeled as
3
e =, 5o’ (10

A vital characteristic of this model is that no
assumption of the local equilibrium has been made
between the SGS energy production and the dissipation
rate. Hence, the direct computation of the SGS kinetic
energy is employed for this model, which can be used to
capture some non-local and historical effects in the
smallest scale. The C, and C, coefficients are derived from
the local flow properties (Kim & Menon, 1995).

2.2 Froude Similarity

As previously explained, the dynamic similarity states
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that all the force ratios between the prototype and the
model must remain the same. Nevertheless, it is
impossible to achieve, especially if the fluid used for the
prototype and model is the same. The Froude similarity is
more frequently used for shallow flow as the gravitational
force is more dominant than the others (viscous, drag, and
cohesion forces). The Froude similarity is appropriate for
models with negligible friction effects and turbulent
regimes. This is in accordance with the case study
investigated in this paper, see Sub-section 2.3.

The Froude similarity indicates that the Froude
number (Fr) of the model and the prototype is the same,
which can be expressed mathematically as:

Ly = AXL, (11)
Fr model = Fr prototype
Vin V,
1~ 1 (12)
(ng)Z (ng)Z
Vv
(13)

1 1
(gle)z (ng)Z
where A is the scale of length/depth, V is the velocity, L is
the length/depth, g is the gravitational acceleration, and
the subscripts m and p denote the model and prototype,
respectively. Because the gravitational acceleration is the
same, it can be neglected, thus yielding:

V2

Note that the above equation applies to the
undistorted scale. For the distorted model, the scale is
defined by a ratio between the horizontal and vertical
scales (4,.), which can be written as:

Vin (14)

_

A
T x,

(15)
where x,. is the horizontal scale and y,. is the vertical scale.
Applying the Froude similarity to the distorted model
yields the velocity as:

Vi = /2, 4 (16)

The equations above show that the Froude number is kept
constant between the prototype and model (both distorted
and undistorted) by adjusting the free-stream velocity
value.

2.3 Model Description

This research adopted a laboratory case from Lloyd
and Stansby (1997). The sketch of the case is shown in
Fig. 1. This case dealt with shallow water flows in a
turbulent regime around a submerged conical island,
where the free-stream velocity was 0.115 m/s with a water
depth of 0.054 m, thus giving the Froude number of 0.158
and the Reynolds number of 6,210. Llyod and Stansby
(1997) constructed the laboratory flume using a
combination of marine quality plywood and polyvinyl
chloride (PVC) materials to ensure the smoothness of the
flume surface. Hence, it is reasonable to assume that the
bed friction does not play a significant role, and thus, the
Froude similarity can be applied to our study. Ginting and
Ginting (2019) also discovered that changing the Manning
(roughness) coefficient for this case did not result in
significant differences.

In Fig. 2, we present a sketch where the recirculation
zone is expected to exist behind the conical island, the
vortices emerging in such a zone. Recirculation occurs in
this region because of the interplay between the entering

a) 1.375m NOT TO BE SCALED
flow directi P 5 g 0.005 é
Oow direction Y LA m D
£ P2 L. [T 9 1
o | p1 X
- P3 [ o075m | X

4.25m
Fig. 1 Sketch of the experimental study based on Lloyd and Stansby (1997): (a) top view and (b) conical island
section
- . * P4
flow direction . P2
P.3 * P1 Recirculation Zone

Fig. 2 Sketch of the recirculation zone
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Fig. 3 Overview of the model setup for original, undistorted model, distorted model

flow and the blockage by the conical island. The existence
of vortices and eddies in the recirculation zone contributes
to the complex flow patterns. On the other hand, the non-
recirculation zone refers to the areas in front of and next
to the conical island, where the streamline is relatively
straight without substantial disruptions or vortices.

Our simulations include six cases. The first one is
used to numerically simulate the experimental study,
where the computed velocity is compared with the
benchmark data to investigate the accuracy of the
numerical model. Furthermore, the second and third cases
are used to investigate the scale effects of the undistorted
model. Ergo, they are upscaled by the factors of 3 and 10,
respectively.

The fourth, fifth, and sixth cases are employed to
investigate the scale effects of the distorted model. The
horizontal scale for the distorted case is the same as the
previous three cases (1, 3, and 10, respectively). The ratio
between the vertical and horizontal scales, however, is
shifted. The vertical scale is five times larger than the
horizontal one. For example, in case 4 (case 1:1 D), the
horizontal scale is the same as in case 1 but the vertical
scale is multiplied by a factor of 5, which indicates that the
vertical dimension is five times greater than the horizontal
one. The overview of the horizontal and vertical scales is
shown in Fig. 3.

Two observation points (see P1 and P2 in Fig. 1) are
located, identical to the work of Lloyd and Stanshy (1997).
For the first case, the position of P1 is (1.02, 0, 0.054) m,
and P2 is (1.02, 0.27, 0.054) m, if the center of the conical
island is (0, 0, 0) m. In addition to comparing the
numerical results at P1 and P2, our study also includes the
velocity output for the non-recirculating zone, which is
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used to prove whether the scale effects are dominant for
such a zone. Consequently, two other probes are added.
For the first case, the location of P3 is set to (-1, 0, 0.054)
m, and P4 is (0, 0.5, 0.054) m. Note that the original
probes’ position needs to be scaled accordingly to examine
the scale effects for the remaining cases.

The geometry of the model was produced using
ANSYS DesignModeller. The numerical simulation was
accomplished using pimpleFoam, a transient solver for
incompressible, turbulent flow of the Newtonian fluid,
utilizing the PIMPLE (merged PISO-SIMPLE) algorithm.
In order to expedite the simulation, parallelization was
employed using the computing resource at our Water
Resources Engineering Laboratory that is supported by
Intel Core 19-10900K for 10 physical CPU cores. Also, we
were able to use the computing resource at the BINTEK
Laboratory, which is supported by Intel Xeon W-1290P
for 10 physical CPU cores. Therefore, the mesh can be
decomposed into 10 subdirectories.

In order to ensure the convergence of the numerical
results, the simulations were performed in two phases. The
first phase was run for 250 s with a Courant—Friedrichs—
Lewy (CFL) number of 0.6, aiming to stabilize the flow
properties. After the flow characteristics became relatively
stable, the second phase was run for 100 s with a CFL
number of 0.3. This phase was specifically used to extract
the velocity output.

Note that we initially used a CFL number of 0.3,
which was chosen according to the experience of our
corresponding author in Ginting & Ginting (2019) for the
same benchmark case. However, as it took a relatively-
long period of time for our current work with the LES
model (due to the limitation of our computing resources),
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we decided to make another approach by doubling the
CFL number to 0.6 in order to reduce the simulation time;
during the first 250 seconds, a CFL number of 0.6 was
used, and the rest was with 0.3. We compared the results
of both approaches and found only insignificant
differences. For this reason, choosing both CFL numbers
in our study is a trade-off between time efficiency and
computational stability.

It is also necessary to highlight that the experimental
work of Llyod & Stansby (1997) did not focus on the free-
surface. There was no measurement for the water surface
fluctuations because such fluctuations (millimeter order)
were very small compared to the still water depth that
varied between 0.050 —0.136 m, and thus, the free-surface
effect was negligible. Our corresponding author had also
proven this by simulating the same case using the RANS
model, see Fig. 14 in Ginting & Ginting (2019), which
showed the water elevation range to be 0.0535 — 0.0547
m. With regard to the reference water depth of 0.054 m,
the free-surface fluctuations were 0.0005 — 0.0007 m. In
contrast, the velocity differed significantly for such water
surface levels ranging from 0.000001 — 0.25 m/s. This
clearly indicates that the influence of velocity in this case
is more significant than the water depth, for which it is
reasonable to state that the water depth tends to be

constant. The model setup for all simulations is
summarized in Table 1.

2.3 Numerical Setup

This section briefly explains the parameter setup for
our numerical model. For the inlet boundary, the velocity
was specified, and the zero-pressure gradient was set. For
the outlet boundary, no velocity gradient was applied, and
the pressure was specified. The no-slip condition was
employed for the wall boundary. For the initial condition,
the pressure and velocity were set constant.

We applied homogeneous meshes to all simulations
as we desired to follow the computational mesh size used
in the original work of Llyod & Stansby (1997), namely
0.0152 m. This was also followed by Ginting & Ginting
(2019) and others, see the references therein. As sketched
in Fig. 3, both undistorted and distorted models employed
the same mesh sizes. For example, for the scale of 1:3
(distorted model), the mesh size in the vertical direction is
kept the same as the scale of 1:3 (undistorted model). We
did this to avoid the influence of the “mesh size effect” on
the results between the undistorted and distorted models
(theoretically, the finer the mesh size, the more accurate
the result). Obviously, we had performed small
experiments to observe the grid sensitivity using the
following mesh sizes: 0.025, 0.02, 0.0152, and 0.01 m. We

Table 1 Summary of the model parameters

Case | Scale -Dlmensu-m \[/)\ga;;: Velocity '\giiseh (l;/(l) Zs:t I\ITL:(r)nut;jeer Flk\legrr:]cg)ledrs
Domain | Conical Island (Fr) (Re)
m m m m/s m
152 | BotD: | 0.75
1 1:1 | L: |425| TopD: | 0.005 | 0.054 0.115 | 0.0152 | 712,604 0.158 6,210
H: 0.049
Undistorted model (Scale ratio of 1)
W: | 456 | BotD: | 2.25
2 1:3 | L: |128 | TopD: | 0.015 | 0.162 0.199 | 0.0456 | 712,134 0.158 32,238
H: 0.147
W: | 15.2 | BotD: 7.5
3 1:10 | L: | 425 | TopD: | 0.05 0.54 0.364 0.152 713,308 0.158 196,560
H: 0.49
Distorted model (Scale ratio of 5)
152 | BotD: 0.75
4 1:1 | L: | 425 | TopD: | 0.005 0.27 0.257 | 0.0152 | 4,154,599 | 0.158 69,390
H: 0.245
W: | 456 | BotD: 2.25
5 1:3 | L: | 128 | TopD: | 0.015 0.81 0.445 | 0.0456 | 4,154,398 | 0.158 360,450
H: 0.735
:115.2 | BotD: 7.5
6 1:10 | L: | 425 | TopD: | 0.05 2.7 0.813 0.152 | 4,152,980 | 0.158 2,195,100
H: 2.45
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Fig. 4 Velocity profile — case 1

found that using a finer mesh size could capture stronger
vortices. Notwithstanding, no significant differences were
noted between the results with the mesh size of 0.0152 m
and 0.01 m. For the sake of brevity, the results are not
presented here.

The numerical model in OpenFOAM employs the
Gaussian integration from cell centers to face centers for
the spatial discretization. The PIMPLE algorithm is
utilized for the pressure-velocity coupling. This transient
solver operates in two loops: the first loop couples the
pressure and velocity, whereas the second loop focuses on
pressure and velocity correction. For the temporal
discretization, the second-order accurate backward
difference scheme is used for all simulations.

3. RESULTS AND DISCUSSION

The Froude number of 0.158 was maintained constant
for each case, while the dimension, depth, velocity, and
mesh size may vary. To maintain brevity, the experimental
data are denoted as LS in the plots. The outcomes of the
simulations are presented as two velocity values (i.e., u-
velocity and v-velocity for the velocities in the x and y
directions, respectively) at four probe points (P1, P2, P3,
and P4).

3.1 Validating Numerical Model with Experimental
Data

Prior to assessing the scale effects, one must verify
whether the LES model with the dynamic k-equation can
simulate the benchmark case accurately by comparing the
model result with the observed data. In this regard, we
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compared the velocity magnitude and vortices wake
period with the experimental data. Additionally, two
statistical methods, Root Mean Square Error (RMSE) and
Pearson Product Moment Correlation (PPMC), were
employed to measure the error and correlation between the
simulation results and observed data. The PPMC values
are classified into four groups of correlation: (a) greater
than + 0.5 for strong positive/negative, (b) between 0.3
and £0.5 for moderate positive/negative, (c) between 0 and
+0.3 for weak positive/negative, and (d) 0 for no
correlation.

Like Ginting and Ginting (2019), the simulation was
conducted with a mesh size of 0.0152 m for a duration of
350 s to ensure numerical stability. The results obtained
during the last 30 s were compared with the LS experiment
after adjusting the difference in the phases of the turbulent
wakes. The results in Fig. 4 indicate that the LES model
properly captured the velocity fluctuation at P1 and P2.
Despite oscillations, the pattern and magnitude values
produced at these points are quite similar to the LS
experiment indicating proper numerical results. Note that
the observed values of the LS experiment were obtained
from the depth-integrated velocity values, thus being quite
smooth. Meanwhile, the simulated values in Fig. 4 were
taken as 3D results at the water surface.

The summary of the RMSE and PPMC values for
each case is given in Table 2. The PPMC values for case
1 indicate that the numerical model shows a positive
correlation for all velocities at P1 and P2. A strong positive
correlation is shown for v-velocity at P1, and a moderate
positive correlation is shown for u-velocity at P1 as well
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Table 2 Comparison of error values

Case | Scale | Probe | Velocity RMSE PPMC
p1 u 0.0172 m/s | 0.5553
1 11 % 0.0235 m/s | 0.8292
P2 u 0.0189 m/s | 0.4496
% 0.0277 m/s | 0.3172
Undistorted Model (Scale ratio of 1)
p1 : 1 0.0267 m/s | 0.1690
) 13 % 0.0246 m/s | 0.0119
P2 u 0.0397 m/s | -0.0613
v 0.0360 m/s | -0.2650
Py u 0.0282 m/s | -0.0155
3 1:10 % 0.0258 m/s | -0.2136
u 0.0397 m/s | -0.2541
P2 % 0.0293 m/s | -0.1421
Distorted Model (Scale ratio of 5)
: | 0.0450 m/s | 0.1509
4 11 Pl % 0.0481 m/s | -0.0047
P2 u 0.0454 m/s | -0.0613
v 0.0392 m/s | -0.0245
b1 u 0.0377 m/s | -0.0398
5 13 Y% 0.0440 m/s | 0.2876
P2 u 0.0388 m/s | 0.2248
v 0.0360 m/s | 0.1395
p1 u 0.0293 m/s | 0.3577
% 0.0551 m/s | -0.1336
6 1:10
- u 0.0446 m/s | 0.2020
% 0.1109 m/s | 0.1604

as both u-velocity and v-velocity at P2. From this finding,
it is reasonable to state that the LES model can simulate
the LS experiment appropriately for the prototype scale
(1:1). Thus, it can be used as a proper model for the other
simulations (case 2 — case 6) in order to investigate the
scale effects.

3.2 Scale Effects for Recirculating Flow Zone

In this section, the remaining cases with the upscaled
ratios are investigated. As shown in Table 1, the
undistorted models (case 2 and case 3) are scaled by the
factors of 3 and 10, and the mesh size is proportionally
scaled. For the distorted models (case 4, case 5, and case
6), the horizontal scales are 1, 3, and 10, while with a scale
ratio of 5, the vertical scales are 5, 15, and 50, respectively.
The mesh size is also proportionally scaled to its
horizontal scale. The simulation results were assessed
using the same statistical parameters as case 1 (RMSE and
PPMC).

The mesh size used is proportionally scaled by the
factors of 3 and 10 for case 2 and case 3, thus being 0.0456
m and 0.152 m, respectively. Meanwhile, for the distorted
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models, the mesh size is 0.0152 m, 0.0456 m, and 0.152 m
for case 4, case 5, and case 6, respectively. Like case 1, the
remaining cases were simulated for 350 s, where the
results obtained in the last 30 s were compared with the
LS experiment after adjusting the different phases of
turbulent wakes. The results are shown in Fig. 5 and Fig.
6, showing that the LES model could still capture the
recirculation behind the conical island. Nonetheless, the
velocity magnitude and wake period showed significant
phase differences indicating the presence of the scale
effects. One can see that the simulations for case 2 and
case 3 tend to underestimate the results, especially at P2.
In contrast with the undistorted model, the simulations for
the distorted model tend to overestimate the results. This
can be seen from the pattern in Fig. 6, where the maximum
and minimum values significantly differ from the LS
experiment.

For case 2 and case 3, the RMSE values are relatively
higher than the ones for case 1. For case 2, both PPMC
values at P1 exhibit a weak positive correlation with the
LS experiment data. Meanwhile, the PPMC values
at P2 show a weak negative correlation. For case 3, all the
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Fig. 6 Velocity profile — case 4, case 5, and case 6 (D denotes the distorted model)

PPMC values indicate a weak negative correlation,
meaning that the higher the numerical results, the lower
the values of the observed data, which obviously exhibit
opposite behavior with the LS experiment data.

The results of cases 4, 5, and 6 show that the distorted
model produces higher RMSE values than the undistorted
models. Interestingly, the PPMC values of the undistorted
models are not necessarily better than the distorted ones.
This can be clearly noted from case 3 and case 5. The
RMSE value of case 3 for the v-velocity at P1 is 0.0258
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m/s, almost twice as low as that of case 5; however, the
PPMC value for case 5 (0.2876) is significantly better than
case 3 (-0.2136). Albeit weak, case 5 still shows a positive
correlation between the numerical results and the observed
data.

No obvious evidence from cases 2—6 suggests a linear
relationship between the scale size and the error induced
by both undistorted and distorted models. Nevertheless,
the existence of the scale effects for the recirculation
zone can be observed by the RMSE and PPMC values. For
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Fig. 7 Box-plot for P1 and P2 (D denotes the distorted model)

instance, the PPMC values for the scale of 1:1 at P1 and
P2 are comparatively better than those of the scales of 1:3
and 1:10. The results of the undistorted models somehow
show that the larger the scale, the worse the RMSE and
PPMC values, except for the v-velocity at P2. For the
distorted model, however, it becomes more complicated.
As the scale becomes larger, neither of the distorted
models shows consistent trends of RMSE and PPMC
values for both velocities.

We present the box-plot for P1 and P2 in Fig. 7 to
show the results for capturing 25-75% (first and third
quartiles) as well as the minimum and maximum values of
the observed data. One can see that 25-75% of the model
results (v-velocity at P1 and u-velocity at P2) with a scale
of 1:1 are in line with the LS experiment data; indeed,
discrepancies are shown for u-velocity at P1 and v-
velocity at P2 but significantly lower than those of the
other scales. Another finding is that the discrepancies for
25-75% of the results become higher as the scale ratio
increases, even worsening for the distorted models. All
these findings point out that the scale effects exist for
recirculating shallow flow and become progressively
significant (to affect the flow characteristics) as the scale
increases. In summary, the scale effects exist for both
undistorted and distorted models that can be observed
from the increase/decrease of the 25-75% or the
minimum-maximum values of the results as the scale
becomes larger.
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3.3 Scale Effects for Non-Recirculating Flow Zone

In this section, the velocity results are presented at P3
and P4, see Fig. 8, in order to investigate whether the scale
effects are significant for non-recirculating flow. As
expected, no recirculation exists at P3 and P4, indicated
by the velocity fluctuations with very low magnitude. For
instance, the u-velocity at P3 has a value of approximately
0.115 m/s, thus being relatively constant over time.
Similar insignificant fluctuations can also be observed at
P4. Such fluctuations may be due to the difference in the
turbulent scales since the Reynolds numbers vary between
each case.

This phenomenon can also be explained by Fig. 9,
showing the box-plot for P3 and P4, for which the results
of the 1:1 scale are used as the basis. One can see that 25—
75% of the results with the other scales (distorted and
undistorted models) agree with the ones of the 1:1 scale.
This finding clearly demonstrates that the scale effects do
not apply to non-recirculating flow, where the vortices are
absent.

3.4 Investigation of Energy Loss

We provide in this section the results for the pressure,
velocity, and total heads to observe the role of the scale
effects in contributing to energy loss. For this, the head
measurement along the center of the section in the x-axis
is shown in Fig. 10. The difference in energy loss is also
summarized in Table 3, for which the results of the 1:1



R. A. Tartandyo et al. / JAFM, Vol. 17, No. 1, pp. 43-59, 2024.

—Scale 1:1 —>Scale 1:3 —Scale 1:10—Scale 1:1 D—>Scale 1:3 D—>5cale 1:10 D

—S5cale 1:1 —Scale 1:3—Scale 1:10

m/s

m/fs

0.20
0.15
£ 010

0.05

0.00

0.25
0.20

0.15

<
£

0.10
0.05

0.00

0.15
0.14
0.13
012
011
0.10
0.09
0.08
0.07
0.06
0.05

0.20
0.19
0.18
0.17
0.16
0.15
0.14
0.13
0.12
0.11
0.10

u - velocity (P3)

50

80
Time (s)

u - velocity (P4)

50

80
Time (s)

Scale 1:1 D—Scale 1:3 D—S5cale 1:10 D

0.15 |
0.10
0.05 1|

£ 0.00 1
005
010 7
015 1

0.10

0.05 |

-0.05

0.10 !

v - velocity (P3)

50

60 70 80

Time (s}

—Scale 1:1 —Scale 1:3 —Scale 1:10—Scale 1:1 D—Scale 1:3 D—Scale 1:10 D

v - velocity (P4)

w Dol
000 £

50

80
Time (s)

—S5cale 1:1—Scale 1:3—Scale 1:10—Scale 1:1 D—>5cale 1:3 D—>5cale 1:10 D

Fig. 8 Velocity profile — all cases at P3 and P4 (D denotes the distorted model)

u - velocity (P3)

l
+ #- .
1 E
mScale1:1  mScale1:3  mScale 1:10
mScale 1:1D ®Scale 1:3D ®Scale 1:10D
u - velocity (P4)

4
E

et

mScale1:1  mScale1:3  mScale 1:10
BScale 1:1D ®Scale 1:3D ®Scale 1:10D

0.05
0.04
0.03
0.02
0.01
0.00
001
-0.02
-0.03
-0.04
-0.05

0.05
0.04
0.03
0.02
0.01
0.00
-0.01
-0.02
-0.03
-0.04
-0.05

v - velocity (P3)

+++a%+

mScale 1:1  mScale1:3  mScale 1:10
BScale 1:1D ®Scale1:3D ®Scale 1:10D

v - velocity (P4)

-

mScale 1:1  ®Scale 1:3 ®Scale 1:10
BScale1:1 D ®Scale 1:3D ®Scale 1:10 D

Fig. 9 Box-plot for P3 and P4 (D denotes the distorted model)

53



R. A. Tartandyo et al. / JAFM, Vol. 17, No. 1, pp. 43-59, 2024.

Head along x axis

4.00

3.00 |

2.00 |
1.00
0.00
1.00

-2.00

Energy Head (mm)

-3.00 |

-4.00

P3 Conical Island Crest & P4 P1&P2
x (m)

—>Scale 1:1 Scale 1:3 - Scale 1:10 —Scale1:1 D —Scalel1l:3D Scale 1:10 D

Head along x axis

4.00 4
3.00 |

2.00 |

1.00 +

|
1
)

[

0.00

e o e e e e i

0| 2.5 3.0 35 4.0
-1.00

-2.00

-3.00 +

-

]

I

1

I
e

Pressure Head (mm)

"o
S |
o
n
=
o
N
o

4.00 1

o
w

Conical Island Crest & P4 P1 & P2

x(m)

—Scale 1:1 Scale1:3 ---Scale1:10 —Scale1:1D —Scalel1:3D Scale 1:10 D

Head along x axis

4.00 |
3.00
2.00 +
1.00

0.00 -

0i0
-1.00 -

-2.00 -

Velocity Head (mm)

-3.00 ]

-4.00 -

P3 Conical Island Crest & P4 P1 & P2

x (m)

—Scale 1:1 Scale1:3 ---Scale1:10 —Scalel:1D —Scalel:3D Scale 1:10 D

Fig. 10 Head along x-axis: total head (top), pressure head (middle), and velocity head (bottom) (D denotes the
distorted model)

54



R. A. Tartandyo et al. / JAFM, Vol. 17, No. 1, pp. 43-59, 2024.

Table 3 Comparison of the energy loss after the
conical island (D denotes the distorted model)

Energy Head Loss
Scale 1 0.6020 mm
Scale 3 0.8106 mm
Scale 10 0.8440 mm
Scale1 D 0.5554 mm
Scale 3D 0.5084 mm
Scale 10 D 0.460549 mm
Delta Energy Head Loss to Scale 1
Scale 3 34.65 %
Scale 10 40.20 %
Scale1 D 7.74 %
Scale 3D 15.54 %
Scale 10 D 23.49 %

scale are used as the basis. The equation used to calculate
the energy loss (4;,) is expressed as follows:

2—1722

2xXg

U1

N (p1 —p2)
g

where v is the velocity, p is the pressure, and g is the
gravitational acceleration. The velocity magnitudes and
pressure values were obtained from the specific field using
ParaView tool. Note that the pressure in OpenFOAM is
density-normalized.

A (17)

It can be seen from Fig. 10 that the scale effects cause
differences in energy loss, which tend to increase as the
scale increases. For example, significant differences in a
velocity head are noticeable very close to (both in front of
and behind) the conical island. Nevertheless, only
negligible differences are observed for the pressure head
in front of and behind the conical island. This can be
interpreted as a condition with a relatively-constant depth
but significantly different velocity due to the presence of
recirculating flow.

Our results prove that the scale effects also contribute
to the energy loss, which may occur due to differences in
the vortex structures. Furthermore, as shown in Table 3,
the distorted models tend to undermine the scale effects,
which is probably caused by the lack of the von Karman
vortex, thus decreasing the overall energy loss.

3.5 Visualization for Velocity Magnitude and Vortex

We also provide visualizations of the detailed wakes
to illustrate the implication of the scale effects, especially
for the area behind the conical island. Note that the
horizontal dimension and velocity values (for both

undistorted and distorted models) were adjusted with their
respective scales back to a factor of 1:1 for direct
comparison, but the vertical dimension for each model
was kept to its original scale. All visualizations were made
after shifting the time to ensure alignment with the same
wake phase.

The streamline visualizations in Fig. 11 show that the
von Karman vortex street behind the conical island is quite
different between the scale values of 1:1, 1:3 (undistorted),
and 1:3 (distorted). For instance, the vortex for the 1:3
(undistorted) scale is less prominent than that of the 1:1
scale, becoming more inconspicuous using the 1:3
distorted model. In contrast, there is no vortex in front of
the conical island, as expected, where the streamline
pattern is relatively straight.

In Fig. 12, the visualization for the velocity
magnitude is presented. For the 1:1 scale, it is clearly
observed that the flow separation exists behind the conical
island, where the recirculating flow dominantly appears,
indicated by the wakes. The maximum velocity magnitude
occurs at the top of the conical island due to the very
shallow depth. The flow separation is still observable for
the 1:3 scale (undistorted), albeit not as strong as the 1:1
scale. Further, the 1:3 scale (distorted) captures very weak
flow separation.

In Fig. 13, we visualize the velocity magnitude
captured in the YZ plane, focusing on the region behind
the conical island (in line with P1 and P2). For the 1:1
scale, the turbulent structures prominently appear
characterized by distinct von Karman vortex streets. The
recirculation zone exhibits complex flow patterns due to
the vortices and eddies. The result for the 1:3 scale
(undistorted) reveals that the turbulent structures produce
flow patterns like those of the 1:1 scale. However, for the
1:3 scale (distorted), notable differences in the turbulent
structures are observed. The von Karman vortex street
appears to be significantly diffused or decayed, suggesting
that the variations in the Reynolds number may be
responsible for altering the turbulent patterns.

Finally, we present in Fig. 14 the visualization for the
velocity magnitude in the vertical direction. A strong
vertical mixing appears behind the conical island for the
1:1 scale, which shows the 3D flow properties existing at
this location, thus obviously being a non-hydrostatic
phenomenon. For the 1:3 scale (undistorted), the vertical
mixing behind the conical island is still observable and
shows a similar pattern to that of the 1:1 scale. However,
for the 1:3 scale (distorted), only a very weak vertical

Scale 1:1

Scale 1:3

Scale 1:3D

Fig. 11 Streamline visualization (D denotes the distorted model)
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mixing is observed behind the conical island, in which the
velocity magnitudes show different patterns. In Fig. 13,
one can also observe that the vertical characteristics of the
velocity magnitude for the 1:3 scale (undistorted) are quite
similar with those of the 1:1 scale. Nevertheless, the
characteristics shown by the 1:3 (distorted) are highly
different. Note that all the velocity values in Fig.12, Fig.
13, and Fig. 14 are of a non-dimensional form with respect
to the free-stream velocity value.

4. CONCLUSION

The scale effects in the physical modeling of
recirculating shallow flow have been investigated using
the LES technique with a dynamic one-equation SGS
model. In summary, the model was able to properly
simulate the LS experiment data. Also, for the cases with
the Froude similarity and A # 1, the results showed that
the scale effects were present in the form of differences in
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vortices” period and magnitude. Especially for the
recirculation zone, the undistorted models captured a
weaker magnitude of vortices, becoming weaker with the
distorted models. This clearly indicates that the scale
effects predominantly appeared in the recirculation zones.
The percentage error for the minimum value of u-velocity
at P2 was 10.09% for the 1:3 scale (undistorted) but
became 82.21% for the distorted model with the same
scale. Additionally, the distorted model also induced
notable discrepancies in characterizing the turbulent
structures. The von Karman vortex street appeared to be
significantly diffused or decayed, suggesting that the
variations in the Reynolds numbers may be responsible for
the alteration of turbulent patterns.

In contrast, for non-recirculating flow, i.e., in front of
the conical island, only insignificant fluctuations were
detected by the LES model either with the 1:1 scale, the
undistorted, or distorted models. This shows that the scale
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effects do not apply to the non-recirculating zone, of
which the streamline pattern is relatively straight without
vortices. This evidence supports our hypothesis that the
scale effects due to the Froude similarity are quite
significant provided that recirculating turbulent flow
occurs.

Future research could investigate the scale effects
with the Reynolds similarity. Furthermore, mesh size
influence is also worth mentioning for the scale effects’
investigation. Additionally, future studies may explore
other ways of modeling, such as employing a two-phase
flow to account for the water depth effect or even various
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types of the LES models that incorporate the other SGS
models, such as the Wall Adapting Local Eddy-viscosity
(WALE) model or SGS-free models. Also, the use of the
DNS technique, which is regarded as the most ‘physically-
realistic' model is worth being investigated as it simply
depends on the numerical approach to solve the Navier-
Stokes equations, and does not require a turbulence model.
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