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Preface

This Reprint compiles papers from the Special Issue “Innovative Research and Applications in
Hydrodynamics and Flow Control, 2nd Edition” published in Inventions (MDPI). Hydrodynamics and
flow control represent core disciplines that underpin the performance, safety, and energy efficiency
of ships, underwater vehicles, marine structures, energy equipment, and various industrial fluid
systems. In recent years, rapid progress in computational simulation, experimental measurement,
intelligent algorithms, and multiphase flow dynamics has greatly promoted breakthroughs in flow
control strategies, drag reduction technologies, hydrodynamic optimization, and intelligent flow
perception.

This second edition of the Special Issue continues to gather high-quality original research,
numerical studies, and experimental investigations that bridge fundamental fluid mechanics and
industrial applications. It emphasizes innovative methodologies, practical engineering solutions,
and emerging interdisciplinary approaches such as machine learning for fluids and data-driven flow
analysis. The works included in this volume reflect the latest developments and future trends in
hydrodynamics and flow control, providing new insights for both academic research and engineering
implementation.

We sincerely thank all authors for their high-quality contributions, the anonymous reviewers
for their rigorous and constructive comments, and the editorial team of Inventions for their
efficient support throughout the publication process. We hope this Reprint will facilitate academic
communication, inspire further research, and promote technological innovation in hydrodynamics

and flow control worldwide.

Peng Du, Haibao Hu, and Xiaopeng Chen
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Stern Duct with NACA Foil Section Designed by Resistance and
Self-Propulsion Simulation for Japan Bulk Carrier

Ping-Chen Wu *, Tzu-Chi Yeh and Yu-Cheng Wang

Department of Systems and Naval Mechatronic Engineering, National Cheng Kung University,
Tainan City 70101, Taiwan; p16104190@gs.ncku.edu.tw (T.-C.Y.); p16091135@gs.ncku.edu.tw (Y.-C.W.)
* Correspondence: z10702010@email ncku.edu.tw

Abstract: The objective of the presented work is the stern duct design for the JBC (Japan
Bulk Carrier) hull form. Since the original duct only provides a 0.6% resistance reduc-
tion, an innovative duct will be proposed to improve the ship resistance and propulsion
performance. The duct section geometry is based on the NACA (National Advisory Com-
mittee for Aeronautics) 4-digit foil series. First, we analyze whether the wake flow field
and total resistance of the ship are improved, and then we investigate the self-propulsion
performance for the selected ones. The research tool is the CFD (Computational Fluid
Dynamics) software OpenFOAM 9 with the viscous free surface flow field modelled by the
VOF (Volume of Fluid) method and the SST (Shear Stress Transport) k—w turbulence model.
The propeller effect is implemented by the MRF (Multi-Reference Frame). Compared to
the original duct, two ducts, namely, NACA 7908 and NACA 6.3914, show the best (2.8%)
resistance reduction in the bare hull condition. By installing both ducts, the propeller
thrust decreases 6 and 5% to reach the self-propulsion point, and the behind-hull efficiency
increases 7 and 6%. Both ducts save the energy, i.e., effective horsepower, by 4.3%, and
produce obvious flow acceleration, achieving around 10% higher effective wake factor
(1 — w). The nominal and propeller wakes are improved as well.

Keywords: energy saving duct; ship resistance; self-propulsion

1. Introduction

Against the growing threat of global warming, extreme weather, and climate change
mitigation, countries and international organizations have long and constantly paid atten-
tion to environmental issues. Progressively strict regulations have been imposed on marine
transportation such as carbon emission reduction. The sea shipping industry emitted one
billion tons of CO; globally in 2018. The Emissions Trading System (ETS) had just taken
effect on the very first day of 2024, and the ships berthing in EU (European Union) ports
will face the carbon tax bill reaching USD 3.6 billion. The next stage of ETS will cover 100%
carbon emission. The research and development of energy saving technology is crucial to
pursue low, even zero, carbon emissions as the primary goal for ship design.

Based on the installation location of the energy saving devices (ESDs), there are several
types of ESD. They can be installed: (1) on the ship’s stern in front of the propeller, or (2)
on the propeller, or (3) behind the propeller on the rudder or even behind the rudder, or
(4) a combination of the above-mentioned methods. ESDs have been practically used on
newly designed ships or refurbished old ships.

Our study objective: The JBC (Japan Bulk Carrier) ship model and its type (1) ESDs,
i.e., a stern duct (pre-duct, energy saving duct) in front of the propeller, were proposed by
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the T2015 (Tokyo 2015 Workshop on CFD in Ship Hydrodynamics; CFD = Computational
Fluid Dynamics) [1] along with the experimental data of resistance and propulsion. The
original duct is axisymmetric, with the NACA (National Advisory Committee for Aeronau-
tics) 4420 section providing only a 0.6% reduction for the calm water bare hull resistance.
Therefore, the presented work aims to further improve resistance reduction and achieve a
better self-propulsion performance.

The ESDs of type (1) are the main concern of this study, which commonly consist of
a duct, vortex generators, spoilers, fins, stators, or their combination. The WED (Wake
Equalization Duct) developed by Schneekluth Hydrodynamik GmbH [2] claimed a fuel
saving of up to 12%, and 50% lower vibration. On a container ship model measurement, the
inward flow angle along the ship’s longitudinal axis on the propeller plane behind the duct
is reduced to 7° from 20°. Sanoyas shipbuilding Co., Ltd., Osaka, Japan [3] deployed STF
(Sanoyas Tandem Fin) in front of their ACE (Advanced flow Controlling and Energy saving)
duct. The fuel consumption decreased by 8%. One STF is above the shaft tube, and another
one is placed more upstream around shaft axis height. The ACE is an upper half circle with
a port and starboard horizontal strut. A pre-swirl stator (PSS) proposed by DSME (Daewoo
Shipbuilding & Marine Engineering) was mentioned in [4], saving energy by 4—6%. Lee
et al. [5] applied a potential theory and experiment to design axisymmetric PSS to obtain a
3% increase of propulsive efficiency. Park et al. [6] used the CFD software Star-CCM+ to
design a PSS, and suggested a method to estimate the full-scale wake behind ESDs. The
so-called pre-swirl duct (PSD) combined a PSS and duct, e.g., the Becker Mewis Duct®,
which lowered power output by 6.3%, based on the ship’s model test database [7]. In the
earlier design, the stators were trimmed with different angles inside the duct, and later the
Becker twisted fins were extended outside the duct [8]. Andersson et al. [9] proposed a PSD
for a KVLCC2 (KRISO Very Large Crude Carrier 2) tanker for a full-scale CFD benchmark.
Among the total of 22 CFD results collected, the power reduction was +4% on average,
with a standard deviation of 1.6%.

The S-PIV (Stereoscopic Particle Image Velocimetry) measurement for the wake field
behind a PSD or PSS mounted on a C259 bulk carrier was conducted by Falchi and
Aloisio [10]. Three PSDs and one PSS were tested. Great insight into the fluid mecha-
nism of the ESDs was gleaned. The objective ship was that the nominal and propeller
wakes were measured on the propeller plane, and 41.4 mm behind the plane, respectively.
In the nominal wakes, the fins inside the PSDs eliminated the portside bilge vortex with
two vertically located vortices induced underneath the shaft tube. The flow acceleration of
the propeller wake remained as the velocity distribution without ESDs. However, in the
case of the PSS, the bilge vortices on the starboard and port sides only move their position.
In addition, two vortices under the shaft tube and starboard outer region were generated.
Corresponding to the propeller wake, the high velocity profile deforms, and another high
velocity region was formed in the upper portside.

Schuiling and van Terwisga [11] reviewed the commercial duct designs chronolog-
ically, such as the MIDP (Mitsui Integrated Duct, 1981) [12], the HZN (Hitachi Zosen
Nozzle, 1982) [13], the Schneekluth WED (1986) [14], the SILD (Sumitomo Integrated Lam-
meren Duct, 1997) [15], the IHIMU semi-circular duct (2007) [16], the Becker Mewis Duct
(2009) [17], and the Kawasaki SDS-F (Semi-Duct System with contra-Fins, 2012) [18]. In
their work, a BSD (Blade efficiency improving Stator Duct) [19] mounted on a chem-
ical tanker was investigated by using the CFD code ReFRESCO for the model and
full scale. The 94-m-long, 7000 DWT tanker was named STREAMLINE with a CB
(block coefficient) = 0.762, and a four-bladed propeller and rudder. The turbulence model
was SST (shear stress transport) k—w, i.e., SST-2003 [20]. The double-body model was used
with the sliding mesh for the propeller rotating 2 deg per time step. The total grid number
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N was 14.3 M (million) and 5.8 M for the model and full scale, respectively, with 1.8 M
around the propeller. The average y+ (non-dimensional wall distance) was 0.1 and 355 on
the model and full-scale ship, respectively. The power was reduced by 4.1% in the model
and 3.4% at full scale. The propeller rotation rate decreased 4.1% to reach self-propulsion
with a less asymmetrical propeller loading through blade circumferential positions. The
propeller efficiency increased by around 6%. However, it caused 0.8% higher ship resistance
because the lower pressure induced by the lift device, i.e., pre-swirl stator, led to a pressure
resistance increase.

Nicorelli et al. [21] applied the CFD software StarCCM+ to study a PSD, PSS, or WED
equipped on a DTC (Duisburg Test Case) hull which belonged to a typical 14000 TEU
container ship. The turbulence model was realizable k—¢. The ship model was appended
with a five-bladed propeller and a twisted rudder featuring a Costa bulb. RANS (Reynolds-
averaged Navier-Stokes equations) simulations were performed for ship resistance and
self-propulsion, and an open-water test (OPT). The sinkage and trim were predicted in
RANS CFD. In addition, the OPT was also analyzed by the BEM (Boundary Element
Method). The propeller was modelled by the MRF (moving reference frame) in the OPT,
and by the sliding mesh for the self-propulsion. The free surface was considered by the
VOF (volume of fluid) in the resistance test but neglected by the double body model in
the self-propulsion test. For the model and full-scale propeller simulation, Ng = 1.2 M
and 1.5 M, y+ = 15 and 60. The grid sensitivity and uncertainty analyses were conducted
for ship resistance with Ng = 0.5~6.3 M, with 4% over-prediction. The reference grid was
Ng = 1.3 M, the average y+ = 30 and 160 in the model and full-scale, and 2% uncertainty.
For self-propulsion, the error of the wake factor (1 — w) and thrust deduction (1 — t) against
the experimental value was 3~5%. To estimate self-propulsion performance for the duct and
fin designs in simulation-based design optimization (SBDO), another RANS/BEM coupling
method was proposed to exchange the wake data from the RANS actuator disk and to
subtract propeller-induced velocity in BEM. In SBDO, 14 parameters were considered for
the three fins of PSD and PSS, and four (diameter, chord, angle of attack, and maximum
sectional camber) for WED. A total of 160 PSDs or PSSs, and 70 WEDs, were generated
by the Uniform Latin Hypercube method. Targeting the minimal propeller delivered
horsepower (DHP) with 10 evolutions for every geometry, and the optimal geometry was
found among 1600 PSDs, 1600 PSSs, and 700 WEDs, individually. A 4% DHP reduction
was achieved. The PSD was suggested as the most suitable device, and the full-scale RANS
showed the reduction was lowered by 2.4%. The PSS performed close to the PSD or was
ineffective. The WED tended to increase ship resistance.

For a Panamax bulk carrier, a stern duct and stern bluntness were designed in a study
by Sakamoto et al. [22]. The duct parameter included angles of attack (AOA), chord length,
and tailing edge diameter. The (1 — w) was improved by 2~3%. The hull efficiency was
improved for the model and full scale by 1~3%.

Intelligent optimization algorithms have been applied in ship design, such as the
MOGA (Multi-Objective Genetic Algorithm), the NSGA-II (Non-dominating Sorting Ge-
netic Algorithm-II), and the ANN (Artificial Neural Network), etc. For instance, MOGA for
a destroyer hull form [23,24] and ANN for flow control fins (FCFs) on a small container
ship [25]. NSGA-II has been widely used in many aspects of ship engineering, e.g., for a
destroyer hull form [26,27], a trimaran [28], FCFs on KVLCC2 [29], marine propeller [30,31],
and the duct for a rim-driven thruster [32]. For the stern duct, a reduced order model-based
optimization [33] and global convergence optimization [34] were proposed.

Nguyen and Chandar [33] designed the stern duct for the JBC ship model using a
double body model simulation in OpenFOAM with MREF for propeller effect. The SST
k—w turbulence model was utilized. The independent grid block of duct was attached
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to the hull-propeller grid system by the overset method. The CFD method was verified
and validated first for the self-propulsion test with 1.7 M, 3.2 M, 7.6 M grids without
duct, and then a 3.2 M grid was selected for oversetting the duct. The design goal was
maximum propeller propulsive efficiency #p. Based on the four-digit NACA foil profile
with fixed chord length, the design parameter included the thickness (0.05~0.25), camber
(0~10%), AOA (0~25 deg), and ratio (0.45~0.85) between the propeller radius r and duct
radius rp. The reference point of rp and AOA is the duct trailing edge. The reduced
order model-based optimization consisted of off- and online stages. The proper orthogonal
decomposition (POD) was executed in the offline stage. In the online stage, a surrogate
model using a Gaussian process regression was then built to evaluate the objective function
approximately in the loop between the POD with parametric interpolation and optimizer.
The optimizer was gradient-free global optimization. Consequently, #p was improved by
10%. The optimal duct was characterized by 4.5% of camber, 10.2% of thickness, 8.7 deg of
AOA, and r/rp = 0.68.

Furcas et al. [34] utilized a global convergence optimization algorithm and Star-CCM+
with a k—¢ turbulence model to maximize the delivered power for JBC. The error of the
open water propeller simulation was less than 1% to 4% for thrust, and the torque was
over-predicted by 4~8%. The resistance simulation was performed by the double body
and free surface model to obtain the wave resistance for the self-propulsion simulation
in the optimization process. The iterative and grid sensitivity were investigated for the
double body and free surface model (Ng = 0.25 M, 0.73 M, 9.5 M), respectively. In the
self-propulsion test, the body force propeller disk or sliding mesh with the realistic pro-
peller was used. Three runs of design were performed with different parameter limits.
The chord length ¢ = 0.147~0.440D (propeller diameter), AOA: 5~35 deg, longitudinal
position x = 0.016~0.75Lpp (length between particulars), and duct radius r = 0.147~0.63D.
The NACA digit for camber m = 0~7, position of maximal m: p = 0~6, and thickness
t = 0.15~0.25c. In run 1, the NACA4420 section remained by changing (c, AOA, x, r). In
run 2, the variation of (¢, AOA, x, r, m, p, t) was considered. In run 3, the duct geometric
parameters were described by the B-Spline control polygon of the generator curve with
(c, x, m, p) varying. The result of (c/D, /D, AOA) of run 1 is (0.325, 0.320, 9 deg). Run
2 generated NACA 5715 with (¢/D, r/D, AOA) = (0.345, 0.359, 9 deg). The product of
run 3 is a non-symmetric, trapezoid-like nozzle with a longer upper base with NACA
6716 and (c/D, r/D, AOA) = (0.443, 0.404, 10.45 deg). Consequently, the delivery power
was reduced by 5.9%, 6.4%, 7.2% in runs 1, 2, 3, respectively, compared to 4.9% in the
original ducts. The overall propulsive efficiency was significantly improved by considering
the actual ship wake profile.

In our work, the parameter of the NACA’s four digits covers the whole range for m
and p, with ¢ fixed as the original duct. AOA =7.06 deg had been found as in our previous
work [35], comparable to the 8.7 deg of [33] and 9 deg of runs 1 and 2 in [34]. ¢ = 0.4~0.24c.

The presented work is divided into three stages to enhance the energy-saving effect of
the JBC stern duct in ship resistance and self-propulsion in calm water by using CFD:

1. Vand V (Verification and Validation) analysis.

Resistance simulation without the original duct;

a.
b. Resistance simulation with the original duct;
c. Open-water propeller test (OPT) simulation;
d.

Self-propulsion simulation with the original duct.

2. Resistance simulation with various duct designs with a NACA four-digit series
foil section.
3. Self-propulsion simulation with the optimized duct selected from the stage 2 result.
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The results of stages 1,2,3 are presented in the following Section 3.1, 3.2, and 3.3,
respectively. In stage 1, the V and V (Verification and Validation) analysis is conducted
to ensure our CFD method is reliable before further application to the design procedure:
stages 2 and 3. The V and V theory used here is based on the ITTC (International Towing
Tank Conference) 75-03-01-01 guideline [36]. The simulations for V and V were conducted
based on the experimental conditions of the test cases suggested by T2015 [1]. The simula-
tion results are compared to the experimental data provided by T2015 [1], including OPT.
Stages 1a, 1b, and 1d correspond to the T2015 test cases 1.1, 1.2, and 1.6, respectively. In
stage 2, the lowest resistance reduction, i.e., the total ship resistance difference between
the original duct and other design, is pursued. In stage 3, the self-propulsion point is
simulated and found by CFD simulation for the ship with the appended optimal duct from
stage 2. The improvement of self-propulsion performance compared with the original duct
is discussed.

2. Methods
2.1. Numerical Schemes

The analysis and simulation tool in the presented work is the open source CFD
software OpenFOAM (open-source field and manipulation) version 9 for the viscous flow
simulation considering the free surface. An incompressible two-phase flow model VOF [37],
i.e., interFoam solver, was applied with the SST-2003 turbulence model [20] to solve the
flow field around the ship, including velocity, pressure field, and free surface elevation.
The velocity and pressure coupling algorithm is PIMPLE [38], which was exclusively
developed by OpenFOAM since version 2 to combine PISO (pressure implicit with splitting
of operator) and SIMPLE (semi-implicit method for pressure linked equations).

The numerical schemes selected to discretize the steady Reynolds-averaged Navier—
Stokes equations (RANS) and the above-mentioned flow field model are briefed as below.
The temporal discretization method was the first-order Euler implicit with local time
stepping. The gradient term was calculated by the first-order central difference. The
second-order upwind method was used mainly for the divergence term. The Laplacian
term was computed by a linear interpolation. The gradient of surface normal direction was
obtained by a second-order explicit scheme with non-orthogonal corrections. The control
point value of a volume or surface was also interpolated linearly. The steady propeller
effect is achieved by the MRF with the realistic geometry discretization through the Coriolis
term added in RANS. The ship motions, i.e., sinkage and trim, are not considered, and
the ship is fixed with even keel and the uniform inflow velocity corresponding to the
ship speed.

2.2. Geomtry and Test Conditions

The geometry of the JBC (Japan Bulk Carrier) ship model with and without an ax-
isymmetric stern duct, i.e., energy saving duct, was proposed by T2015 (National Maritime
Research Institute, Tokyo, Japan) [1], along with its propeller (MP. 687). The experimental
data including ship resistance, self-propulsion in calm water, and open-water propeller test
were provided. The ship length, beam, and draft for the 1/40 scale model are L = Lpp =7 m
(length between particulars), By, = 1.125 m (waterline beam), and ¢ = 0.4125 m, respectively.
The block coefficient CB = 0.8580 indicates the JBC is a full hull form. Figure 1a shows the
3D geometry of the JBC hull form generated by Rhinoceros 3D using the IGES file provided
by [1]. The towing tank test condition is Froude number Fr = 0.142, corresponding to
the design speed 14.5 knots in full scale and U = 1.179 m/s for the model. The Reynolds
number in the model scale is Re = 7.44 x 10°. The original duct was appended through an
upward and vertical strut on the JBC stern in front of the propeller, see Figure 1b, with a



Inventions 2025, 10, 32

20° AOA (Angles of Attack) and a NACA 4420 section. The duct design parameters are
explained at the beginning of Section 3.2.

(a) (b)
Figure 1. Ship and propeller model [1]: (a) the hull with bulbous bow; (b) propeller and stern duct.

For the 5-bladed right-rotating MP. 687 propeller, its main particulars are: diameter
D =0.203 m, pitch ratio P/D = 0.75, blade thickness ratio t/D = 0.050, hub ratio is 0.180,
rake angle is 5 deg. The propeller center is at x/Lpp = 0.9854 for FP (Front Particulars) at
x =0, and z = 0.0185Lpp above the keel (baseline) or —0.0404Lpp below the waterline.

2.3. Domain and Boundary Conditions

The computational domain size is described in Figure 2, where the proper distance
from the study object, i.e., the JBC hull, to the boundaries ensures the external flow fully
developed and prevents the numerical bounce and truncation error. Since the ship geometry
and flow filed are symmetric, the resistance simulation only solves the starboard flow field,

i.e., half domain, as shown in Figure 2a. The domain length in front of ship FP L;pstream, the
length behind ship AP (Aft Perpendicular) Ljyystrean, the distance Lgjg, to the side from
y = 0 plane, the height H;, of the air part, and the depth Dy.r of the water part are 2.157,
5.125,1.971, 0.848, 0.369Lpp, respectively.

(a) (b)
Figure 2. Computational domain size: (a) resistance simulation; (b) self-propulsion simulation.

Exactly the same CFD and grid method and setup are adopted for the OPT and
self-propulsion simulation. The effort is to satisfy the V and V requirement of the
OPT and self-propulsion test by using the same propeller modeling method. Thus,
both domain sizes are identical as shown in Figure 2b which is a full domain due
to the right-rotating propeller. Since the flow field is no longer symmetric, both
port and starboard domains should be considered. For the OPT, the propeller is
located in the same position as in Figure 2b, but the hull and duct are removed.
(Lupstreamr Ldownstreamr Lsider Hairr Dwuter) = (1'57141 4.0,1.4285,0.5267, 0'834'-8)LPP'

Each domain in Figure 2 consists of seven boundary faces which are identified by
colors. The black, purple, blue, green, yellow, and grey faces correspond to the solid surface,
inlet, outlet, top, side (starboard), and bottom boundaries, respectively. In Figure 2a, the
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transparent face is the mid-plane boundary laying on y = 0, i.e., the ship’s center plane.
In Figure 2b, the transparent face is another side boundary (portside). The boundary
conditions shown in Table 1 are specified on the above-mentioned boundaries. Those
condition names are the standard defaults in OpenFOAM.

Table 1. Boundary conditions.

U = (u,0,w) p He k w «
Hull movingWallVelocity fixedFluxPressure nutkWallFunction kqRWallFunction ~ omegaWallFunction zeroGradient
Pr]o)pzlecltler movingWallVelocity fixedFluxPressure ~ nutLowReWallFunction kLowReWallFunction omegaWallFunction zeroGradient
Inlet fixedValue fixedFluxPressure fixed Value fixedValue fixedValue fixedValue
Outlet outletPhaseMeanVelocity zeroGradient zeroGradient inletOutlet inletOutlet varlablﬁ(l-ellzghtFlow
Top presstg:llorllﬁ;Outlet prghllg;tgﬁﬁg\ ent zeroGradient inletOutlet inletOutlet inletOutlet
Bottom
Mid-plane SymmetryPlane
Sides

On the inlet, the uniform inflow velocity (fixed Value) was imposed as —U. The non-slip
is applied on the solid surface including the hull, duct, and propeller, i.e., movingWal-
IVelocity is forced to be 0. The near-wall treatment, i.e., wall function, for the smooth
wall is specified on the boundary values of viscous turbulence y; (nutkWallFunction),
turbulent kinematic energy k (kqRWallFunction), and the specific turbulent dissipation
rate w (omegaWallFunction). Because the propeller and duct are inside the ship’s wake,
the y; and k wall functions for low Re (nutLowReWallFunction, kLowReWallFunction) are
applied on their surfaces. The initial 4, k, w, and total pressure pg of the inlet are estimated
based on the far field freestream values (fixedValue). The volume fraction & = 0.5 is set at z
=t (ship draft) as the initial water surface (fixedValue of « on the inlet). Zero total pressure
with pseudo-hydrostatic pressure (prghEntrainmentPressure) is used on the top. The gra-
dient normal to the surface of the domain’s side and bottom (and y = 0 plane in resistance
simulation) is zero, i.e., SymmetryPlane. The static pressure p and « on the hull surface, p
on the outlet face, and y on the outlet and top face are zero-gradient conditions (zeroGra-
dient). The rest of the boundary conditions are a variation of zero-gradient condition. The
backward flow is avoided by inletOutlet and pressurelnletOutletVelocity. The water height
as the inlet input is maintained by outletPhaseMeanVelocity and variableHeight-FlowRate.
The pressure gradient is regulated by fixedFluxPressure based on the flux.

2.4. Unstructured Grid Generation

Constant grid spacing along x—y plane on far field boundaries is applied (Figure 3). A
denser grid is allocated toward the free surface vertically based on the geometric distribu-
tion. Figure 4 indicates that the Cartesian grid generates finer and finer grids around the
ship’s body by six levels from the far field. As mentioned in the previous Section 2.3, the
OPT grid in Figure 4a is built by removing the ship hull and duct from the self-propulsion
grid in Figures 3b and 4b. The body-fitted grid is constructed as the zoom-in view around
the ship stern and bow in Figure 5 as an example. Figure 5 also lists the grid building
result of the coarse, medium, and coarse grids for the self-propulsion requested by the
V and V analysis. The result is in Section 3.1. Finally, the unstructured grid is built by a
polyhedral element with arbitrary polygonal faces. The face number, the edge number, and
the alignment of the face are unlimited in OpenFOAM. The element majority is hexahe-
dron. The other polygon is split or degenerated from hexahedra, e.g., the face becomes
line, or the line becomes points. Those polygonal elements include tetrahedral wedges,
two kinds of pentahedron: prism and pyramid, and two kinds of tet: tetrahedron and
tetrahedral wedge.
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() (b)

Figure 3. Grid distribution on far field boundaries: (a) resistance (the hull surface is in red color);
(b) self-propulsion test.

N

v/l
Y
b
/]

Figure 4. Grid refinement levels: (a) open-water propeller; (b) self-propulsion.

The layered grids attached on the solid surface to resolve the boundary layer flow can
be observed in Figure 6. The layer number of layered grids is 3 on the hull, 4~5 on the duct,
and 4 on the propeller. To form a good quality body-fitted (surface) grid and layered grid,
an additional grid refinement is added for self-propulsion (Figure 5 left column) in the stern
region. As a result, the complicated and delicate geometry details of the stern shape, duct,
and propeller are captured in Figure 6a. Those appendages are, relatively, much smaller
than the hull body. The stern is characterized by a blunt and curvy lower bottom and sharp
upper part toward the centerline plane. A series of grid refinement is also arranged along
the bulbous bow (see Figure 5, right column, and Figure 6b). This is required because
the propeller has very different feature edges compared with the other parts of the ship.
The layered grid generation is influenced by the propeller appearance, and results in low
coverage. This bow refinement is unnecessary in the resistance test. The stern refinement is
excluded in the resistance test without the duct. In the OPT, the Cartesian meshing method
and (stern) grid refinement are inherited from the self-propulsion test. Consequently, the
grid generation result around the propeller is shown in Figure 7.
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Figure 5. The unstructured grid topology around the ship bow (right) and stern (left) for self-
propulsion simulation: (a) coarse grid; (b) medium grid; (c) fine grid.

Between two nearby different grid densities, i.e., coarse to medium, and medium to
fine grids, the refinement ratio V/2 is recommended by ITTC 75-03-01-01 [36] along the x, y,
and z directions, respectively. Due to the unstructured grid, the increase ratio of the total
grid number Ny, as close as possible to V8 (= V2 x V2 x/2)is attempted. Tables 2 and 3
list the Ny, of the main cases in this work. In the resistance test, Ny, for coarse, medium,
and fine grids = 0.32 M (million), 1.2 M, and 2.3 M without duct (T2015 case 1.1); 0.58 M,
1.5 M, and 4.0 M with the original duct (T2015 case 1.2). For the OPT, Nyy;; =49 M, 1.4 M,
and 3.7 M. In the self-propulsion test with the original duct (T2015 case 1.6), Njo; = 0.79 M,
2.1 M, and 5.2 M with the average y+ = 11.5 on the hull, 1.54 on the duct, and 4.42 on the
propeller. Since there is no experiment for our optimal ducts, the grid sensitivity, i.e., only
the verification of V and V, is analyzed in Section 3.6. The geometry difference between
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two optimal ducts is subtle, so that their Ny, are close to each other. For the resistance
test, Nyotar =0.55M, 1.5M, 39 M; 0.76 M, 2.1 M, 5.1 M for self-propulsion.

(@)

BBV

< Y7

(b)

SVAVAVAAAVA VA

Figure 6. Layered and surface grids (fine grid for self-propulsion simulation): (a) around the stern,

propeller and duct; (b) on the bow.

(a)

(b)

Figure 7. Grids around the open-water propeller (fine grid): (a) back surface; (b) y = 0 plane.

Table 2. Total grid number for T2015 cases.

Case 1.1 Case 1.2 OPT Case 1.6

Coarse grid 321,463 581,168 493,679 790,082
Medium grid 1,245,900 1,547,393 1,422,479 2,125,520
Fine grid 2,263,181 3,989,685 3,733,057 5,192,505

Table 3. Total grid number for optimal duct simulations.

Resistance Self-Propulsion
NACA 7908 NACA 6.3914 NACA 7908 NACA 6.3914
Coarse grid 551,138 551,677 765,272 763,202
Medium grid 1,481,464 1,488,405 2,071,378 2,073,981
Fine grid 3,886,754 3,886,754 5,073,662 5,083,935

10
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3. Results
3.1. Vand V (Verification and Validation)

The resistance, OPT, and self-propulsion simulations for the T2015 cases are verified
and validated, as shown in Table 4. CT, KT, and KQ are the hull resistance with or without
duct, propeller thrust, and torque coefficient. D, the experimental value, and its uncertainty,
Ud, are provided by T2015 [1]. Si withi =1, 2, 3 is the simulation value for the fine, medium,
coarse grid. The error E%D is defined as

E%D = (D — S1)/D (1)
Rg=¢€n/€ep = (52 — S1)/(S3 — S2) (2)
Table 4. V and V results.
Case 1.1 Case 1.2 OPT (J =0.4) Case 1.6
1000CT 1000CT KT KQ 1000CT KT KQ
S1 4.3642 4.3272 0.2160 0.03079 5.0053 0.2375 0.02762
S2 4.4031 4.3989 0.2108 0.02976 5.0474 0.2344 0.02759
S3 4.6327 4.6671 0.2022 0.02870 5.5656 0.2131 0.02587
D 4.289 4.263 0.2214 0.02871 4.762 0.233 0.0295
€1 0.03884 0.07164 —0.0052 —0.0103 0.04211 —0.00313 —0.000023
€32 0.22967 0.26818 —0.0087 —0.0106 0.51815 —0.02132 —0.001727
Rg 0.16912 0.26713 0.5982 0.9679 0.08128 0.1471 0.01361
E%D —1.76% —1.51% 2.43% —7.25% —5.11% —1.96% 6.37%
Ug 0.05562 0.05801 0.04351 135% 0.12496 0.09756 0.07219
o o Not Not o Not Not
Ld 1% 1% provided provided 1% provided provided
ui 0.00046 0.00108 7.8x107° 6.01x107° 0.0026 0.0108 0.00738
Uv 5.6516% 5.8877% 4.4199% 135% 12.5385% 9.8163% 7.2567%

The grid convergence is estimated by Equation (2), in which 0 < Rg < 1 indicates that
the grid independence is verified for all cases with the monotonic convergence in Table 4.
This means that, as the grid number increases, the difference between the results of two
nearby grid sizes tends to decrease. Grid uncertainty Ug is evaluated by the V and V
theory suggested in ITTC 75-03-01-01 [36]. The iterative uncertainty Ui is calculated by the
difference between the maximal and minimal values of the S1 iteration oscillation divided
by the mean value of S1. Since all Uv =\/ Ug? + Ud® + Ui* > E%D]1, the validation is
achieved conclusively. The fine grids are used in the following analysis.

The OPT experimental data of the JBC propeller are also provided by T2015 along with
case 1.6 [1], but Up is not provided, so assume Up = 0 here. The OPT V and V analysis
is only conducted for the advance coefficient | = 0.4 close to the value determined by the
thrust identity method referring to the KT of case 1.6.

In Table 4, the K1 and CT errors are around 2%. The propeller behind the hull
increasing the hull resistance also increases the over-predicted CT error to 5%. However,
the Kg error is larger (6~7%), and OPT Uy is more than 100% in particular. This is because
the coarse grid (S3) results in a very small Kg error, almost zero, but as the grid number

increases, the error magnitude increases, i.e., deviates from the experimental data, and
it turns from the over-prediction (53, S2) to under-prediction (51). In fact, £51~e3~—0.01
(almost zero) and Rg~1 provide insight into the Kg being almost completely converged,
i.e., the K barely changes as the grid number increases.

11
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For different | values, the OPT simulation result including K7, Kg, and propeller
efficiency # are listed in Table 5 with the error against the experimental data. From the
open water curves plotted in Figure 8, the experimental and numerical curves share a
similar trend, and both point out the highest 7 at | = 0.65. Basically, the error appears
the lowest, less than 2% at | = 0.45 for K, which is also a switch point from (lower J)
over- to (higher ]) under-prediction. On the contrary, all Kg is over-predicted, and the
error increases from about 6% to 30% as | increases. As also listed in Table 5, the average
y+ increases, corresponding to a thicker boundary layer, as | increases. This implies that,
on the propeller foil section, the lift is predicted well but poorly for the drag related to the
wall function not suitable for propeller rotational flow in high J. All ;7 errors are less than
10%, with an increasing trend following the | increment.

Table 5. OPT result.

J Kt 10Kg 1 E%D of Kt  E%D of 10Kg E%D of 1 Average y+
0.15 0.3023 0.3839 0.1880 2.87% —5.78% 8.19% 4.98
0.25 0.2675 0.3526 0.3019 3.67% —4.90% 8.17% 5.00
0.35 0.2337 0.3238 0.4020 3.01% —6.28% 8.75% 5.03

0.4 0.2160 0.3078 0.4466 2.45% —7.22% 9.02% 5.07
0.45 0.1975 0.2905 0.4869 1.74% —8.32% 9.29% 5.12
0.55 0.1588 0.2506 0.5549 —0.72% —10.83% 9.12% 523
0.65 0.1177 0.2072 0.5877 —5.85% —16.59% 9.21% 5.32
0.75 0.0711 0.1571 0.5405 —15.86% —28.36% 9.74% 5.42
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Figure 8. Propeller open water curves (EFD = Experimental Fluid Dynamics).

3.2. Duct Design by Resistance Test

The resistance reduction Rd is defined as:
RA (%) = 1000C Ty ith duct — 4.3642 « 100%, 3

4.3642

where 4.3642 is the S1 value of case 1.1 in Table 4.

The foil section of the axisymmetric duct is designed by the NACA 4-digits series.
The optimal AOA for NACA 4420 (the original section) was found to be 7.06 deg in [35]
from 20.06 deg proposed by T2015 [1] for the original duct. Our AOA is defined from

12
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the propeller shaft axis with the fixed foil trailing edge, i.e., the duct exit radius does not
change. Thus, the 7.06 deg AOA is fixed in this study. In this design stage, the foil section
is adjusted from NACA 4420 targeting the maximum Rd, i.e., minimum total resistance,
and the optimization step follows as below:

Maximum camber, e.g., NACA m420 series. Test m = 1~9 and found NACA 6.320 and

1.

NACA7420 the best;

Location of the maximum camber. Test NACA6.3p20 and 7p20 with p = 1~9 and

found p = 9 the best for both;

Maximum thickness. Test NACA 6.39xx with xx = 8~23 and 79xx with xx = 4~24.

Consequently, the NACA 6.3914 and 7908 are concluded as the optimal ducts. Com-
pared to the original duct, both ducts provide 2.8% resistance reduction. Figure 9 shows the

history of each optimization step. Figure 10 plots the geometry of the NACA 6.3914 and
7908 ducts, and compared their sections with the original duct. Next, the self-propulsion
performance affected by both ducts will be analyzed and investigated.
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Figure 9. NACA 4-digits design for the duct section: (a) NACA m420 series; (b) NACA6.3p20 and

7p20; (¢) NACA6.39xx and 79xx.
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Figure 10. NACA6.3914 and NACA7908 ducts, and their sections compared with the original duct.

3.3. Self-Propulsion Simulation

For self-propulsion performance, the original duct result in Table 6 is computed from
the case 1.6 S1 result in Table 4. The propeller rotational rate n = 7.5 rps (revolution per sec)
is provided by T2015 [1]. The self-propulsion point is searched for the NACA 6.3914 and
7908 ducts individually targeting the SFC (Skin Friction Correction) = 19.9551 N.

Table 6. CFD self-propulsion performance.

Original Duct NACA 7908 Duct Diff. from Orig. NACA 6.3914 Duct  Diff. from Orig.

n (rps) 7.5 7.62542 —1.67% 7.5735 —0.98%
10KQ 0.276 0.267604 3.12% 0.267699 3.08%
KT 0.238 0.223 6.30% 0.225 5.46%
1000CT 5.005 4.925 1.60% 4918 1.74%

1-w 0.464 0.520 —12.07% 0.509 —9.70%
1t 0.740 0.730 1.35% 0.732 1.08%

Va 0.546 0.614 —12.45% 0.600 —9.89%
EHP 1 (W) 19.754 18.911 4.27% 18.902 4.31%
DHP 2 (W) 25.194 25.654 —1.83% 25.143 0.20%

THP 3 (W) 12.379 13.479 —8.89% 13.144 —6.18%
nH 1.596 1.403 12.09% 1.438 9.90%

o 0.449 0.487 —8.46% 0.481 —7.13%
D 0.784 0.737 5.99% 0.752 4.08%
nR 1.094 1.079 1.37% 1.087 0.64%

1B 0.491 0.525 —6.92% 0.523 —6.52%

L EHP = effective horsepower; 2 DHP = delivered horsepower; 3 THP = thrust horsepower.

When the resistance (R) including ship hull and stern duct, minus the propeller thrust
(T), is approximately close to the SFC value, the ship self-propulsion point is achieved. The
searching history of finding self-propulsion point is shown in Figure 11. The convergence
trend is clear for NACA 7908 duct, instead the R—T of NACA 6.3914 duct with more curvy
and thicker section (see Figure 10) oscillates within a band of approximate 0.08N.

14
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Figure 11. Self-propulsion point searching history: (a) NACA 7908 duct; (b) NACA6.3914.

The self-propulsion performance parameters in Table 6 are calculated based on the KT
and KQ curves fitted from the OPT experimental data provided by T2015 [1]:

KT = —0.1633%],2 — 0.2694 * ], + 0.3553, 4)

10KQ = —0.0956%],> — 0.1549x],% — 0.1947 * J, + 0.3959, (5)

where |, = U/(nxD) is the advance coefficient with propeller diameter D and # (rps).
In Table 6, the difference from the original duct is calculated as:

Orignal duct value) — (Optimal duct value)

(Orignal duct value) x100%.  (6)

Diff. from Orig. (%) = (

Table 6 shows some and similar improvements for self-propulsion performance are
provided by installing NACA 7908 and 6.3914. The hull resistance (CT) decreases by
1.6 and 1.7%. The propeller thrust coefficient decreases by 6 and 5% to reach a higher
self-propulsion point near 7.6 rps (1% higher than 7.5 rps for the original duct ). The 3%
lower torque indicates the propeller rotates easier behind two ducts. In particular, the
NACA 6.3914 requires slightly less delivered horsepower. Basically, the lower effective
horsepower and higher thrust horsepower correspond to the lower hull resistance (CT)
and higher propeller rps, respectively. The propeller behind-hull efficiency #p increases by
around 7%. Both ducts produce obvious flow acceleration, achieving around a 10% higher
effective wake factor (1—w) corresponding to faster propeller advance velocity Va.

The main efficiency improvement of the optimal ducts is propeller-related, such as
np and 7, (open water efficiency). The hull efficiency %, quasi-propulsive efficiency #p,
relative rotative efficiency g, and thrust deduction factor (1—t) are not improved. Since
the ship hull and propeller geometry are not modified, the traditional ship propulsion
efficiency definition might not be fair for an energy saving device [11].

3.4. Nominal and Propeller Wake Field

For nominal wake, Figure 12a,b show the large flow separation, i.e., u/U (non-
dimensional axial flow velocity) < 0, behind the lower half part of the original duct
presented in both experiments and our fine grid simulation. Figure 12¢,d reveal that
both optimal ducts effectively reduce the flow separation area. In fact, their u/U would not
be less than 0 in this region, explaining the resistance reduction. Although both optimal
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ducts provide the same resistance reduction (2.8%, see Section 3.2), their velocity profile pat-
terns are slightly different. For the NACA 6.3914 duct, the width of the /U = 0~0.1 region
around (y/Lpp, z/Lpp) = (£0.0065, 0.008~0.014) is thinner in y direction, but a small branch
of the u/U = 0.2~0.3 region extends from (£0.008, 0.013) to (£0.01, 0.015) which does not
exist for the NACA 7908 duct. However, the small flow separation is caused behind the
upper half of both ducts, i.e., the wake becomes slightly worse in this part of the flow field.
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Figure 12. Nominal wake velocity field (u/U, v/U, w/U) at x/Ly, = 0.9843 (between duct and
propeller): (a) experimental data [1] for the original duct; (b) original duct; (c) NACA7908 duct;
(d) NACA6.3914 duct. The fine grid result (S1) is shown for the CFD results.

The high axial velocity (u/U > 1.2) distributed in the upper and starboard sides of
the propeller wake behind the hull are measured by the experiment in Figure 13a and
captured by our fine grid simulation in Figure 13b. The starboard portion corresponds
to the interaction of the right rotating propeller and stern upward flow causing a higher
relative velocity and leading to a higher propeller inflow velocity. The upper port side
portion is induced by the right rotating propeller and bilge vortex downward flow, e.g.,
the vectors around (y/L, z/L) = (—0.006, —0.034) in Figure 12a. The larger area of the
u/U > 1.3 distribution for CFD results corresponds to the over-predicted propeller KT
(case 1.6 S1 in Table 4). This reflects the ship’s stern wake as not being well equalized or
uniformed for the propeller inflow. By contrast, for the optimal ducts, a small portion of
the u/U > 1.2 can be observed in Figure 13c,d in the port-side lower part of the propeller
wake. In other words, the propeller loading, i.e., propeller wake distribution or output, is
more circumferentially even. This confirms that the more uniform wake and better wake
equalization are produced by the two optimal ducts. The lower torque in Table 6 also
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supports this observation. Two ducts result in the slight difference here. For the NACA
6.3914 duct, the u/U > 1.2 is more scattered, e.g., (y/Lpp, z/Lpp) in the lower port side
around (—0.05~—0.01, 0.015), and upper starboard side around (0.01, 0.02).
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Figure 13. Axial velocity distribution (u/U) and cross flow vectors (v/U, w/U) of propeller wake
behind the hull at ship AP (x/L,p = 1.0): (a) experimental data [1] for the original duct; (b) original
duct; () NACA 7908 duct; (d) NACA 6.3914 duct. The fine grid result (S1) is shown for the
CFD results.

3.5. Pressure Coefficient Distribution

Figure 14 plots the pressure coefficient (Cp) distribution on the ship stern, propeller,
and duct, including the original and two optimal ducts: the NACA7908 and 6.3914 ducts.
The benefit of the optimal ducts for energy saving and propulsion performance is explored
in detail in the figure. On the outer surface of the original duct (the pressure/back side),
the low and negative Cp (in blue) occurs near the leading edge. The high and positive
Cp (in red) appears near the leading edge of the inner surface of the original duct (the
suction/face side). It turns out that the pressure difference on the original duct causes
resistance, i.e., the resultant force pointing backward against the propeller’s thrust direction
or ship’s advancing direction. Instead, on both optimal ducts, the high and positive Cp (in
red) is located near the leading edge of the outer surface (the pressure/back side). Also,
the low and negative Cp (in blue) is observed near the trailing edge of the inner surface
(the suction/face side), i.e., the bending outward exit. As a result, the pressure difference
on the optimal ducts yields the additional thrust. In other words, the foil lift contributes to
a forward component.
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Figure 14. Pressure coefficient distribution on stern, duct, and propeller surface: (a) original duct;
(b) NACA7908 duct; (c¢) NACA6.3914 duct. The fine grid result (S1) is shown here.
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The propeller thrust is produced by the high and positive Cp (in red) on the propeller
face and the low and negative Cp (in blue) on the propeller back.

Some sight deterioration of Cp is found locally for two optimal ducts in comparison
of the original duct. The Cp around the trailing edge of the strut is negative and lower
(in blue) for both optimal ducts, but for the original duct, the Cp is about zero (in green).
The core of the low and negative Cp (in blue) on the propeller hub surface is larger for the
NACA7908 duct.

3.6. Grid Sensitivity for Optimal Ducts

In this section, the grid sensitivity is examined since the experiment is unavailable
currently for the optimal ducts. The fine grid result (51) is assumed to be close enough to
the experimental value in order to estimate the grid uncertainty, Ug. The results for the
resistance and self-propulsion simulations are presented in Table 7. All Rg = 0~1 indicates
the grid convergence is confirmed as monotonic convergence. Compared to the Uv of cases
1.1 and 1.6 in Section 3.1 (Table 4), the Uv values show the same level of uncertainty. For
resistance simulation, Uv is 5~6%. In the self-propulsion simulation, Uv is 12~13% for the
resistance, 8~10% for the propeller thrust, and 6~7% for the propeller torque.

Table 7. Grid sensitivity for the optimal ducts.

NACA7908 Duct NACA®6.3914 Duct
Resistance Self-Propulsion Test Resistance Self-Propulsion Test
Test (Propeller Rotational Rate = 7.5 rps) Test (Propeller Rotational Rate = 7.5 rps)
1000CT 1000CT KT KQ 1000CT 1000CT KT KQ

S1=D* 4.2431 4.9098 0.2232 0.0265 4.2429 49193 0.2250 0.0266

S2 4.3130 4.9327 0.2192 0.0262 4.3083 49311 0.2191 0.0262

S3 45724 5.4231 0.1974 0.0243 4.5282 5.4413 0.1988 0.0244
€1 0.06993 0.04657 —0.00403 —0.00033 0.06535 0.01176 —0.00591 —0.00045
€3 0.25934 0.02284 —0.02183 —0.00189 0.21991 0.51024 —0.02028 —0.00174

Rg 0.26966 0.04657 0.18471 0.17502 0.29715 0.02305 0.29179 0.25990

Ug 0.05620 0.11907 0.10008 0.07425 0.04621 0.12667 0.08078 0.06089

ui 0.00120 0.00173 0.00887 0.01054 0.00119 0.00142 0.00026 0.00025

Uv 5.6206% 11.905% 10.008% 7.425% 4.6211% 12.667% 8.078% 6.089%

* It is assumed, since the experiment is unavailable currently.

4. Discussion

The CFD method for resistance, open water propeller, and self-propulsion simulation
is verified and validated in the presented work and then is extended to design the JBC’s
stern duct. The duct section is designed by using the NACA 4-digits foil series profile. The
optimal duct with the NACA 7908 or 6.3914 sections is found with a 2.8% reduction for
bare hull resistance. In the self-propulsion point, the propeller thrust decreases by 6 and
5% to achieve the 1.6 and 1.7% lower hull resistance. Eventually, the 7 and 6% higher
propeller behind-hull efficiency and 10% higher effective wake factor are obtained. Both
ducts achieve energy saving by decreasing effective horsepower by 4.3%. In other words,
by installing one of the ducts, less power output is required to propel the ship in the design
speed. Other than slightly less delivered power is required, the NACA 6.3914 duct also
performs slightly better for the local flow field phenomena. Since the flow separation in the
nominal wake is improved, the more uniform propeller wake is caused by the better wake
equalization presenting a more uniform propeller inflow.

In the presented work, the stern duct was optimized for a particular ship model, JBC, in
a calm water condition. Since the JBC is a bulk carrier, the optimal duct and design outcome
might be only suitable for or recommended for a similar hull form, i.e., full hull form. For
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slimmer ship types, e.g., container ships, the stern duct needs another optimization. Also,
a ship sailing in the sea encounters waves and requires it to perform turning or zig-zags. In
addition, the surface roughness of a ship’s hull changes continuously along its service life
due to fouling, corrosion, deformation, etc. However, a smooth surface is assumed in this
study. Therefore, the seakeeping and maneuvering performance, and proper roughness of
the ship with ESDs, should be considered and designed accordingly. The above-mentioned
challenges and limitations are our future work.
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Abbreviations

The following abbreviations are used in this manuscript:

1-—t thrust deduction

1—w wake factor

ANN Artificial Neural Network

AOA angle of attack

AP Aft Particulars

BEM Boundary Element Method

BSD Blade efficiency improving Stator Duct
Bwr, waterline beam, ship beam

c Foil chord length

CB block coefficient

CFD Computational Fluid Dynamics

Cp Pressure coefficient

CcT Total ship resistance coefficient with or without duct
D Propeller diameter, experimental value or data
DHP delivered horsepower

DTC Duisburg Test Case

Dater Domain water depth

DWT Deadweight Tonnage

E%D error

EHP effective horsepower

EFD Experimental Fluid Dynamics

ETS Emissions Trading System

EU European Union

FCFs flow control fins

FP Front Particulars

Fr Froude number
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Heir
HZN
IGES
HIMU
ITTC

Ja

JBC

k

KQ

KT

L, LPP
Laownstram
Lside
Lupstmm
m

MIDP
MOGA
MRF

n

NACA
NG, Niotal
NSGA-II
OpenFOAM
OPT

p

P/D

Po
PIMPLE
PISO
POD
PSD

PSS

r

R

RANS

Si

SILD
SIMPLE
SST

t

T

T2015
TEU
THP

u/U
ud
Ug

Domain air par height

Hitachi Zosen Nozzle

Initial Graphics Exchange Specification
Ishikawajima-Harima Heavy Industries & Marine United Inc.
International Towing Tank Conference
advance coefficient

Japan Bulk Carrier

turbulent kinematic energy

propeller torque coefficient

propeller thrust coefficient

length between particulars

Domain length after ship AP

Domain length to the side

Domain length before ship FP

Foil camber

Mitsui Integrated Duct

Multi-Objective Genetic Algorithm
Multi-Reference Frame

propeller rotation rate

National Advisory Committee for Aeronautics
total grid number

Non-Dominating Sorting Genetic Algorithm-II
open-source field and manipulation
Openwater Propeller Test

static pressure, position of maximal camber
pitch ratio

total pressure

PISO + SIMPLE

pressure implicit with splitting of operator
proper orthogonal decomposition

pre-swirl ducts

pre-swirl stators

propeller radius

Ship resistance

Reynolds-averaged Navier-Stokes equations
duct radius

Reynolds number

grid convergence indicator

revolutions per sec

Simulation-based design optimization
Semi-Duct System with contra-Fins

Skin Friction Correction

simulation value fori=1,2,3

Sumitomo Integrated Lammeren Duct
semi-implicit method for pressure linked equations
Shear Stress Transport

ship draft, foil thickness

Propeller Thrust

Tokyo 2015 Workshop on CFD in Ship Hydrodynamics
Twenty-foot Equivalent Unit (container size and cargo capacity)
thrust horsepower

Model ship speed

Non-dimensional axial flow velocity
Experimental uncertainty

Grid uncertainty
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ui Iterative uncertainty
Uv Validation uncertainty
Vand V Verification and Validation
VOF Volume of Fluid
WED Wake Equalizing Duct
X Longitudinal position
y+ non-dimensional wall distance
1,10 Efficiency, propeller open water efficiency
1B propeller behind-hull efficiency
D quasi-propulsive, propeller propulsive efficiency
ny hull efficiency
7R relative rotative efficiency
N viscous turbulence
w Specific turbulent dissipation rate
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Abstract: Individual road mobility comes with two major challenges: greenhouse gas emissions
related to global warming and chemical pollution. For the pollution reduction in the spark ignition
engine vehicle, the standard and reliable aftertreatment technology is the three-way catalytic converter
(TWC). However, the TWC starts to convert once an optimal temperature, usually known as the
light-off temperature, is reached. There are many methods to reduce the warm-up period of the
TWC, among which is using a burner. The initial question underlying this study was to see if the
use of a relatively straightforward extra-combustion device mounted upstream the TWC, without
complex elements, was able to serve the purpose of reducing the light-off time. Consequently, an
original burner was designed and investigated numerically via the CFD method and experimentally
via measurements of the temperature evolution within a TWC, along with the emissions specific to
the burner’s operation. The main findings of this study are: (1) the CFD-based examination is a good
way to decide on how to achieve the so-called fit-for-purpose internal aerodynamics of the burner
(i.e., to obtain a homogeneous mixture) and (2) to reach the light-off temperature, conventionally
taken as 500 K, the burner was operated for 5.2 s, i.e., 3.6 g of gasoline injected, 2.7 g of CO, and
1.351 g of CO, respectively, emitted. Moreover, this study identified measures for improving the
burner’s design as well as an enhanced procedure for the burner’s operating control both aiming to
produce a cleaner combustion during the TWC pre-heating.

Keywords: pollution reduction; three-way catalyst; light-off; burner; CFD

1. Introduction

Individual road mobility is paramount for human society. The passenger car became
not only a means of ensuring door-to-door mobility, but also the very expression of the
freedom of movement, hence its importance. However, the passenger car is also one of the
major contributors to environmental degradation, as is well known. Pollution (unburnt
hydrocarbon—UHC, carbon monoxide—CO, nitrogen oxides—NOj, particulate matter—
PM) and carbon dioxide (CO,), emitted by their internal combustion (IC) engines, have
become a growing global concern. A solution to this problem was to replace the thermal
propulsion ensured by the IC engine with the electric propulsion ensured by the battery
electric vehicles (BEVs). Some parts of the world even issued regulations to favor BEVs,
as is the case in Europe—for instance, see the Green Deal’s Fit-for-55 package, which
“makes reaching the EU’s climate goal of reducing EU emission by at least 55% by 2030 a
legal obligation” [1]. This regulation also sets a target of 100% carbon emission reduction
for 2035, meaning that “all new cars and vans placed on the market in the EU from 2035
should be zero-emission vehicles (ZEV)” [2], based on a tank-to-wheel approach, which also
means BEVs. Nonetheless, the worldwide electrification of individual road mobility via
BEVs is challenging and will not happen overnight. Thus, for the time being, the internal
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combustion (IC) engine will continue to be used worldwide for individual road mobility
either as standalone powerplants (ICEV—internal combustion engine vehicle) or as part of
hybrid electric vehicles (HEVs). Obviously, the discussions are about the IC engine as a
solution for sustainable road mobility, and consequently the IC engine should be as efficient
and as ecologic as possible—an engine with “zero impact emissions”, as defined in [3,4]:
(1) its pollutants are reduced to such a low level that it does not have a negative impact on
air quality anymore and (2) its net CO; emissions are zero (all local CO, are compensated
by CO; capture elsewhere). To address this environmental challenge related to the ICEV,
researchers are expected to develop even more efficient and cleaner technologies.

For the pollution reduction in the spark ignition engine vehicle (SIEV), the classic and
reliable aftertreatment technology is the closed loop controlled three-way catalytic converter
(TWC), which uses noble metal catalysts such as platinum (Pt), palladium (Pd) and rhodium
(Rh) to facilitate the conversion of the aforementioned pollutants into harmless substances,
such as CO,, H,O, Ny and O,. The conversion efficiency or the effectiveness of the catalytic
converters for a given pollutant (x) is shown below:

Exhaust_out,
Engine_out, '

Nrwe, =1 - )
where x may be any of the regulated gaseous pollutants, e.g., UHC, CO, NO, NOy;
Exhaust_out and Engine_out are the pollutants at the tailpipe and produced by the en-
gine (i.e., downstream and upstream the catalytic converter).

There are many studies focusing on the main parameters influencing the effectiveness
of the catalytic converters [5-9]: oxygen storage capacity (OSC) of the converter (i.e.,
adsorption and release of oxygen from the converter’s wash coat), air—fuel ratio (AFR),
and catalyst temperature (I'Twc) as the bulk temperature of the converter’s monolith. On
this theme, the authors of papers [6,7] agreed that OSC is “not prevalent during the warm-
up” and, consequently Tryc and AFR would be the main factors to influence conversion
efficiency. Hence, as discussed in [5], the effectiveness of the catalytic converter for a given
pollutant (x) is the product of two efficiencies, as shown below:

Nrwe, = Nrwe, (AFR) Nrwe, (Trwe) )

According to [7], both efficiencies introduced in relation (2) can be modelled with
Wiebe mathematical functions, typically known as S-shaped curves.

The thermal behavior of the catalytic converter is well described in the paper [5],
which is actually based on the papers [6,7]:

= Forced convection between the exhaust gas and the monolith, ans,inr

. Forced convection between the converter’s outer wall and the ambient air, Qoutl and

= Exothermic and endothermic catalytic reactions to convert the pollutants, chtion.
So, during the TWC warm-up, Equation (3) gives the rate of Ttpc:

(ans_in + Qreactian - Qout)

mrwe-Cp

®)

Trwec =

where Q [W] designates rates of heat flow, myyc [kg] is the TWC mass, and Cp [J/kgl is
the TWC heat capacity at constant pressure.

However, the TWC starts to convert once an optimal operating temperature is reached.
This is widely known as the light-off temperature, which based on the considerations
presented above, varies with the gaseous pollutants. In the literature, most frequently, this
temperature is referred to in a generic way, as the temperature corresponding to a catalyst
effectiveness of 50% (T50); this temperature would be approximately 500 K, according
to [5,10-14]. Obviously, one may consider any conversion efficiency for this light-off
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temperature, e.g., T90, meaning the temperature at which 90% conversion is reached for
any chemical species, as used in paper [15], which, among other findings, shows that T90
for CO is nearly insensitive to lambda (i.e., AFR made dimensionless by stoichiometric
conditions) between 0.977 and 1.005, while “T90 for NO is constant for lambda inferior to
0.995 but increases by more than 200 °C for lambda values between 0.995 and 1.001, and
90% conversion is not achieved at any temperature for lambda higher than 1.001”.

The above considerations convey the idea that the main problem with the TWC is the
warm-up phase, i.e., the period after the engine’s cold start, until the TWC reaches this
temperature threshold called light-off. It is therefore vital to have the TWC light off as
quickly as possible and this is harder as the ambient temperature decreases. This problem
has been well known from the beginning of the pollution reduction via the TWC and,
consequently various measures are used to address it, some of them already introduced in
mass production.

Back in 1994, paper [12] argued that although TWC “has already achieved a high
level of development, further improvements are still required in order to reliably fulfil
the future standards”. At present, this statement is still valid, especially because of the
extreme tightening of the automotive pollution regulation. For instance, the objective of the
future Euro?, as declared in the papers [4,16,17], is to be able to label the IC engine “zero
impact emissions” to avoid banning it out of the European cities. Among the improvements
proposed in [12], one may also find measures to reduce the warm-up period of the TWC:

e  Thermally insulated exhaust pipes (not currently used in mass production).

e Converters installed as near to the engine as possible (today, this is called closed-
coupled TWC and it is used in mass production).

e Injection of air upstream the TWC relying on fuel post-oxidation (this was and is still
used in some mass production applications).

e Electrically heated catalytic converter, EHC (nowadays, it seems to be a potential
solution for the HEV considering the frequent stop-and-start sequences of the IC
engine and especially the on-board source of electricity; however, the reliability of the
electrical metallic structure of the heated disc, which is in continuous contact with
very hot exhaust gas from the IC engine is a potential blocking point).

e  Fuel afterburner chamber and burner (the last two never entered the production phase).

Fuel post-oxidation benefits in terms of light-off time were assessed by a CFD inves-
tigation in paper [18]. The authors explored the effects of air injection into the exhaust
on the light-off time, while each cylinder was operated with rich mixture, showing that
“the observed temperature increase is obtained at the expenses of about 10% in terms
of fuel consumption”. The increased fuel consumption while using air injection for the
enhancement of fuel post-oxidation generated by the engine operation in the rich mode
was also reported in paper [19].

According to Langen et al. [12], the difference between the “fuel afterburner chamber”
and the “burner” is that the former is burning fuel coming out from the engine, which
has to be ran richer (hence, the term after-burner), while the latter has its own fuel supply.
Obviously, both require an ignition source and a blower/air pump to provide the oxygen
supply. Chan et al. [13] listed the same measures aiming to expedite the reaching of light-
off temperature but discussed the solutions generated by different strategies used while
calibrating the engine.

Returning to the heating time of the TWC, as discussed in [4], complying with Euro7
may require having the TWC already heated up even before the IC engine starts (i.e.,
pre-heating). If so, the only solutions able to provide this standard are burner technology
and EHC, the latter, however, being reserved for the HEV (due to the need for sufficient
onboard electric power, e.g., 2.0 kW, 4.0 kW or even 8.6 kW, coupled with a 45 kg/h mass
air flow rate, as explored in [20]).

As regards the burner technology for TWCs, as already mentioned, it is not a new
idea. Nonetheless, further to our literature survey, this technology is mainly cited in SAE
papers from the 1990s, e.g., [12,21,22]. In more recent years, in the main scientific stream,

7
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this solution is rather mentioned in review papers, such as [10], which do not provide many
details about it and also quote SAE papers from the 1990s. Our extensive search on this
particular subject revealed two recent papers [23,24] dealing with the numerical assessment
of an aftertreatment system equipped with a burner, another article [4] presenting, among
other details, clear results of using a so-called “additional fuel burner” in the attempt to
achieve the “zero-impact emissions” engine and only one work [25] dedicated to a burner
development for light-off speed-up of an aftertreatment system in gasoline engine (like the
older paper [21]).

This paper also focuses on presenting an original burner designed to reduce the TWC
light-off time. Previously, as presented in [26], our focus was on experimentally investi-
gating the effect of a burner on the light-off performance of a TWC by using a retrofitted
commercial Webasto™ water heater to warm the vehicle cabin, to de-ice the vehicle win-
dows and to pre-heat water-cooled vehicle engines. The findings of this research were
valid; however, the retrofitted heater was not able to heat-up the pre-catalyst in reasonable
time because of the insufficient air mass flow ensured by the heater’s fan. Consequently,
the original burner presented in this paper was designed to ensure a sufficient air mass
flow and thus, a rapid heat-up of the pre-catalytic converter, in order to ensure a high
aftertreatment effectiveness once the SI engine is turned on, without using the different
penalizing strategies used while calibrating the engine (i.e., spark retardation, lambda-
split or mixture leaning, etc., as presented in [13]). More precisely, the scope of this work
was to develop an original extra-combustion device mounted upstream the TWC (i.e., a
burner) characterized by the so-called fit-for-purpose internal aerodynamics able to quickly
generate a homogeneous and ignitable mixture only relying on a simple design not using
relatively complex elements imported from the aeronautical burner application, such as
the ones presented in paper [25].

Accordingly, the remainder of this paper is structured as follows: first, the design of the
burner’s combustion chamber is presented, with a description of the internal aerodynamics
of the burner based on CFD results; then, the investigation of the burner’s operation, i.e.,
(1) the burner’s control oriented to quickly achieve an ignitable mixture in the combustion
chamber and (2) measurements of the temperature evolution within a two-part TWC (a
smaller pre-catalytic converter and a main catalytic converter), along with the emissions
specific to the burner’s operation.

2. Burner Design and CFD Investigation

As mentioned before, when designing the burner’s combustion chamber the focus was
on how to obtain a homogeneous and ignitable mixture mainly relying on the airstream
inside the burner’s body. As shown in Figure 1a, the burner comprises two parts, which are
welded together: (1) the head containing the injector with its fueling parts, two air pipes
with their corresponding ducts through the head and (2) the body, which has a constant
cylindrical section (purely for reasons of simplicity).

b ©

Figure 1. Burner’s design: (a) main parts; (b) cone angle of injected fuel from the experiment;
(c) positioning of the spark plug.

27



Inventions 2024, 9, 112

As seen in Figure 1c, the positioning of the spark plug was set based on the exper-
imentally estimated cone angle of the injected fuel (34°—see the green dashed line in
Figure 1b); thus, its vertical location on the cylindrical body was decided to be right where
this cone touches the inner cylindrical surface. The hypothesis is that it is in this way that
the flame occurrence is maximized. Evidently, the experimentally estimated injected fuel
cone was necessary since the technical specifications of the injector were not provided by
its manufacturer.

In order to obtain a homogeneous mixture, as mentioned before, the focus was on
how to achieve the so-called fit-for-purpose internal aerodynamics.

Thus, the directions of the two ducts through the burner’s head were designed, first,
to conveniently intersect the injected fuel cone (see the arbitrary 20° angle in Figure 2a
and, hence the two green dots in Figure 2b, which are the intersection points) and, second,
to generate an air swirl motion (i.e., a rotation of the air around a vertical axis—see the
arbitrary 30° angle in Figure 2c). On the latter, as there are two ducts through the head, two
swirls were planned, both in the same direction, one following the other.

X AXIS VIEW

(@)

Figure 2. Burner’s initial design for homogeneous mixture: (a) ducts inclination to achieve air
intersection with the fuel cone; (b) intersection between air and fuel cone; (c) ducts inclination to
achieve the swirl motions.

This is the first design iteration and the physical prototype was manufactured as such
(see Section 3). Furthermore, to draw conclusions regarding the aerodynamics inside the
burner, generated by the design explained above, a CFD simulation was performed.

The CFD simulation is ran in AVL FIRE™ 2022 R1 software (Graz, Austria), which is
based on the finite volume approach and is a 3D RANS-based (Reynolds-average Navier—
Stokes) cold simulation of the air flow at 40 kg/h (boundary condition imposed at the
inlet faces of the two air ducts) for 5 s with a time step of 0.05 s, using the k-{-f model.
According to [27,28], this turbulence model produces reasonable results with good accuracy
in resolving the dominant structures of the turbulent flow and gives a better prediction
of flow separation and reattachment. The simulation is called cold because the burner is
not fired.

The selection of the mesh size is the result of several simulations aiming to achieve the
independence of the numerical solution with respect to the grid. Subsequently, to analyze
the influence of the mesh/grid on the numerical solution, different values for the maximum
cell size were used (0.7, 0.8, 0.9, 1.0 mm). Evidently, the finer the mesh, the higher the
computational time. Table 1 shows the values of some physical parameters, calculated after
the 5 s of simulation with a step of 0.05 s, as well as the CPU time specific to the workstation
used (2.3 GHz, Intel Xeon 36 cores, 128 GB RAM).
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Table 1. Influence of the mesh on the numerical solution for the k-{-f turbulence model.

Max. Cell Size [mm] 1.0 0.9 0.8 0.7
Number of cells 2,486,864 4,904,501 7,091,093 8,978,120
Simulation time [hours] 5.60 12.40 17.40 18.95
Number of CPU cores 20 10 11 34
Mean TKE [m?/s?] @ 5s 30.5 32.3 34.3 36.4
Max. 2D flow velocity [m/s] @ 5s 133.5 134.5 136.2 136.9
Mean 2D flow velocity [m/s] @ 5s 129 13.0 129 12.5

Since at this stage, the focus was mainly on predicting the large-scale air structures
and because decreasing the maximum cell size from 1.0 to 0.7 did not result in significant
changes in these structures, Figure 3, the maximum cell size used for this CFD RANS-
based study was 0.7 mm.

Flow Velocity[m /5] @ 500 5
5000

FlowVeloditylm / 51 @ 5,00 5
000

Figure 3. Burner’s internal aerodynamics at 5s via the k-{-f model: (a) max. cell size: 0.9; (b) max.
cell size: 0.8; (c) max. cell size: 0.7. NB. Spark plug location is visible at the left.

Choosing a suitable turbulence model is always a challenging task for the scientific
community. As per [29], the scientific community argued that most turbulence models
are validated for specific well-defined test cases, but it is not certain whether they are also
valid for other type of flows generated by complex geometries where the flow might be
different. In terms of the turbulence models that can be used with the RANS approach,
each has advantages and disadvantages. For instance, according to [30], the k-¢ model is
“relatively simple to implement, leads to stable calculations that converge relatively easily
and makes reasonable predictions for many flows, but is valid just for fully turbulent flows,
and predicts the swirling and rotating flows rather poorly”.

Based on the above considerations, another simulation was conducted, this time using
the k-¢ turbulence model. Thus, we were able to analyze comparatively the CFD results (i.e.,
using the same software, mesh size, initial and boundary conditions, based on the same
RANS approach, only changing the turbulence models: k-{-f vs. k-¢). Table 2 shows the
figures resulted from this k-e simulation. When comparing with the data from Table 1, one
may see that (1) when using the k-{-f model, the computing time was higher and (2) while
the maximum and mean 2D flow velocities are within the same order for both models, the
mean TKE is significantly higher in the k-¢ case.
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Table 2. Influence of the k-¢ model on the simulation.

Turbulence Model k-¢

Simulation time [hours] with 34 CPU cores 17.7
Mean TKE [m2/s%] @ 5s 40.8
Max. 2D flow velocity [m/s] @ 5s 136.3
Mean 2D flow velocity [m/s] @ 5s 11.3

Figure 4a—d shows the flow velocity fields obtained with both turbulence models in
the vertical and horizontal planes containing the spark plug. While the maximum cell size
was 0.7 mm, the area around the spark plug was refined and the smallest cell size reached
0.0437 mm between the two electrodes. The vectors displayed in Figure 4c,d are projected

FlowVelocityim / 5] @5.00 5
3000
2567
s
FlowVelocitylm / 5] @ 5.00 5
5000
‘2000 55.71
5143
1687 N
4285
1333 3857
34.29
00 3000
2571
. 2143
1714
- 1286
857
000 429
000
FlowVelocitylm /5] @ 500 s
3000 4
26 67 l
2333
20.00
1
|

Figure 4. Burner’s internal aerodynamics at 5s: (a) vertical plane with k-{-f model; (b) vertical plane
with k-g; (c) horizontal plane with k-{-f model; (d) horizontal plane with k-¢; (e) streamlines generated
by the k-¢ model.

As seen in Tables 1 and 2, the maximum 2D flow velocities are over 130 m/s, while
Figure 4 shows values up to 30 m/s. Since Figure 4 was focused on the flow in the spark
plug region, where the velocities are much lower than the maximum value, the color
mapping range was conveniently chosen to discern more efficiently between different
velocities in this area. The same was performed for Figures 3 and 4e, which presents the
streamlines generated by the flow at 5 s, because the maximum flow velocities occur in the
two entering air ducts from the burner’s head.

When analyzing comparatively the results of the two turbulence models, Figure 4a—d,
one may see that (1) both models predict horizontal large-scale vortexes rotating in the
same direction (clockwise) and (2) the predicted velocities are globally lower for the k-¢
model. This analysis of the flow around the spark plug is of interest because the flame
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kernel development initiated by the spark produced between the electrodes is influenced
by the flow: either the flow is too intense and the kernel may be extinguished or the flow is
too low, the kernel develops poorly and affects negatively the combustion performance. In
the situations presented in Figure 4a—d, the following velocities were obtained between the
two electrodes: 14.9 m/s for the k-e model and 5.7 m/s for the k-{-f model. Thus, noticeable
difference between the results provided by the two models and somehow, unexpectedly
higher for the k-¢ model as globally, this model predicts lower velocities (Figure 4 and
Tables 1 and 2). Nonetheless, as seen in Figure 4e, the k-¢ model predicts intense rotating
flows in the spark plug area, even though, globally, the large-scale structures seem like
those presented in Figure 3.

Finally, the conclusion drawn from this CFD investigation is rather of a qualitative
kind, meaning that the simulations predict comparable/similar large-scale air structures.
As previously discussed, when first designing the air ducts through the burner’s head,
the idea was to direct one of the air flows towards the spark plug after hitting the fuel
injected cone, Figure 2b, aiming to help flame propagation. As seen in Figure 4a,b, with
the current 20° inclination, there is an impact between one of the two main airstreams and
the cylindrical wall just above the spark plug, Figure 5a, which lowers the air velocities
between the electrodes of the spark plug.

Figure 5. Burner’s design evolution: (a) exclusive visualization of two main airstreams generated by
the initial air ducts—results obtained with k-{-f model; (b) different inclination of the ducts; (c) 90°
rotation around the burner’s vertical axis of symmetry of the initial air ducts assembly.

The improving ideas that emerged from this study are: (1) to incline the duct respon-
sible for directing the air towards the electrodes so as to achieve this specific goal and
to maintain the other duct with the inclinations given in Figure 2 in order to generate a
swirl, Figure 5b; (2) to rotate the initial air ducts assembly around the burner’s vertical
axis of symmetry in order to avoid blowing towards the electrodes, Figure 5c, in case the
conclusion is that the flow at the electrodes’ level is too intense and might extinguish the
flame kernel.

To be able to draw more pertinent conclusions, all the design iterations should be
complemented with CFD studies aiming to see the air—fuel interaction and the combus-
tion process. The conclusions reached during this CFD investigation may be validated
experimentally based on the measured starting delay of the burner, which may be an
indication of the right choice for the two air ducts inclinations: the lower the starting delay,
the better. This is part of the future works and based on the conclusions of this next CFD
study, another prototype will be built.
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3. Experimental Setup and Testing Methodology

When designing the burner, the focus was on obtaining a relatively affordable and
straightforward extra-combustion device mounted upstream the TWC by relying on exist-
ing components on mass-production ICEV, such as the following: an air pump from a SI
engine featuring air injection into the exhaust, a standard hot-wire mass air flowmeter (HW
MATF), a gasoline injector taken rather from a port-fuel injection (PFI) system than from
a gasoline direct injection (GDI) system, a usual spark plug together with its coil and a
wide-band lambda probe. Moreover, this investigation’s purpose was also to see if a simple
design not using relatively complex elements such as the ones mentioned in [25] (e.g.,
an injector and a coil able to support high control frequencies, e.g., 200 and, respectively,
250 Hz, “a swirler containing a tiny slot with an optimized shape and location to promote
a fast mixture preparation at the spark plug”, a “prefilmer” taken from aeronautical burner
applications and “a flame holder”, the second one needing “optimization in relation to the
swirler shape”) is able to serve the purpose of rapidly reaching the light-off temperature.

The schema of the experimental setup for laboratory testing is presented in Figure 6.
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Figure 6. Schematic of the burner’s lab testing: (a) components and instrumentation; (b) control and
measurement; (c) oscilloscope acquired signals of ignition (magenta) and injection (yellow).

The testing methodology first aims to find how quickly the burner starts and then
its effect on the heating of a two-part TWC (a smaller pre-catalytic converter and a main
catalytic converter), along with the emissions specific to the burner’s operation. Thus, it
is about what is usually called “catalyst pre-heating”, i.e., the burner operates before the
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engine starts—as shown in Figure 6a, where there is no SI engine upstream the TWC and,
consequently a stopper is used at the left side of the exhaust line.

To serve this purpose, first, the air pump was activated and operated at its maximum
capacity of 40 kg/h steady flow, and then, the gasoline injection and the spark were
activated via pulse-width modulation (PWM), Figure 6¢c, whereas the quality of the mixture
(rich/stoichiometric/lean) was monitored via a wide-band lambda probe. The gasoline
was pressurized by a usual electrically actuated pump at 5 bar. The fuel flow rate was
adjusted to serve the need to control the mixture quality: rich in the beginning, to facilitate
the starting of the burner, then, gradually and manually leaning the mixture (the lambda
probe providing the feedback signal). The mass fuel flow rate (MFF) was measured with a
usual AVL™ 7335 fuel balance (AVL, Graz, Austria). The TWC was instrumented with
five K type thermocouples, as shown in Figure 6a. All these signals are controlled by a
dedicated LabView™ (National Instruments, USA) application, communicating with a data
acquisition module from National Instruments™—Figure 6b. The software application
interface showing how the burner’s operational parameters are controlled is presented in
Figure 7. The spark delay time related to the injection time is controlled by an Arduino™
Uno module, in charge of the ignition coil command.
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Figure 7. The software application interface: injection and ignition PWM specific parameters.

As Figure 6a shows, the exhaust emissions related to burner’s operation are measured
with an AVL™ PEMS (Portable Emission Measurement System) containing a gas analyzer
for CO, CO,, NO and NOy, a particle number (PN) counter able to detect particles with
diameters higher than 23 nm and an exhaust flow mass rate (EFM) to express the chemical
species in [kg/h] and by integration, in mass over a certain period of time.

4. Experimental Results and Discussion

After several attempts to achieve the optimal burner’s starting, finally, the burner’s
injection and ignition were actuated as follows: 100 Hz actuating frequency for both signals;
3.7 ms injection duration at the beginning to achieve a rich and ignitable mixture and
then, after the starting of the burner, gradually and manually decreasing it to 1.7 ms (thus,
leaning the mixture); 3.5 ms actuation duration of the spark plug coil and 0 ms delay
between the injection and ignition signals, aiming to produce the spark in a favorable
environment (i.e., an ignitable mixture), Figure 6c. A picture with the flame produced by
operating the burner as discussed above is presented in Figure 8.

33



Inventions 2024, 9, 112

Figure 8. The burner while operating.

Figure 9 is focused on the period corresponding to the starting delay of the burner:
2.19 s between the moment corresponding to the first positive value of the MFF and the
moment when the inlet temperature of the pre-catalytic converter (T;) increases. This
period also corresponds to the endothermic phase of the injection, i.e., gasoline absorbs
heat for the vaporization, as T drops from 34.8 °C to 30.8 °C.
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Figure 9. Starting delay of the burner (see the grey area).

Figure 9 also shows the cumulated values for fuel, CO, and CO, masses, obtained by
integrating their corresponding evolutions in the period of the starting delay of the burner.

Thus, it is about 1.321 g of gasoline injected in this period, which during the events
occurring before the start of combustion (S0oC) generates 12 mg of CO, and 5 mg of CO.
Regarding the nitric oxides (NO + NO,), a technical problem occurred during the tests and
the analyzer was unable to acquire data. However, they should be zero in this phase since
the combustion did not start. The presence of CO, and CO in the exhaust species of the
burner during these 2.19 s (regardless of their small amounts) means that some initiations
of flames did occur.

After the starting of the burner (SoB), the focus was on how long it took the pre-
catalytic converter to reach the light-off temperature, which in this study was conventionally
considered as being 500 K, as discussed in the Introduction section. As seen in Figure 10, T,
(i.e., the temperature in the mid-part of the pre-catalytic converter, Figure 6a) reached this
temperature (227 °C) after 5.2 s. At this point, T; was at 1032 °C and the lambda coefficient
arrived at 0.91 (still rich mixture favoring the formation of UHC and CO). According to [26],
when not using a burner, i.e., when betting only on the engine to heat up the catalytic
converter, with the penalizing measures related to the engine calibration (e.g., increase in
the idle speed, lambda-split, spark retardation, as discussed in [13]), it took 21.4 s to reach
T, = 500 K, while the exhaust temperatures measured at the outlet of the cylinder head
achieved 700 °C, T; was at 340 °C, the engine idle speed at this moment was 1306 rpm and
the cumulated CO; during this period was 20.5 g.
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Figure 10. Experimental results illustrating the TWC light-off period (see the grey area).

Returning to the present analysis, as regards the CO concentration, the same figure
shows its instantaneous evolution, as well as the CO, concentration. By integrating the
signals over the light-off period (the grey area illustrated in Figure 10), the following data
were obtained: 3.6 g of gasoline injected, which via combustion produced 2.7 g of CO,
and 1.351 g of CO. The lower value of CO, with respect to the gasoline mass injected
and the high mass of CO are an indication of an incomplete combustion occurring in this
light-off period, i.e., part of the fuel remaining unburnt. With a UHC gas analyzer, this
hypothesis would have been confirmed. The incomplete combustion occurring during
the TWC light-off period is also a result of the rich mixtures used (0.78 < lambda < 0.91),
as seen in Figure 10. The control system used did not include an automatic regulation of
the injection time after T; started to increase (the sign of SoB or SoC), i.e., automatically
adjusting the injection time from the condition to reach lambda 1 or even higher (e.g., 1.2,
as seen in [25]), so as to ensure lower CO and UHC. Only to have a measure of comparison,
lambda 1 or the stoichiometric mixture is the theoretical condition for complete combustion,
meaning that 1 g of octane generates 3.1 g of CO,.

Regarding the air pump, it consumed 360.6 W, while the thermal power of the burner
calculated for the complete combustion of the gasoline injected during the light-off period
was 12.8 kW (with a specific heat capacity for gasoline of 2.22 k] /kg/K and a specific heat
ratio of 1.35).

On the PN subject, as illustrated in the same figure, before SoB, there are particles
(4.1 x 10'°) displaced from upstream the PN counter by the air stream generated by the
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burner’s air pump. Then, first, there is a stagnation as if there are no more particles
generated, followed by an increase in the cumulated PN. In total, the light-off period is
characterized by a 2.15 x 10'° PN. The experimental setup used, Figure 6a, did not include
a particulate filter (PF), which nowadays is a standard in the current SI engines for the
passenger cars.

The skin temperatures at 5.2 s after SoB are presented in Figure 11. The slightly higher
temperature from the lower part of the burner’s cylindrical body (45.3 °C) could be an
indication of a weak combustion occurring inside, in this area, as if some liquid gasoline
arriving here was ignited somehow (as seen in Figure 8, the burner was inclined, having
the head in a position that is higher than its body outlet, thus favoring the flow of a gasoline
film on the lower wall of the cylindrical body). The highest skin temperatures (>100 °C)
were in the area where the burner’s flame occurred.

(a) (b)

Figure 11. Skin temperatures at 5.2 s after SoB: (a) picture taken with the thermal camera; (b) real

picture of the assembly.

5. Conclusions and Future Works

As previously discussed, the initial question at the origin of this study was to see if a
relatively affordable and straightforward extra-combustion device (i.e., a burner) can serve
the purpose of reducing the TWC light-off time. The relevance of such a device related to
the future development of more ecologic and efficient SIEV was substantiated in this paper
with precise data obtained via numerical and experimental investigation, allowing others
to replicate and build on the obtained results.

The main findings of this investigation are twofold:

1.  Based on the CFD study,

e  This kind of examination is a good way to decide how to achieve a so-called
fit-for-purpose internal aerodynamics of the burner (i.e., to quickly obtain a ho-
mogeneous and ignitable mixture) by relying only on a simple design, not using
relatively complex elements such as the ones imported from the aeronautical
burner application, i.e., relying only on conveniently orienting the two air inlets
from the burner’s head,;

e Two design improving ideas emerged from this numerical study; however, to
be able to draw more pertinent conclusions, all the design iterations should be
complemented with CFD studies aiming to see the air—fuel interaction and the
combustion process;

e  The starting delay of the burner was identified as the parameter to be assessed
experimentally to see the effects of the design decisions.

2. Based on the experimentation,

e  To reach the pre-catalytic converter light-off temperature, conventionally taken as
500 K, the burner was operated at a calculated thermal power of 12.8 kW for 5.2 s
and consumed 3.6 g of gasoline, while T; attained 1032 °C, and the cumulated
emissions were: 2.7 g of CO,, 1.351 g of CO and 2.15 x 10'° particles, respectively;

e To have a comparison measure, when not using a burner, i.e.,, when betting
solely on the engine to heat-up the TWC, with the penalizing measures related
to the engine calibration, it took 21.4 s to reach T, = 500 K, while the exhaust
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temperatures measured at the outlet of the cylinder head attained 700 °C, T; was
at 340 °C, the engine idle speed at this moment was 1306 rpm and the cumulated
CO; during this period was 20.5 g.

e An enhanced procedure for the burner’s operating control aiming to produce
a cleaner combustion during the TWC pre-heating was identified: automatic
control of the injection time after SoB from the condition to reach lambda 1 or
even higher (if considered suitable).

As for the future works, based on the findings summarized above, another prototype
is planned for manufacturing aiming to achieve a lower starting delay of the burner, an
improved repeatability of the burner starting and a faster light-off period. Using the burner
beyond the TWC pre-heating, i.e., using it in parallel with the engine’s operation when
needed (e.g., the operation of the hybridized vehicles, which involves repeating sequences
of engine off /on for purely electric drive), is also planned.
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Nomenclature

2D, 3D Two, three dimensional

AFR Air—fuel ratio

BEVs Battery Electric Vehicle(s)

CFD Computational Fluid Dynamics
CPU Central Processing Unit

CcO Carbon monoxide

CO, Carbon dioxide

DAQ Data acquisition system

EFM Exhaust flow mass(meter)

EHC Electrically heated catalyst

EU European Union

GB Gigabyte

GDI Gasoline direct injection

GHz Gigahertz

HEV Hybrid electric vehicle(s)

HW Hot wire

IC Internal combustion

ICEV Internal combustion engine vehicle(s)
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Lambda Air excess coefficient (AFR made dimensionless by stoichiometric conditions)

MAF Mass air flow(meter)

MFF Mass fuel flow(meter)

ms Milliseconds

nm Nanometers

NO Nitric monoxide

NO, Nitric dioxide

NOy Nitric oxides (NO + NO,)

OSsC Oxygen storage capacity

PEMS Portable Emission Measurement System

PF Particulate Filter

PFI Port-fuel injection

PN Particle number

PWM Pulse Width Modulation

RAM Random access memory

RANS Reynolds-average Navier-Stokes

SAE Society of Automotive Engineers

SI Spark ignition

SIEV Spark ignition engine vehicle(s)

SoB Start of burner

SoC Start of combustion

T50, T90 Temperatures corresponding to a catalyst effectiveness of 50%/90%

ngnEZ’ 52 Turbulent kinetic energy

™ Trademark

TWC Three-ways-catalytic converter

UHC Unburnt hydrocarbon

USB Universal Serial Bus

ZEVs Zero-emission vehicle(s)

¢ Eddy viscosity

€ Rate of dissipation

f Relaxation function

n Conversion efficiency or the effectiveness of the catalytic converters for a given
Twex pollutant (x)
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Abstract: An upgrade is presented of a recently published model for the calculation of statistical
averages of turbulent flow variables. Instead of empirical constructions, important parts of the
model are based on general principles of statistical turbulence and physics. The upgrade concerns
transparent and simplified descriptions of turbulent diffusion and Reynolds stresses which express
their dependency of mean flow gradients in a direct manner. As before, prediction comparisons
are satisfactory in relation to the results of DNS of channel flow. Implementation in a CFD code is
straightforward and its application provides a significant improvement to the results of the widely
used empirical basic k-e model.

Keywords: turbulent flow; new k-e model

1. Introduction

Models of computational fluid dynamics (CFD) are generally based on semi-empirical
descriptions of diffusion by turbulent fluctuations [1,2]. This includes the basic k-e model
widely used in engineering and environmental analysis and offered in software pack-
ages [3,4]. Recently, a new model was presented [5]. Instead of empiricism, it rested on the
application of general principles and properties of statistical turbulence. Predictions of the
new model compared favourably with the results of direct numerical simulations (DNS) of
channel flow at a large Reynolds number [6-8]. This contrasted with the predictions of the
basic k-e model which showed remarkable differences.

In the present paper, an upgrade and generalisation of the new model is given. As
before, it is tested against DNS of channel flow. Equations are presented in a form which
enable straightforward implementation in CFD codes.

2. Averaged Conservation Equations

Equations are presented for the calculation of the average values of fluctuating vari-
ables in turbulent flows. The flow is that of a fluid with constant or almost constant density
o, e.g., a liquid or a gas at subsonic speed. Turbulent fluctuations measured at a fixed
point in space are treated as a statistical process which is stationary or almost stationary in
time compared to the time of velocity fluctuations. Statistical averages follow from time
averaging over sufficiently long time intervals. The time averaged representation of the
Navier-Stokes equations is given by

Conservation of mass:

aui
il A 1
o, 0 )
Conservation of momentum:
ou; du; O <uui> gy
o Py T ey T A @
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Conservation of energy:
20 90 0 <u >

where angled brackets represent statistical averaging, t and x are time and space coordinate,
u, p, and 8 are mean or time-averaged values of fluid velocity, pressure, and temperature,
respectively, and " and 6 represent fluctuations of velocity and temperature, respectively,
that is, the velocity and temperature minus their mean value. Throughout this paper, re-
peated indices imply summation unless otherwise stated. As we were concerned with flow
at a high Reynolds number, the contributions of the viscous forces and heat conductivity
present in the Navier-Stokes equations were dropped. Their effect can be disregarded
when considering the main flow governed by the instability of inviscid flow outside small
boundary layers. The average temperature in energy within Equation (3) can also be used
to describe the average distribution of passive or almost passive admixture in the fluid.

3. Diffusion Representations of Turbulent Fluxes

The appearance of turbulent fluxes in the convection terms of the averaged conserva-
tion equations results in an unclosed set of equations for mean flow variables. To resolve
this issue, descriptions of the turbulent flux terms were derived, which are based on general
principles of statistical turbulence at a large Reynolds number [5,9]. The derivation starts
from the formulation of a Langevin or fluctuation equation and the associated Fokker
Planck or diffusion equation for the velocity and position of a marked fluid particle [10-13].
The approach is known from molecular dynamics and related stochastic problems [14-17]
yielding the descriptions of the transport coefficients of viscosity, thermal conductivity, and
diffusion of dilute gases [17,18]. Challenges in the case of turbulence are the inhomoge-
neous and anisotropic nature of turbulence, dissipation of energy, and general specification
of the coefficients of the equations by Eulerian statistical values of flow.

The following principles and properties were invoked:

—  The formulation of a Langevin equation for fluid particle velocity is in accordance
with the property that autocorrelations of particle accelerations are vanishingly short
compared to those of velocities in the limit of a large Reynolds number [19].

- Kolmogorov’s similarity theory holds for the small viscous scales of turbulence [19];
it is an inertial subrange representation that specifies the white noise term in the
Langevin equation.

- Solutions of the Langevin and diffusion equation are presented by a perturbation
expansion in powers of the inverse of the Kolmogorov constant Cy [8-11]. Match-
ing predictions with data of measurements and DNS reveal values of Cy around
6-7 [10-13,20,21]. In the present analysis, Cy = 7.

- The time scale of velocity fluctuations and its decorrelation scales as C; ! compared
to the time scale of energy dissipation. It enables us to treat the first term of the
solution as a Hamiltonian process and to apply the fluctuation—dissipation theorem
and Onsager symmetry [14-17].

—  The well-mixing principle of Lagrangian and Eulerian velocities [22] enables to specify
the second term in the expansion of the diffusion result.

- Particle displacement during velocity correlation scales as C ! compared to the scale
of inhomogeneity, enabling the Lagrangian formulation to be converted in an Eulerian
one [9,13].

Results for turbulent fluxes of momentum and conservative scalars are as follows [5,9,13]:
Momentum flux
ou j aui

2
/ ! e — Py p— L — ] —
< Ujn; >= 3k0511 lean ]kaxk

4)
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Temperature flux (and flux of any conservative scalar)

20

<uf >= —Dj—
j Jkaxk

®)
In Equation (4), d;; is Kronecker delta and ky is the kinetic energy of the isotropic state. It is
the analogue of the kinetic energy of translating gas molecules [23]. The value of kg follows
from the equation for kinetic energy presented in the next section.

The diffusion coefficient D;; in Equations (4) and (5) is specified by [5,9,13]

a0 0
-1.-1 -2 -2 Ik -2 -1 -1
Di]‘ZZCO € O’ino’n]'-FZCO € aliajkunW—ALCo € (Tkjung(e (Timo’mk) (6)
n n
where
Jij =< u;u; > (7)

€ is the energy dissipation rate whose governing equation is presented in Section 5, and
Cop = 7 is the Kolmogorov constant.

Implementing the above expressions in Equation (4) results in a set of algebraic
relations of the covariance tensor ¢j; in terms of ko and mean velocity gradients. Solving
these non-linear coupled equations for given ky and mean velocity gradients can pose
some problems due to multi-valued dependencies between variables in specific areas of the
flow field [5]. An alternative formulation which circumvents such problems is obtained by
the following procedure. The diffusion coefficients on the right-hand side of Equation (4)
represent a certain state which is altered by the gradients of the mean flow, leading to a new
state of covariance values described by the left-hand side of Equation (4). This principle

2
can be applied to any state. It can be applied to a basic isotropic state 0;; = gkoéi]-. The

thus-determined new state can serve as the basis for the calculation of the next state. This
process can be continued up to and including terms of O(C; 2). The result inhibits the same
truncation error as the original formulation, cf. Equation (6). For the diffusion coefficient
D;, we obtain

8 kj . 4ko 4 ko o 0up | Ou 16kS K

Dy = 2t 5 02 Ko ou;, | 16kj e
k7 9Ce™ 3 (3Coe) ox; Bxk) 27C3€4(un3xn(kg)) ik

®)
while the covariance tensor ¢j; is given by Equation (4) with the diffusion coefficients

0"» .
according to Equation (8). For kinetic energy k = %, we can write

1 4ko o i | Oty
3(3C0€) (ax] + axi) ) (9)

which relates k to the isotropic value of kinetic energy kg. The second term on the RHS
of this equation describes the increase in kinetic energy associated with the anisotropy
of turbulent fluctuations. The expression is obtained upon implementing the description
for o;; according to Equations (4) and (8) and making use of the equation of continuity
Equation (1).

The last term of the RHS of Equation (8) originates from the O(C, 2) terms in Formu-
lation (6). The term complies with the decaying part of kinetic energy and dissipation of
homogeneous isotropic turbulence behind a grid [11-13]. The second term on the RHS of
Equations (8) and (9) describes contributions, which are associated with the anisotropy
caused by main flow gradients.

The presented descriptions are valid up to a truncation error of O(C, 3). They are the
result of applying general principles and do not involve empiricism nor calibration factors.
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4. Equation for Kinetic Energy

A closed set of equations is obtained upon formulating equations for k connected to kg
through Equation (9), as well as €. For both variables, equations can be derived from the
Navier-Stokes equations. For k, we can write [7,8]

ok ok a<u;k'>+p_1a<u;p'>

o uiaTci axi axi

o =P-—¢ (10)

where P is the mean production of energy via turbulent fluctuations defined by

aui

(11)

and where k’ and p’ are the fluctuating parts of kinetic energy and pressure, respectively,
that is, the kinetic energy and dissipation rates minus their time-averaged values. There
are two turbulent flux terms in Equation (10), i.e., the third and fourth term on the LHS
of Equation (10), which need to be modelled. Equation (5) is valid for a conservative
scalar, while kinetic energy and pressure are non-conservative variables. An approximate
approach is to treat the sum of the two flux terms as a conservative scalar proceeded by a
calibration constant ¢;, which corrects for non-conservative behaviour [5].

ok
< M;k/ >+ Pil < Ll;p/ >= —Cle'jT (12)
X
Comparison with DNS of channel flow reveals ¢, = 1.3; the dependency on distance from
the channel wall is found to be well described by D;; [5].
Substituting for 0;j in Equation (11), as well as using Equations (4), (7) and (8) and

making use of the equation of continuity Equation (1) yields the following:

9CyT?
P=(—5)e 13
where T2 is determined by shear stresses:
T2 = 0'%2 + (7'223 + 0123 (14)

which are specified by Equations (4) and (8). Thus, the following equation for kinetic energy

is obtained:
ok ok 0 ok 9CT>

o +uia7i = C"aTc,-( ijach) + (W e (15)

where k can be replaced by kg using Equation (9), resulting in an equation specifying ko.
The equation describes the change of ky due to energy production and dissipation (the last
term on RHS), diffusion of energy (the first term on the RHS), and energy convection (the
term on the LHS). In case of the random motion of gasmolecules, kj is a constant depending
on temperature. In case of turbulence, ky changes in value according to Equation (15).

5. Equation for Energy Dissipation

The basic form of the equation for energy dissipation obtained from the Navier-Stokes
equations contains a number of terms which are governed by the small viscous scales of
turbulence [1,2]. The terms can be replaced by expressions that meet the criteria of matching
the results of decaying grid turbulence and the log layer of wall-induced turbulence [1,2].

% awe _ 0 Dioe
ot dx;  0x; o} Oxj

) + (ce1P — cez€) (16)

= |
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where the turbulent flux of energy dissipation is modelled as a conservative scalar pro-
ceeded by the calibration factor 0. A comparison with DNS of channel flow revealed
g = 0.3. To match the decaying grid turbulence, the appropriate value for c.; was set to
1.9, while the value of ¢ followed from the relation

2 9Cy 8
=Cop— — =214 — 17
Cel = Ce2 o 3 ( + 3CO) (17)

The relation follows from Equation (16) by considering the behaviour of the equation near
a wall where the log layer solution applies and where production equals dissipation.

6. Boundary Conditions

Equations (1)-(5), (7)—(9), (11) and (13)—(17) constitute a closed set of equations for the
variables u;, p, < ugu;- >, < ui0’ >, Dyj, k, €, and ko. Boundary conditions to be applied
to the differential equations will vary from case to case, depending on the configuration
under consideration. In many cases, they will be similar to those used in the basic k-¢
model [1,2]. Along walls, thin boundary layers are present where the present formulae that
are entirely devoted to large-scale turbulence at a high Reynolds number do not apply. In
case of the equations for kinetic energy and energy dissipation, the area of the boundary
layers can be surpassed by making use of the solutions of the log layer, which are valid just
outside the boundary layer [1,2]. In the next section, this will be demonstrated for the case
of channel flow.

7. Test Case: Channel Flow

We considered the flow between parallel plates with distance 2H between them. Mean
flow is parallel to the plates in direction x;. Statistical averages vary with distance x, from
the wall. From the conservation Equations (1)—(3), analytical solutions can be derived [9,24].
This includes the solution for the turbulent shear stress outside the thin viscous layer at
the wall.

< ujuhy >= —u2(1— %) (18)

where 1+ is shear velocity. Its value follows from the solutions of the boundary layer at the
wall [1,2,24]. It can also be obtained from the pressure drop over the channel [24]. Another
expression for shear velocity is provided by the diffusion description for turbulent shear,
which, in the case of channel flow, was obtained from Equations (4) and (8) as

du1

8 k2
Dy = - =% 2
2 =5 Coe (20)

where Dy, is the diffusion coefficient of turbulent shear flow or turbulent viscosity. Equating
the RHS’s of Equations (18) and (19) and implementing Equation (20) yields an expression
for %, which, upon substituting into the RHS’s of Equations (4), (8) and (9), yields the fol-
lowing expressions for the mean squares of fluctuating velocities and mean kinetic energy:

2
< uhuh >=< ujul >= gko (21)
2 6 X2
_ 3 4 X2\2
k=ko+ kour(l H) (23)
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The differential equations for kg with k specified by Equation (23) and e with k, again
specified by Equation (23), are given by

4 *2\2
k2 9COL£ (1 — 7)
8 d ko dk <T2f1_1>€:0 (24)
9C0 de € de 8k0
2
4 *2
1- 2=
S d Kde (o ) Ve, o)
90+Co dxy * € dxy el 8k3 @)=

At the outer edge of the thin viscous laminar and buffer layer at the wall, the solutions

3
for the log layer apply: % = — ETT and € = :7T which pertains to the production being
2

2
equal to dissipation and where « is the Von Karman constant: ¥ = 0.4. Using Equations
(19) and (20), we then obtain the following boundary conditions:

ko = 9TEOM%; €Xy) =

3
uz af 1y — 100H
K Re;

(26)

where Re is friction Reynolds number Re; = % that is large, such that 11{%3 << 1. At the

symmetry axis of the channel, we have

%:O; ;—;:o; at x, = H (27)
The boundary value for k¢ in Equation (26) also follows from the term between brackets in
energy within Equation (24). The term originates from the difference between production
and dissipation. Setting to zero results in the value for ky given by Equation (26).
Asymptotic analysis of the boundary layer [24], (pp. 279-281), reveals unspecified
values for covariances at the outer edge of the layer. Normalised with shear velocity u-,

i x
these values and the distributions of —12] with respect to ﬁz are entirely determined by the
u

statistics of the large scales, which are ?Zoverned by mean flow gradients. This is reflected
in the solutions from Equations (21)—(23).

Values for kj and € were derived by obtaining the numerical solutions of Equations (24)
and (25) that were subject to the boundary conditions of Equations (26) and (27). These
values were used to determine the diffusion coefficient of turbulent shear stress or viscosity
D»), according to Equation (20); of the Reynolds stresses, according to Equations (21) and
(22); and of the kinetic energy k according to Equation (23). Predictions were compared
with the DNS results for Re; = 10* [7]. In Figures 1 and 2, kinetic energy k and the
energy dissipation rate represented by G = xex; are presented as a function of distance

x
from the wall ﬁz In Figure 3, plots are presented of the diffusion constant according

1o
<uluz>
duy

to Equation (20) and turbulent viscosity v; = — according to the DNS. Figure 4

dxy
shows the distributions of the standard deviations of the three velocity fluctuations, both

according to the model and the DNS. In Figure 5, mean velocities 1, obtained through the
integration of Equation (19) and obtained from the DNS are shown. Integration starts at

100H
Xy =

. with a value of u; in accordance with its value for the boundary layer at this
T

point. In all figures, the viscous layer at 0 < 7 < 0.01 is omitted.
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Figure 1. Dimensionless kinetic energy of fluctuations versus dimensionless distance from the
channel wall (0.01 < % < 1) according to DNS at Re; = 10* and the anisotropic model.
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Figure 2. Dimensionless and normalised energy dissipation rate versus dimensionless distance from
the channel wall (0.01 < % < 1) according to DNS at Re; = 10* and the anisotropic model.
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Figure 3. Dimensionless turbulent diffusion constant versus dimensionless distance from the channel
wall (0.01 < % < 1) according to DNS at Re; = 10* and the anisotropic model.
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Figure 4. Dimensionless standard deviations of fluctuating velocities versus dimensionless distance
from the channel wall (0.01 < % < 1) according to DNS at Re; = 10* and the anisotropic model.
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Figure 5. Dimensionless mean velocity versus dimensionless distance from the channel wall
(0.01 < % <1) according to DNS at Re; = 10% and the anisotropic model.

8. Discussion of Results

Analytical expressions were given for turbulent diffusion and Reynolds stresses,
describing their dependency on the gradients of mean flow. They are the result of further
expanding previously published descriptions of these quantities [5] in powers of the
inverse of the Kolmogorov constant Cy while retaining the same truncation error (Section 3).
Differences between the previously presented results for channel flow [5] and those of the
upgraded model are limited. They are due to the direct or implicit inclusion of terms of an
order higher than C; 2 when using original Formulation (6), as was carried out in [5]; in
the present upgraded model, such terms were dropped. Differences are indicative for the
inaccuracy of truncation for both approaches. The advantage of the present model is that it
provides a direct insight into the effect of mean flow gradients on parameters of turbulence.
Moreover, implementation in a numerical code is much more easy as it circumvents the
solution of complicated algebraic equations for covariances.
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Predicted values of turbulent viscosity, turbulent diffusion of conservative scalars
(temperature, passive admixture), and of mean velocity compare quite well with those of
DNS of channel flow (Figures 3 and 5 and the results of ref. [8]). This contrasts with the
predictions of the empirical basic k-e model, revealing remarkable differences [5]. In the
basic k-e model, the turbulent diffusion coefficient is modelled by the following relation:

K2
Dij = Cy?(sij (28)

where ¢, is a calibration constant whose value is usually set to 0.09 [1-4]. Using DNS data
2

for = the value of the diffusion coefficient according to Equation (28) is seen to differ
significantly from that of the DNS (Figures 1 and 2 of ref. [5]). Differences vary strongly
with the distance from the wall, which indicates that the functional relationship according
to Equation (28) is not a good representation of the turbulent diffusion of momentum [5].
It contrasts with the results of the present model. In case of channel flow, the second and
third terms on the RHS of Equation (8) become zero when determining Dy, as is seen
in Equation (20). Only the isotropic part of the general expression for diffusion remains
in case of Dy,. However, this isentropic representation differs from the semi-empirical
model according to Equation (28). Firstly, Equation (20) does not contain a calibration
factor, but it is specified by the universal Kolmogorov constant. Secondly, the value of the
diffusion constant is determined by the kinetic energy associated with the isotropic state
ko. This parameter is smaller than the kinetic energy of anisotropic flow, as follows from
Equation (9), and its dependency on distance from the wall is different as well. The result
supports a favourable comparison of the present model with DNS (Figure 3).

Model results for kinetic energy and energy dissipation shown in Figures 1 and 2 are in
satisfactory agreement with DNS. Results for the root mean squares of velocity fluctuations
reveal basic trends of anisotropy (Figure 4). Deviations from DNS may be attributed to the
omission of higher-order terms in the Langevin and diffusion equation, which were the
origin of the present results.

The only fit factors in the model are cx and ¢, which calibrate the magnitudes of the
diffusion terms in the k-e equations. Their effect on statistical predictions is limited to areas
where turbulent shear stresses are small, e.g., in the core of channel flow [5].

9. Conclusions

The predictions of mean values of turbulence quantities using the anisotropic k-e
model show good to satisfactory agreement with the results of DNS of inhomogeneous
anisotropic channel flow. Since important parts of the model are general, its application
to other cases of turbulence has the potential of yielding good predictions as well. The
equations underlying the model enable a straightforward implementation in a CFD code,
starting from the code of the basic k-e model.
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Abstract: Flow separation can lead to increased resistance and vibration generation, which is a
difficult problem that cannot be ignored in engineering. In this paper, we propose a method of
controlling flow separation by adsorbing ferrofluid onto the surface of a magnetized cylinder, taking
the common flow around a cylinder as an example. Parametric effects of the ferrofluid film, including
its viscosity and thickness, on the flow behavior were investigated in terms of the vortex shedding
process, velocity distribution, dominant frequency, pressure distribution, and the flow motion inside
the ferrofluid film. The results indicate that the ferrofluid film can suppress the generation of
flow separation and achieve effective control, which is mainly caused by wall slip and the internal
movement of the ferrofluid film. Furthermore, the flow separation control effect of ferrofluid thin films
with different parameters varies, with low-viscosity ferrofluid exhibiting a superior control effect.

Keywords: flow separation; ferrofluid film; slip effect

1. Introduction

When fluid moves relative to a solid surface, a boundary layer forms and viscous
forces act on the fluid near the surface. Flow separation from the solid surface often induces

significant drag resistance, fluctuating lift force, structure vibration, and severe energy loss.

Efficient control or elimination techniques of flow separation have long been the pursued
target of engineers in various fields, such as chemical engineering, construction, water
conservancy, marine engineering, and so forth [1-4]. So far, numerous techniques have
been proposed to control or suppress flow separation, which can be generally divided
into active and passive control techniques according to whether the external forces are
exerted [5].

A passive flow control technique is mainly carried out by modulating the surface
structure and geometry, such as applying surface grooving, attachment mounting, bionic
structures, and so forth. For instance, Lee et al. achieved a 10% drag reduction in the vortex
region by using a V-shaped notch on the surface of a cylinder, and they pointed out that the
enhancement of a viscous-free fluid into the wake region is responsible for the achieved
drag reduction [6,7]. Later, they found that spiral grooves are more effective in reducing
the amplitude of vortex-induced microflow vibrations, which can reach 64% under proper
conditions [8]. Wang et al. adopted slits to suppress the flow separation and found slits
can destroy the extensive large-scale disordered vorticity induced by the pressure-side
smooth airfoil to small-scale vortices induced by the coupled airfoil, which reduces the
turbulence kinetic energy (TKE) generated during the flow separation [9]. In addition, the
attachment mounting method can also suppress vortex generation as the interaction of
the top and bottom sides of the shear layer. Gao et al. discovered that by mounting the
attachment in a way that moves the interaction of vortex tails downstream, the vortex sheet
elongates, and the TKE is significantly reduced [10]. In addition to the grooves and the
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attachment, inspired by the silent flight and furry surfaces of birds, flow control methods
for soft surfaces and furry brush-like structures are beginning to receive attention. Deng
et al. designed a soft wake band that alters the vortex structure by separating the lower
shear layer [11]. Briicker et al. found that furry surfaces reduce turbulent drag [12], and
Hasegawa found that microfiber coatings delay flow separation [13]. Lin et al. proposed an
adaptive furry microfiber surface drag reduction based on these experiences and found
that nylon threads with appropriate lengths completely inhibit the trailing vortex shedding
mode of the Kdrmen vortex street [14]. This passive control mechanism operates by utilizing
nylon wires to elongate the unstable shear layer on both sides of the cylindrical model,
thereby augmenting the length of vortex formation and propelling the vortex structure
further downstream. The wake vortex shedding pattern of the Karman vortex street is
then suppressed.

The passive control techniques described above, although characterized by simplicity
of operation and energy savings, are highly susceptible to vandalism and have the dis-
advantage of being extremely inflexible. They need to be designed specifically to cope
with different surfaces. Active control, on the other hand, can actively change the flow by
consuming external energy and controlling the system, which is adjustable and adaptable,
responding and adjusting in real time as needed. It can be optimized for specific needs
and provide more precise flow control. Nowadays, active flow control can be achieved by
external energy input, such as rotating circular cylinders, surfactant release, microbubble
method, magnetic fluid coating [15,16], and so forth. For example, the rotation of a circu-
lar cylinder changes the flow characteristics drastically, especially at high rotation rates.
Tokumaru and Dimotakis achieved flow control by using a high-speed rotating cylinder.
They discovered that the cylinder’s rotation disrupted the symmetry of the wake flow,
effectively controlling the process of vortex shedding [17]. Lam et al. found that as the
rotational speed of the cylinder increases, the wake becomes narrower and deflected to the
side, and the length of the vortex becomes smaller [18]. This leads to a slight increase in the
frequency of vortex shedding. However, their efficiency is not particularly high. Releasing
viscoelastic fluids near the turbulent boundary layer is also an active control method. In
1949, Toms reported the turbulence-damping effect of dilute solutions of polymers [19].
In the 1970s, surfactants with non-Newtonian fluid properties (later called viscoelastic
fluids) were also found to reduce turbulent drag. This method provides high economic
and environmental benefits in reducing drag and increasing transport in pipelines such as
heating and cooling pipelines [20]. The active drag reduction by viscoelastic fluid can be
achieved by continuously injecting viscoelastic fluid from both sides of the wall [21]. The
microbubble method is another type of active control technique where drag reduction is
achieved by somehow generating microbubbles and distributing them on the cylindrical
surface to change the flow in the boundary layer. A large number of experiments have
verified the drag-reduction performance of microbubbles. Bubble sizes in the tens of mi-
crons have a better drag-reduction effect [22,23]. A significant drag-reduction effect can
be achieved by generating a large number of bubbles and making them stably attached
within the turbulent boundary layer. The generation of microbubbles can be obtained by
electrolysis, coating, and air jet methods, but all these microbubble generation methods
require the installation of specific equipment.

However, it is notable that the above active control techniques consume a large amount
of external energy. Drag reducers are difficult to maintain on the surface, which requires
the constant release of liquid to form a liquid film and a dedicated space within the wall to
store them. If applied to a navigational body, it would result in a significant reduction in
space utilization, offsetting the economic benefits of drag reduction, and would be prone to
impacts on the surrounding environment. Different from the above—mentioned methods,
Krakov proposed the concept of magnetic fluid coating in 1984 and found that this method
has a positive effect on the free flow structure [24]. Moreover, Krakov and Kamiyama
systematically studied the changes in the flow field structure and the drag-reduction effect
when a circle cylinder was coated with the magnetic fluid. The results showed that the
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magnetic fluid layer could effectively prevent flow separation and the drag-reduction
effect determined by the viscosity ratio between the magnetic fluid and the outer fluid [25].
Stancanelli et al. reported a drag-reduction technique involving a ferrofluid drag-reduction
method using a permanent magnet-adsorbed ferrofluid to form a liquid film as a smooth
surface to achieve wall slip, which reduced the drag in the inner pipe by more than 80% [26].
However, the stability of the magnetic fluid layer around the solid wall is a key factor in
limiting the application of magnetic fluid coating. Krakov et al. experimentally investigated
the stability of kerosene-based magnetic fluid in a glass tube. The results showed that the
magnetic fluid layer waves became greater and even broke off as flow rates increased [27].

Above all, most scholars paid more attention to the qualitative analysis and the expla-
nation of the flow control mechanism and less to the analysis of quantitative parameters.
In this paper, we investigate the flow control effect of ferrofluid in external flow. To this
end, the control performance of ferrofluid film for the flow separation over a cylinder is
evaluated. A thin film of ferrofluid is absorbed on a cylinder magnet to alter the flow char-
acteristics. This paper mainly examines the parametric effect including the viscosity and
the thickness of the ferrofluid film on the flow performance such as pressure distribution,
vortex shedding frequency, and so forth. Additionally, the flow motion inside the ferrofluid
film is also investigated to understand the ferrofluid effect on flow separation.

2. Materials and Methods
2.1. Flow Configuration

Figure 1 illustrates the flow configuration, which consisted of three domains: a perma-
nent magnet cylinder, a ferrofluid wrapped around the cylinder with a certain thickness,
and a domain of water flow. In this case, the radius of the cylinder with magnetism was set
to 2.0 mm; the thickness of the ferrofluid wrapped around the cylinder was set to 0.05 mm,
0.10 mm, and 0.15 mm, respectively; the length of the water basin was 100 mm, and the
width was 30 mm. To ensure simplicity and validity, we made the following assumptions
during the numerical simulations: (1) the flow was assumed to be incompressible; (2) there
was no mass transfer between the ferrofluid and water; (3) changes in fluid properties due
to temperature were not considered; and (4) the gravitational force was neglected.
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Figure 1. Schematic of the flow configuration.

Table 1 shows the detailed properties of ferrofluid. In this study, we chose the ferrofluid
to be an oil phase liquid immiscible with water, and the surface tension between the
ferrofluid and water was set to be 0.18 N/m. The cylinder was set to be a nonslip wall. In
addition, the left boundary was the inlet with constant entrance velocity, the right boundary
was the outlet with the atmosphere pressure, and the upper and lower boundaries were
open boundaries. Table 2 displays the flow conditions applied in the simulation. The
Reynolds number (Re) is defined by Re = puD/u, where p is the fluid density, u is the
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incoming velocity, D is the cylinder diameter, and y is the fluid viscosity; A represents the
thickness of the ferrofluid film.

Table 1. Material properties.

Material p (kg/m3) u (Pa-s) A (mm)
Water 1000 0.001 /
Ferrofluid 1200 0.006, 0.06, 0.6 0.05,0.1,0.15

Table 2. Flow conditions.

u (m/s) Re

0.075 300
0.1 400
0.125 500

2.2. Numerical Method

To track the interface movement and the phase distributions in two fluids, we used
the level-set method in this study. The level-set method is known for its ability to capture
interface curvature accurately and good conversation, which is crucial in analyzing thin
ferrofluid films [28,29]. In this method, the phase field ¢ is used to denote the volume ratio
of the ferrofluid, assuming two distinct values, namely ¢ = 1 to characterize the water phase
and ¢ = 0 for the ferrofluid phase. The interface between the two mediums is represented
by ¢ = 0.5. The level-set equation is as follows:

X u-Vp=1v (sZSV¢—¢<1—¢>§ﬁ’;|> M
where ¢, is the thickness of the interface. Here, we set ¢); to be equal to half of the largest
mesh size in the computational domain to ensure simulation accuracy and make sure it
is much smaller than the thickness of the ferrofluid film [30]. Additionally, ¥ represents
the reinitialization parameter. Large values of the 7y lead to calculation errors, while small
values of 1y create interface instability. Consequently, in this study, v was determined by
the maximum fluid velocity in the fluid field [28].

The two-phase flow can be described by the incompressible Navier-Stokes equation,
which incorporates supplementary force terms in addition to the body force resulting from
the magnetic field and surface tension. The governing equation is as follows:

pigt +pi(u-V)u =V -[—pl+ | +f,+f

oiV-u=0 @

where u represents the velocity of the fluid, p represents the pressure exerted on the fluid,
and o = p; (Vu + (Vu)T) represents the viscous shear stress. The effective density p; and
dynamic viscosity y; are, respectively, defined as follows:

0i = pPm+ (Pw - Pm)‘P 3)

Hi = pm + (P — Pm)$ 4)

where w represents the water field, and m represents the ferrofluid field. In addition, f
is the surface tension exerted on the interface between the ferrofluid phase and the water
phase, and magnetic stress is in the form of the volume force, namely f;, which is calculated
using the following equation:

fio = po(M-V)H + %Vx (M x H) ®)
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where M is the fluid magnetization, and H represents the magnetic field strength. The fluid
magnetization M can be solved as follows:

M = xH (6)

where x represents the magnetic susceptibility of the fluid. In natural and thermomagnetic
convection, the fluid velocity is low, and a steady-state magnetic field is applied. Therefore,
it can be assumed that the magnetic moment is always aligned with the external magnetic
field, and there is no magnetic dissipation in the fluid. Consequently, the last term in
Equation (5) can be neglected [31]. The process of ferrofluid adsorption was simulated
using the volume force in the magnetic field-coupled laminar flow. The magnet used in
this case, like most magnets, was nonconductive. Maxwell’s system of equations can be
simplified as follows:

{ VxH=0

V-B=0 @

where B represents the strength of the magnetic induction. In the ferrofluid field, magnetic
induction and magnetic field can be calculated as follows:

B=puo(1+x)H ®)

where 1 is the vacuum permeability and has the value 47t x 10~7 H/m. In this study, the
cylinder was assumed to be a permanent magnet, with the constitutive relation defined by
its remanent flux density, expressed as follows:

B = po(1+ x)H+ B, ©)

where B, is the remanent flux density of the permanent magnet after the removal of an
external magnetic field, and it is defined as follows:

B, = ||Br (10)

[

lef|
where e represents the direction of the magnetic field. The influence of ferrofluid on the
magnetic field was ignored [28].

2.3. Numerical Procedures

The numerical models were solved using COMSOL Multiphysics 6.1, involving two
main steps: phase initialization and transient calculation. Phase initialization utilizes
steady-state equations for laminar flow, magnetic field, and level-set function, while tran-
sient calculation employs their respective transient equations. To manage the fluid flow
and the two-phase interface movement, we utilized the coupling of the laminar flow field
and the level-set method. In this study, the permanent magnet cylinder employed the
remanent flux density constitutive relation as depicted in Equation (9). The value of B,
was set to 250 mT, oriented along the y-axis. The resulting magnetic field distribution is
illustrated in Figure 2.

To guarantee the convergence and the accuracy of transient numerical simulations,
a fine mesh was used to capture the phase interface, which was refined at the phase
interfaces of ferrofluid and water. The grid independence validation was first performed.
Considering a ferrofluid with y = 0.6 Pa-s and A = 0.1 mm, the mesh with 53,750 domain
cells and 864 boundary cells was used. Moreover, a small time step of 0.001 s was used
during the transient simulation, and a tolerance of 10~ was set to ensure convergence
of the numerical results. To verify the reliability of the current numerical simulation, we
calculated the Strouhal number (St) for the case of Re = 300 and compared it with the ones
obtained using the empirical formula proposed by Norberg [32]. The comparison results
are shown in Table 3. It can be concluded that the error is just 0.79%, indicating that the
chosen numerical model and simulation method are reliable.
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Figure 2. The distribution of the magnetic field for the cylinder magnetic strength at 250 mT.

Table 3. The comparison of the St number between numerical simulation and empirical function.

Re =300 St Error
Numerical simulation 0.2000 0.79%
Empirical function 0.2016 [32] e

3. Result and Analysis
3.1. Vortex Shedding Process

Firstly, to have an intuitive image of the ferrofluid film effect on the flow, we an-
alyzed the vortex shedding process for the clean cylinder (clean case) and the cylinder
wrapped with ferrofluid film (CF case), as illustrated in Figures 3 and 4. Here, the case
with A = 0.1 mm at Re = 500 is chosen as an example. This process begins by observing the
formation of two symmetric vortices in the wake of the cylinder. The edge length of these
vortices increases with time. Subsequently, a vortex is formed in the center of the wake and
is gradually elongated and compressed as the tail flow swings downward. Then, the vortex
detaches from the wake during its upward swings. This entire process takes approximately
0.68 s for the clean cylinder. The process of vortex shedding in the presence of ferrofluid
film is similar to that in the clean cylinder case, as shown in Figure 4. However, given the
same initial condition, the width and the length of the wake increase significantly, leading
to a larger vortex area and longer vortex shedding time by about 0.05 s delayed compared
to the clean case cylinder.

Two factors, i.e., slightly larger cylinder diameter and the slip effect induced by the
ferrofluid film, could be responsible for the different behaviors of the vortex shedding. To
clarify whether the formation of ferrofluid-induced vortices is due to a slight increase in
diameter, we conducted a control test using a clean cylinder with a diameter of 2.1 mm
(named Cylinder B), which was equal to the diameter of the ferrofluid-wrapped cylinder.
Figure 5 compares the vortex behavior for the clean cylinder cases with different diameters
and the case of a ferrofluid-wrapped cylinder. It can be observed that in spite of the same
overall diameter, the wake size of Cylinder B is still significantly smaller than that of the
ferrofluid-wrapped cylinder case in Figure 5a. Little difference can be found in the first
vortex shedding time between the cylinder with a diameter of 2.1 mm and the smaller
cylinder with a diameter of 2.0 mm, as shown in Figure 5b. Therefore, we argue that the
different behaviors of vortex shedding do not originate from the increase in the cylinder
diameter but from the additional effect induced by the ferrofluid film.

Furthermore, to quantify the ferrofluid film effect on the vortex shedding, Figure 6
illustrates the energy spectrum in the frequency domain by fast Fourier transform (FFT) of
the velocity signal at different locations and flow conditions. Here, six locations correspond
to the points at (2, 4), (12, 4), (22, 4), (32, 4), (32, 0), and (32, —4). Figure 7a—c focus on
the comparison between the ferrofluid-wrapped case of u = 0.06 Pa:s and A = 0.1 mm
and the clean case for different Re at the location of (32, 0). As can be seen, the existence
of ferrofluid film leads to a significant reduction in the dominant frequency at all six
locations compared with those of the clean cases at all Re, and this effect is stronger for
ferrofluid films with viscosities of 0.006 Pa-s and 0.6 Pa-s. To more intuitively characterize
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the effect of the ferrofluid film on the lift fluctuations, we collected data on the lift coefficient
Cr of the cylinder for different cases and calculated its dominant frequency. Here, the
dominant frequency is the frequency with the largest amplitude in the energy spectrum of
the lift coefficient.
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Figure 3. The process of vortex shedding for the case of the clean cylinder at Re = 500.
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Figure 4. The process of vortex shedding for the case of the ferrofluid —wrapped cylinder at Re = 500,
where y = 0.06 Pa-s and A = 0.1 mm, respectively.
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Figure 8 analyzes the thickness effect of ferrofluidic film on the suppression of vortex
shedding under different conditions. It can be observed that as the ferrofluid thickness
increases, the dominant frequency distribution of vortex shedding becomes more focused,
with a tendency for the dominant frequency to decrease. Among them, the thickness
of 0.15 mm demonstrates the most effective suppression of vortex shedding. Figure 9
further demonstrates the effects of ferrofluid viscosity on the dominant frequency of the
lift coefficient. An apparent decrease in dominant frequency can be observed. After
further calculations, we observed about 15.38% to 46.81% of the lift coefficient’s dominant
frequency attenuation effect.
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Figure 8. Thickness effect of the ferrofluid film on the energy spectrum of the velocity at Re = 500
with y =0.06 Pa-s: (a) A =0.05 mm, (b) A =0.10 mm, (c) A = 0.15 mm.
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Figure 9. Viscosity effect of ferrofluid film with A = 0.1 mm on the dominant frequency of lift
coefficient at different Re.

3.2. Velocity Distribution
We then evaluated the ferrofluidic film effect on the wake size. Figure 10 illustrates the

ferrofluidic film on the temporally averaged velocity field 7 at Re =300. Here, v = fOT vdt/T,
where T is the integrated time. It can be observed that in the clean case, a recirculation region is
formed on the lee side of the flow field due to the flow separation on both sides of the cylinder
and an upward shift of the vortex separation point. Furthermore, within this region, a pair of
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vortices is distributed symmetrically around the centerline, and this vortex pair is the main
cause of the uneven pressure distribution around the cylinder [14]. Similar flow characteristics
appear in the case of a ferrofluid-wrapped cylinder. However, unlike those of clean cases, the
length and width of the wake significantly enlarge. The vortices in the wake of the clean case
both appear to be squeezed and move downstream. Consequently, the streamline between
the wake and the cylinder becomes more regular in the case of ferrofluid-wrapped cylinder.
In other words, the existence of the ferrofluid film changes the structure of the flow field
and makes the streamline distribution more stable, which suppresses the flow separation.
Furthermore, Figure 11 shows the parametric effects, including the viscosities and thickness
of ferrofluidic film, on the mean velocity distribution at different Re. As can be seen, the
ferrofluid film with lower viscosity and larger thickness is more effective in reducing vortex
strength and enlarging the wake region. This is further demonstrated by the viscosity and
thickness effect on the wake length, as shown in Figure 12.
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Figure 10. Comparison of the mean velocity distribution between the clean case and the
ferrofluid —wrapped case with y = 0.06 Pa-s and A = 0.10 mm at Re = 300.
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Figure 13 further illustrates the temporally averaged velocity profile v on the vertical
line above the cylinder at different Re and ferrofluid properties. As is clearly shown, the v
curve shows a smooth rise in the clean case, whereas in the case of the ferrofluid-wrapped
cylinder, the v curve is divided into two phases: First, v in the region of the ferrofluid shows
an approximation to 0, and then, starting from the interface of the ferrofluid, v rises sharply,
and finally in the case of the ferrofluid-wrapped cylinder, it exceeds the clean case. This means
that in the clean case, the fluid shows nonslip behavior on the cylinder wall, whereas in the
case of the ferrofluid-wrapped cylinder, a velocity slip exists. The above results are consistent
with those reported by Stancanelli et al. [26]. Ferrofluidic films can reduce the shear rate near
the wall during fluid flow by introducing velocity slips. To further investigate the effect of the
viscosity of the ferrofluid film on the slip phenomenon, we selected ferrofluids with different
viscosities to observe the slip phenomenon. Figure 14 shows the slip phenomenon of ferrofluid
with different viscosities, and we can observe that the lower the viscosity of the ferrofluid film,
the larger the slip effect. Therefore, we argue that the wall slip widens the wake of the flow
separation, which slows down the vortex formation and shedding.
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Figure 13. Slip phenomena on ferrofluid surfaces with different Re: (a) Re = 300, (b) Re = 400,
(c) Re = 500.
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3.3. Pressure Distribution
Figure 15 illustrates the effect of ferrofluid film on the pressure distribution of the
flow filed under different Re values. Similar to the mean velocity, the time-averaged
pressure field p is calculated by p = fOT pdt/T, with p the pressure at each point. It can
be observed that the mean pressure on the windward and leeward sides of the cylinder
are reversed and that in some areas of the wake, the mean pressure is opposite to the
mean pressure on the leeward side. This inversion becomes more pronounced as Re
increases. In the case of a cylinder wrapped with ferrofluid, a widening range of color
changes can be observed compared with the clean case on both the windward and leeward
sides, suggesting that the pressure gradient decreases. To quantify the ferrofluid film
effects on the pressure distribution, the mean pressure rates on two vertical lines on the
windward and leeward sides are given in Figure 16 under different Re values. As can be
seen, on the windward side, the depression of the pressure line in the case of the ferrofluid-
wrapped cylinder is significantly deeper than that in the clean case, and the mitigating effect
becomes more pronounced as Re increases. An opposite situation occurs on the leeward
side, where the fluctuation of the pressure line in the case of the ferrofluid-wrapped
cylinder is significantly lower than that in the clean case. The fluctuation of the leeward
side pressure plateau is significantly slowed down under the control of the ferrofluid-
wrapped cylinder, which suppresses the generation and fluctuation of lift. Figure 17 further
demonstrates the parametric effect of ferrofluidic films on the mean pressure distribution
on both the windward and leeward sides. It indicates that all ferrofluid films of different
viscosities change the distribution of pressure on the windward side. Moreover, ferrofluids
of different viscosities all slow down the pressure fluctuations on the leeward side, and
unlike the windward side, this slowing effect becomes more pronounced as the viscosity of
the ferrofluid film decreases. Based on the control effect of ferrofluid films with different
viscosities, we suggest that low-viscosity ferrofluid films are more beneficial in slowing
down the main frequency of the lift coefficient, as demonstrated above.
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Figure 16. Comparison of pressure distribution between the clean case and the ferrofluid-wrapped
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3.4. Flow Motion inside the Ferrofluid

Finally, to understand the ferrofluid film effect obtained above, we illustrate the flow
motion inside the ferrofluid film. Here, the case of a ferrofluid with y = 0.06 Pa-s and
A =0.10 mm and Re = 500 is selected as an example. Figures 18 and 19 show the flow
evolution at different stages. Generally, the flow motion inside the ferrofluid film can be
divided into three stages. At first, a closed recirculation loop is formed. Meanwhile, the
surface of the ferrofluid becomes fluctuating. The change in the direction of the velocity
inside the ferrofluid film may be related to the increase in wall slip, as this change is more
pronounced as the viscosity decreases (as shown in Figure 19). This induces wall slip. Then,
with the flow of water, the velocity direction of the outer surface of the ferrofluid remains
essentially the same as that of water, while the internal velocity direction forms a closed
loop. During the third stage, vortices are generated, causing periodic fluctuations in the
velocity direction of the ferrofluid due to the vortex shedding. The period of fluctuation
in the velocity direction is approximately the same for the three viscous ferrofluids, and
no linear relationship is found. The streamline in the upper and lower parts of the closed
loop exhibits approximate symmetry. Therefore, it can be inferred that the magnetic liquid
creates a recirculation area where it comes into horizontal contact with the water flow, as
confirmed by Stancanelli [26,33]. The detailed flow motion inside the ferrofluid film is
shown on the right of Figure 20. It can be observed that the surface of the magnetic liquid
fluctuates. In combination with the aforementioned slip, it can be assumed that the flow
field generates a drag-reduction effect at this interface.

Volume fraction of ferrofluid
EET | |

0 10 20 30 40 50 60 70 % Direction of velocity

Figure 18. The flow behavior inside the ferrofluid film at different stages: (a) the stage without vortex
shedding, (b) when vortex shedding begins to occur.
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Figure 19. Flow behaviors of ferrofluids with different viscosities at t = 0.132 s.
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Figure 20. The flow motion inside the ferrofluid film with y = 0.06 Pa-s and A = 0.10 mm at Re = 500:
(a) the instantaneous flow motion at t = 0.783 s, (b) the mean flow motion.

4. Conclusions and Outlook

In summary, this article introduces a method of applying ferrofluid films for the
control of flow separation in the external flow field. Numerical simulations were carried
out to investigate the control performance of ferrofluid films as well as their parametric
effects. The main conclusions are as follows:

(1) Ferrofluid films can prevent flow separation and stabilize the flow field in the
wake. The cylinders wrapped with ferrofluid film have a larger vortex area and delay the
first vortex shedding time. The maximum attenuation of the lift coefficient’s dominant
frequency is up to over 45%.

(2) A lower viscosity ferrofluid film has a more pronounced effect in reducing the
frequency of lift coefficient, the frequency of vortex shedding in the flow field, and wall
slip. In addition, a thicker ferrofluid film has a more pronounced effect in reducing the
frequency of vortex shedding, enlarging the wake region, and decreasing the mean velocity
of the wake flow.

(3) The control effect of ferrofluid film is primarily due to wall slip and surface fluctua-
tions. Wall slip increases the width and length of the wake and makes the flow field more
stable. The surface fluctuations of the ferrofluid film appear to suppress the interaction of
the upper and lower lift forces, thus reducing the frequency of vortex shedding. Further-
more, a recirculation region with an approximate mean velocity of 0 is formed within the
ferrofluidic film. The flow angle at the outer surface of this region is positively correlated
with wall slip.

In fact, through our research and that of related researchers, we found that ferrofluid
films have a very high potential for application in the field of flow control and drag
reduction. However, it is undeniable that ferrofluid films are still a long way from practical
application, and the stability at high flow rates and the homogeneity of the ferrofluid films
are the key problems that need to be solved urgently. In addition, the specific relationship
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between the internal motion of the ferrofluid films and the flow separation control will be
further explored in the future.
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Abstract: This paper proposes a solution to address the challenges of high storage and transport costs
associated with using hydrogen (Hy) as an energy source. It suggests utilizing ammonia (NH3) as
a hydrogen carrier to produce H; onsite for hydrogen gas turbines. NHj offers higher volumetric
hydrogen density compared to liquid Hj, potentially reducing shipping costs by 40%. The process
involves NHj pyrolysis, which utilizes the heat waste from exhaust gas generated by gas turbines to
produce Hj and nitrogen (N3). Numerical simulations were conducted to design and understand
the behaviour of the heat recapture NH3 decomposition system. The design considerations included
the concept of the number of transfer units and heat exchanger efficiency, achieving a heat recapture
system efficiency of up to 91%. The simulation of NH; decomposition was performed using ANSYS,
a commercial simulation software, considering wall surface reactions, turbulent flow, and chemical
reaction. Parameters such as activation energy and pre-exponential factor were provided by a study
utilizing a nickel wire for NH3 decomposition experiments. The conversion of NHs reached up to
94% via a nickel-based catalyst within a temperature range of 823 K to 923 K which is the exhaust gas
temperature range. Various factors were considered to compare the efficiency of the system, including
the mass flow of NHj3, operating gauge pressure, mass flow of exhaust gas, among others. Result
showed that pressure would not affect the conversion of NHj at temperatures above 800 K, thus a
lower amount of energy is required for a compression purpose in this approach. The conversion is
maintained at 94% to 97% when lower activation energy is applied via a ruthenium-based catalyst.
Overall, this study showed the feasibility of utilizing convective heat transfer from exhaust gas in
hydrogen production by NHj3 pyrolysis, and this will further enhance the development of NHj3 as
the potential Hj carrier for onsite production in hydrogen power generation.

Keywords: ammonia; hydrogen; power generation; pyrolysis; simulation; gas turbine

1. Introduction

Industrial gas turbine engines are deployed in many of today’s power plants for power
generation due to high thermal efficiency. To respond to the initiative of decarbonization
in the power industry and beyond, new gas turbines are being developed that will be
completely fuelled by Hy or blend with other carbon-free fuels as an attempt to significantly
reduce carbon emissions, since the combustion of H, releases almost zero carbon and
sulphur oxides [1-3]. Countries worldwide are increasingly focusing on the development
and implementation of hydrogen-powered gas turbine technology [4-6]. This involves
the research and development of new turbine designs and the conversion of existing gas
turbine power plants to run on hydrogen or hydrogen blends.

With the increasing demand of Hj, total Hy carrier demand is expected to reach
600 million to 660 million tons by 2050, abating more than 20% of global emissions [7]. The
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challenges associated with Hj storage and transportation are indeed significant barriers to
its widespread adoption despite its potential as a clean energy carrier. H, is an ultralight
gas with 0.08375 kgm 2 and a low boiling point of —252.9 °C. H, gas is widely stored
under compressed gas at 35,000,000 Pa to 70,000,000 Pa or cryogenically stored at —252.9
°C. Hence, it would be very energy-intensive and challenging to store Hy. Beside this, Hp
pipeline has the risk of metal embrittlement that will weaken the strength of the material
in the hydrogen environment, and it would result in leakage [8]. This would build up the
electricity cost with the sophisticated tanks and hydrogen pipelines. The cost of shipping H»
is estimated eight times higher compared with shipping NHjz [9]. Therefore, an alternative
Hj carrier gas like NH3 has been highly recommended. NH3 decomposition into Hy and
N can be performed via a catalytic pyrolysis process as described in Equation (1).

2NH; <> 3H, + NpAHpsoc = 92 kjmol ! 1)

NHj is the second-most produced chemical globally [10]. Therefore, infrastructure
like pipelines and storage tanks are available at a large scale for implementation of onsite
H; generation. The use of NHj3 as a Hj carrier gas is hence a promising method to transport
Hy.

However, catalytic ammonia pyrolysis is an endothermic reaction that happens at
a high temperature. A typical heavy-duty gas turbine used in the power industry has a
maximum of 60% efficiency of the combined cycle, which means 40% of energy input is
wasted in the whole cycle. This waste energy, which accounts for the inefficiency in the
turbine’s operation, can be harnessed to drive the decomposition of NH3 into H,, which
can then be directed into the combustion chamber for power generation. This integration
aims to improve the overall thermal efficiency and sustainability of the gas turbine system.
This energy waste can be utilized in cracking NHj3 to produce Hj fuel and can be directed
into the combustion chamber. Therefore, the gas turbine is upgraded to a self-sustaining
system. As a comparison, the current NHj cracker in the market is utilizing an external
heat source for NH3 decomposition.

In this research study, numerical simulation has been performed on a newly designed
heat recapture NHj pyrolysis system to understand the behaviour of the system and
optimize the conversion of NHj3. In contrast to existing NHj3 cracking methods that rely on
external heat sources, the proposed approach integrates heat recapture mechanisms within
the gas turbine system itself.

2. Literature Review

Research on the catalytic decomposition of NHj3 has indeed been extensive due to
its significance in various industrial processes, such as the production of fertilizers and
hydrogen fuel cells. The rate-determining step in this reaction on metal catalysts like iron
(Fe), cobalt (Co), or nickel (Ni) is often the desorption of N». This means that the formation
of Ny molecules from adsorbed species on the catalyst surface is the slowest step in the
overall reaction process.

Duan et al. showed that the desorption of the nitrogen atom on the Fe surface is
harder compared with that on the Co or Ni surface [11]. The nitrogen atom is present at the
interstitial site and energy for Ny desorption is critical here for H, generation. Hence, N
desorption is the rate-determining step in NH3 decomposition [11,12]. The study explained
that the ease of NH3 decomposition is improved on a Ni or Co surface than on an Fe
surface. Maleki et al. have modelled a flat plate microreactor to generate hydrogen by
using the decomposition of NH3 on a CoCeAlO mixed oxide catalyst [13]. The numerical
simulations that used two different kinetic rates of reaction models showed accuracy results
that were validated by experiment data [13]. The experiment revealed that the conversion
of NHj hit 100% at the temperature of 550 °C. However, a Ni-based catalyst is used in this
research project due to material available and cost. Beside this, Robert showed that the
rate of decomposition of NHj3 is independent of pressure at the temperature lower than
1000 K under the application of a Ni-catalyst [14]. The study also found that the reaction
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activated at the energy of 211 + 20 kJmol ~!. Different support material on the Ni catalyst
have different reaction rates. Ni supported by LayO3 have a comparable conversion of
NHj3 with Ni supported by Al,O3 as the basic components in the catalyst will promote
the NH3 decomposition [15]. The study also indicated that the Ni-LayO3 catalyst allowed
a higher decomposition activity with a lower weightage of Ni compared with higher
weightage. Kaname et al. showed that the conversion of NH3 reached 65% with a Ni-based
catalyst supported by Al,O3 at a temperature of 500 °C [16]. Next, Chellapa et al. have
introduced a suitable kinetic rate of reaction equation to be used for NH; decomposition
at a temperature higher than 520 °C and a pressure above 13,332.2 Pa while using a Ni
catalyst [17]. The result from their study showed that the rate of reaction is first-order
dependent over the entire temperature and pressure range which is different compared to
other studies [14]. Realpe et al. determined that the optimization of hydrogen production
cannot rely upon only one factor, such as the catalyst, by developing a dimensionless model
of the membrane reactor [18]. The approach to improve the conversion of NH3 needs to be
all-rounded yet not only focused on the catalyst, as the conversion of NHj is also affected
by the presence of a hydrogen-selective membrane. The above studies mainly focused
on the development of the catalyst in NH3 decomposition. The research in the energy
efficiency of NH3 decomposition has received little attention, yet the process is high energy-
intensive due to the endothermic reaction. In a recent study, Jaewon et al. introduced
an efficiency reactor which used induction heating for green hydrogen production with
an assumption of electricity generated from renewable energy [19]. However, the energy
required for heating purposes would increase the usage of electricity of the plant for onsite
hydrogen generation. Beside this, Yazhou et al. recently conducted a thermodynamic
analysis on a heat recuperator of NHj3 in a humidified gas turbine that showed a net
electrical efficiency of 56.7% exceeded the NH3-fueled Brayton cycle by 20.6% points [20].
Hence, this suggested that a chemical recuperator of NHj3 in a gas turbine plant can further
reduce the cost and carbon footprint in the future. Thus, a novel green hydrogen generation
process that utilizes heat wastage from gas turbines is proposed in this study. The proposed
process is applicable to onsite hydrogen usage for small or big gas turbine power. In this
study, a numerical simulation model is used to investigate the feasibility of the process in
terms of the conversion of NHj at different pressures and temperatures.

3. Methodology

The key technology development described here includes NHj cracking system at
100,000 Pa and at a lower temperature than 500 °C-650 °C with a suitable catalyst material.
Research indicates that 100,000 Pa is the optimum condition to decompose NHj3 [21]. In
this computational experiment, the activation energy by using Ni-based alumina catalyst
will be used in the numerical design. Studies have showed that nickel alumina can obtain
high conversion of NH3 at around 650 °C [22]. While studies revealed that Ru-based
catalyst can achieve 100% conversion at lower temperature of 350 °C [23], the rarity of
ruthenium and its associated higher cost make it less suitable for large-scale projects in term
of commercialization. Choosing a nickel-based catalyst also addresses the issue of nitride
formation, as nickel does not tend to form nitrides during the thermal decomposition of
NHj [24]. This choice contributes to the feasibility and cost-effectiveness of the proposed
technology for larger-scale applications.

4. Heat Recapture System

This study aimed at designing a high-efficiency heat recapture system using the
Number of Transfer Units (NTU) method and heat exchanger efficiency. Typically, in the
context of the NTU method, the heat capacity rates of the hot and cold fluids are determined
based on their mass flow rates and specific heat capacities. The NTU method is a common
approach used to analyze and design heat exchangers for maximizing thermal efficiency. In
addition, the NTU method is used to calculate the rate of heat transfer in heat exchangers,
especially parallel flow, counter current, and crossflow exchangers. This method began
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with determining the heat capacity rates of the hot and cold fluids (in J°C~'s~1) by using
the Equations (2) and (3) [25]:
Ch = mpCph )
Ce = mccpe 3)
my,, m, : mass flow rate of the hot and cold fluid (kgs!)
Cph Cpc : specific heat capacity of the hot and cold fluid (]kg_lonl)
After the heat capacity rates of the hot and cold fluids have been determined, it is
necessary to proceed with calculating the NTU and heat exchanger efficiency to design the
heat recapture system for achieving high thermal efficiency.

Capacity ratio c is calculated by using Equation (4) after the maximum and minimum
heat capacity rates have been identified from Equations (2) and (3):

Cmin

Cmax

(4)

The dimensionless group called as number of transfer units (NTU) is expressed as
Equation (5):
UA;

min

NTU = (5)

U : overall heat transfer coefficienct (Wm_zK’1
As : heat trasnfer surface area of the heat exchanger (mz)

Table 1 shows that the value of overall heat transfer coefficient can be assumed at
25 Wm 2K~ ! with a practical number of tubes; this value will be cross-checked on the
numerical simulation. This leads to the calculation of effectiveness of a heat exchanger
which is a function of NTU and the capacity ratio, c. Different types of heat exchangers
have different effectiveness calculation equations. The heat exchange type in this research
is crossflow with both fluids unmixed and the effectiveness is calculated by Equation (6):

{ NTEO.ZZ [e(chTUWS) . 1]}

effectiveness =1 — e (6)

Table 1. Overall heat transfer coefficient and number of tubes.

Overall Heat Transfer Coefficient Number of Tubes
10 49
25 19
50 9
75
100

The effectiveness values and NTU values are obtained from ([25], pp. 705-706) to
identify the effectiveness and the length of the tubes in the heat exchanger [25]. The thermal
efficiency of the design is calculated by Equation (7):

T — TNH..
thermal efficiency = TNHSaVe NHsin

x 100% )
hotgas;, — *+NHz;,

TNH,,,, : NH3 volumetric average temperature(K)
TNH,,, : NH3 inlet temperature(K)
Thot gas;, © Hot gas inlet temperature (K)
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Design of the heat recapture system as shown in Figure 1 has been developed by using
NTU and effectiveness method. It had a dimension of 320 mm long with 120 mm diameter.
It had 19 tubes with 12 mm external diameter and thickness of 1 mm. NHj inlet and NHj
outlet are set at 5 mm diameter.

Ammonia Ammonia
inlet Outlet

Exhaust

Exh
R Gas Inlet

Gas Outlet

Figure 1. Design of heat recapture system.

ANSYS Fluent 2019 R1 software from Ansys, Canonsburg, US has been used for nu-
merical simulation to validate theoretical calculations and perform a mesh independence
analysis to ensure accurate results with low computational resources [26]. The computa-
tional analysis of the heat recapture system has been performed by using ANSYS Fluent to
verify the theory calculation with the boundary conditions in Table 2. A grid-independent
analysis is performed on the 3D geometry that could provide an accurate result with low
computational time and cost. A table of mesh element size vs. other parameters is shown
in Table 3. The mesh selected size is 8 mm with mesh node of 655,819 and mesh element
of 1,206,553. Realizable k — ¢ model, standard k — w model and shear stress transport
(SST) k — w model are applied and their performance on this flow simulation is compared.
Realizable k — ¢ model is selected to determine the overall thermal efficiency of the en-
tire system as k — w model consumed lower computational cost compared with k — ¢
model [27]. All the governing equations were solved using the commercial simulation
software ANSYS Fluent 2019 R1.

Table 2. Values of each parameter.

Parameter Value/Description
Exhaust Gas Inlet Temperature 650 °C
Exhaust Gas Inlet Velocity 12m/s
NHj Inlet Temperature 30 °C
NHj; Inlet Velocity 4m/s
Material Stainless Steel (S5316)

Table 3. Grid-independence test result for thermal simulation.

NHj3; Average

Mesh Element Number of Mesh Number of Mesh NHj3 Average Lo NHj; Effective
. Turbulent Kinetic
Size (mm) Node Elements Temperature (K) Prandtl Number
Energy (J/kg)
20 655,461 1,204,453 865.1 0.0161 0.8908
10 655,399 1,203,915 865.7 0.0161 0.8909
8 655,819 1,206,553 867.5 0.0161 0.8909
5 654,496 1,202,314 865.4 0.0161 0.8908
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5. NH3 Decomposition
A kinetic model that could express the rate of NH3 decomposition reaction can be

defined as Equation (8):
B
_ CIZ\IHS
RnH, = knm, 3 (8)
H2

where Cny, is the concentration of NH3, Cy, is the concentration of hydrogen, 3 is a fit
parameter, knp, is the rate constant of NH; decomposition [13]. This equation is based
on the Temkin-Pyzhev model. Hence, beside the rate constant, the value of 3 has great
impact on the rate of decomposition. Studies showed that the value of 3 approached unity
with lower AH and approached zero at higher AH. 3 is set at 0.5 in this study as learned
from [12].

A study conducted by Robert et al. on decomposition of NH3 on nickel wire has been
used as a reference for validation purposes in this study [14]. The study suggested that the
rate constant for NHz pyrolysis under 1000 K is approximated by Equation (9):

kNH3 = koeiREiT (9)

K =1x108s71

E = 211 kJmol !

R = 8.314 Jmol 'K !

T = NHj; temperature (K)

The above values will be set in the ANSYS Chemkin Pro 2019 R1 software. For
comparison purposes, 105 KJmol ! and 89.11 kjmol ! are set as the activation energy,
respectively, as study suggested that the activation energy for NH3 decomposition has a
range of 211 KJmol ! to 25 kjmol ! [14,28]. The rate constant k used in ANSYS Chemkin
Pro 2019 R1 software is described as Equation (10):

k = ATBerr (10)

where B is temperature exponent (dimensionless), A is pre-exponential factor, and E is
activation energy (k]molfl). The rate of reaction R in ANSYS Chemkin Pro 2019 R1
software is described as Equation (11):

N
R= k(ﬁ(j{‘i) (11)
i=1

where Ny is the total number of gas species, C; is the concentration of each species ith as
reactant in the reaction (moldm ), and n; is the rate exponent for the ith each species. The
conversion of NHj obtained from this simulation will be calculated by using the following
equation:
. 2yn,
NHj; conversion% = —— = x 100% (12)
2yN, T YNH;

where ; is the mole fraction of the species i.

Other equations involved in mass transfer effect can be referred in [29]. A numerical
simulation has been conducted to verify the study conducted by Robert et al. so that it
verified that this simulation setup in this study is accurate [14]. This study investigated the
reaction rate of NH3 decomposition at 4 different operating gauge (or barometric) pressures
which are 5.3 Pa, 13.3 Pa, 53 Pa, and 133 Pa. The simulation setup for validation is a 2D
simulation represented in Figure 2. Grid-independent test has been conducted shown in
Figure 3; the average rate of reaction reached the lowest after the mesh size reduced to
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Average rate of reaction

(mol/m?2s)

5 mm and a mesh element size of 5 mm with 1728 mesh nodes, and 1643 mesh elements
have been selected as tetrahedral meshing method is used.

Ammonia
Ammonia
Qutlet

Ammonia
Inlet
Catalyst surface

Figure 2. 2D Simulation setup for study validation.

0.00036
0.00035
0.00034
0.00033
0.00032
0.00031

0.0003

0.00029
0 2 4 6 8 10 12 14

Mesh Element Size (mm)

Figure 3. Grid-independent test: mesh element size vs. average rate of reaction graph.

The results suggest that the rate of reaction exhibits different dependencies on tem-
perature and pressure within distinct temperature ranges at NHj3 inlet velocity of 5m/s
in Figure 4. Below 723 K, the reaction rate demonstrates a first-order dependence on tem-
perature, while exhibiting zero-order dependence on pressure. However, at temperatures
exceeding 723 K, the reaction rate becomes first-order dependent on pressure.

Moreover, the results indicate that at temperatures above 923 K, the reaction rate
increases with higher pressure. Specifically, as shown in Figure 4, at 133 Pa, the rate
of reaction is approximately 1.3 times higher compared to the rate at 53 Pa. Similarly,
at 13.3 Pa, the rate is approximately 1.4 times higher than at 5.3 Pa. These findings are
consistent with those reported in [14], reinforcing the validity of the numerical simulation
in this study. It shows that numerical simulation can be used to investigate the chemical
reaction in NH3 decomposition.
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Figure 4. Inverse temperature vs. average rate of reaction graph at different pressure.

Moreover, the results indicate that at temperatures above 923 K, the reaction rate
increases with higher pressure. Specifically, as shown in Figure 4, at 133 Pa, the rate of
reaction is approximately 1.3 times higher compared to the rate at 53 Pa. Similarly, at 13.3 Pa,
the rate is approximately 1.4 times higher than at 5.3 Pa. These findings are consistent with
those reported in [14], reinforcing the validity of the numerical simulation in this study. It
shows that numerical simulation can be used to investigate the chemical reaction in NHj3
decomposition.

In this study, numerical simulation has been applied to investigate the performance
of the heat recapture NHj pyrolysis system under different operating conditions via con-
vective heat transfer, while making necessary simplifications to manage computational
resources effectively.

The grid-independence test has been applied in these numerical simulations where
the mesh size was varied to ensure that the results of the simulation do not significantly
change with different mesh sizes. It is important to establish grid independence to ensure
the accuracy of the numerical simulation results.

It is assumed that the catalyst temperature remains constant across all surfaces. While
this simplifies the simulation, it is important to note that the catalyst temperature may
vary across different parts of the system. To reduce computational cost and time, it was
decided not to simulate the flow of hot gas in the system. This simplification is common
in simulations where the focus is on specific aspects of the system, such as the reaction
kinetics or heat transfer within the catalyst bed. The performance of the system under
different catalyst temperature conditions has been compared, ranging from 623 K to 923 K
to study how changes in catalyst temperature affect the behaviour of the system and its
efficiency in NHj pyrolysis.

In the numerical simulation of the newly designed heat recapture NH3 pyrolysis
system, grid-independent test has been conducted on this design shown in Figure 5. The
0.01 m mesh element size is chosen with a total of 842,165 elements and 185,873 mesh nodes
as shown in Figure 6.

Planes at three sections, inlet, mid-length, and outlet shown in Figure 7, are used to
simulate NHj gas temperature, NH3 gas velocity, and mass fraction of each species. ZY
plane in Figure 8 is used to simulate NH3 temperature contour and mass fraction of H, at
different NHj inlet velocity.
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Figure 5. 3D simulation of NH3 pyrolysis system.
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Figure 6. Grid-independent test result for 3D NHj3 decomposition simulation.

Planes at three sections, inlet, mid-length, and outlet shown in Figure 7, are used to
simulate NH3 gas temperature, NH3 gas velocity, and mass fraction of each species. ZY
plane in Figure 8 is used to simulate NH3 temperature contour and mass fraction of H, at
different NHj3 inlet velocity.
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Figure 7. 3 Different section planes of the NH3 pyrolysis system.
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Figure 8. ZY plane of the NHj3 pyrolysis system.

6. Results and Discussion
6.1. Heat Recapture System

The realizable k — ¢ model, SST k — w model, and standard k — w model have been
used in the thermal simulation for the heat recapture NHj pyrolysis system. Three of the
models gave closed results as shown in Figure 9. The NHj3 average temperature that is
taken from the volumetric average of the NHj temperature in the system is used as the
comparison parameter. So, for a more efficient and conservative result, a realizable k — ¢
model has been selected as it has lower computational cost and time compared with the
other two models.

950
900
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800
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700
650
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Ammonia Average Temperature (K)

500

450

400
400 450 500 550 600 650 700 750 800 850 900 950

Exhaust Gas Inlet Temperature (K)

——@— SST k-w model  ++<<A:--- standard k-w model =<@ =-realizable k-e model

Figure 9. Exhaust gas inlet temperature vs. average NH3 temperature graph.
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Based on the designed system, a numerical simulation showed that the higher the
exhaust gas velocity, the better the efficiency. Our calculation that was based on the NTU
method revealed that the system could achieve 83.87% but the simulation indicated near
to 91% at 4 ms~! of NHj; velocity plotted in Figure 10. This is due to the assumption of
laminar flow in the NTU method; likewise, the realizable k — ¢ model in the simulation
took turbulent flow into consideration, hence efficiency could be higher due to turbulent
enhancement on heat transfer and lesser pressure loss.

95.0%
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90.0% L 890 =
— - (U]
J —_
=S 870 2
> 85.0% &
s 850 9
£ 80.0% 830 E
w
= 810 &
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65.0% 730

2 4 6 8 10 12 14 16 18 20 22 24 26 28
NH, Inlet Velocity (m/s)

--- & --- Thermal Efficiency —&— Ammonia Ave Temperature

Ammonia Outlet Temperature

Figure 10. NHj Inlet velocity vs. thermal efficiency and NHj3 average temperature.

High exhaust gas inlet velocity resulted in high thermal efficiency in the system as
presented in Figure 11 since high mass flow of high temperature will enhance the convective
heat transfer from exhaust gas to NH3 gas. This could further reduce the temperature of the
exhaust gas if there is a surge in the gas turbine after the heat recapture system and release
to the surrounding area. Hence, it eliminates the need of a cooling system downstream
from the gas turbine before the release of the exhaust gas.

93%
92%
__92%
91%

91%

Thermal Efficiency (%

90%

NH; Average Temperature (K)

90%

89% 856
6 8 10 12 14 16 18 20

Exhaust Gas Inlet Velocity (m/s)

«--@--- Thermal Efficiency —a— Ammonia Average Temperature

Figure 11. Exhaust gas inlet velocity vs. thermal efficiency and NHj average temperature.

77



Inventions 2024, 9, 56

Turbulent kinetic energy is high at the inlet section presented in Figure 12 as swirl
flows occur at the inlet section when NHj3 gas is pumping in. It is observed that turbulent
intensity is higher at the area where swirl flows occurred as shown in Figure 13, and swirl
flows are distributed more closely at the gap between tubes. Hence, the mixture of NHj
flow at the swirl flows could increase the thermal efficiency of NH3 by enhancing the
convective heat transfer [30] as swirl flows will increase the efficiency of the heat transfer
of NHj3 and the catalyst tubes. Temperature contour in Figure 14 shows that more than
half of the NH3 volume at temperature of 904 K and this resulted in high total enthalpy
gained by NHj plotted in Figure 15. NH; gained a maximum of 1.66 x 10° Jkg~! total
enthalpy. By assuming the activation energy is 211 kjmol ! for NH3 decomposition, this
enthalpy could convert 0.1 mol of NHjz to 0.15 mol of hydrogen and 0.05 mol of nitrogen or
0.18 mass fraction of hydrogen and 0.92 mass fraction of nitrogen for complete conversion
of NHj. This result will be validated by the simulation result for NH3; decomposition in
the next section.

Turbulent Kinetic Energ

COO000000 s
Sa38RaI88aw

m2s—2 Inlet Mid-Length Outlet

Figure 12. Turbulent kinetic energy contour of NHj gas at 3 different sections.
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0.

i

N
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Figure 13. Velocity contour of NHj gas at 3 different sections.

Temperature

Figure 14. Temperature contour of NH3 gas of ZY plane.
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Figure 15. Total enthalpy contour of NHj gas in the system.

6.2. Heat Recapture NH3 Pyrolysis System

Numerical simulation suggested that the rate of reaction of NH3 pyrolysis is at first-
order temperature dependent at temperature lower than 723 K and it changed from
zero-order to first-order pressure dependent at temperature above 723 K as shown in
Figures 16-18. The finding from this study is different from the observation made by [14]
as the pressure dependent changed from zero to first order at temperature above 1000 K.
Therefore, the heat capture NHj3 pyrolysis system has lowered the temperature for the
pressure dependent and achieved a higher rate of reaction at a lower temperature. Our
designed system has the highest rate of reaction at 823.15 K with a pressure of 300,000 Pa
and NHj inlet velocity of 8 ms~!. This could simply be explained by the effect of mass flow
of the NHj3 on the rate of NH3 decomposition. The rate of reaction seemed to reach the
peak at 300,000 Pa between temperatures of 723 K and 923 K. This range of temperature
is considered as the working temperature for NH3 pyrolysis in this system as exhaust
gas from a typical power plant gas turbine is released at temperatures between 823.15 K
and 895.15 K.

Inverse Temperature (1/K)*103

Figure 16. Inverse temperature vs. rate of reaction at NHj inlet velocity of 2 ms~1.
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Figure 17. Inverse temperature vs. rate of reaction at NHj inlet velocity of 4 ms~!.
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Figure 18. Inverse temperature vs. rate of reaction at NHj inlet velocity of 8 ms™!.

Figures 16-18 outline the behaviour of the conversion of NH3 under varying conditions
of temperature and pressure, as well as the performance of a designed system within
specific temperature ranges. The trends in these graphs show the influence of pressure
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and temperature on the conversion of NHj, as well as the successful performance of a
designed system within a specific temperature range. The rate of reaction in this study is
1st order dependent of temperature but zero order dependent of pressure below 623.15K.
Dependent of pressure changed to 1st order above temperature of 623.15K. The conversion
of NHj3 decreased at a constant temperature with increasing pressure at temperature below
823 K and this is supported by study [31]. There is no conversion of NHs at temperature
below 623 K where a reaction failed to take place as shown in Figure 19. Conversion of
NHj; remained the same at temperature above 800 K at different pressures. Thus, this could
reduce the energy required from compression purposes. The designed system achieved
near to 94% conversion of NHj at the temperature ranges from 823 K to 923 K which is
the working temperature of the system. One of the possible reasons that the system failed
to reach 99% conversion could be the assumption made at the NHj3 outlet condition. The
NHj outlet is assumed to allow the backflow of non-decomposed NHj. Beside this, it is
important to note that the calculation of the conversion of NHj is taken with the average
mole fraction of each species.
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50.0%
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Conversion of NH; (%)
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—5== Conversion of Ammonia at 800,000 Pa —4% - Conversion of Ammonia at 1,000,000 Pa

Figure 19. Catalyst temperature vs. conversion of NHj.

At NHj inlet velocity of 4 ms~!, NHj begins to be decomposed at the inlet section as
seen in Figure 20. NH3 gas gained enough energy near the catalyst tubes and hence, NH3
started to decompose into hydrogen and nitrogen around the tubes’ surfaces as catalyst
NHj pyrolysis is a wall surface reaction [32]. The mass fraction of Hy reaches up to 0.18
at the mid-plane and outlet plane shown in Figures 21 and 22 which are consistent with
the mole concept calculation based on the total enthalpy gained by the NHj3 gas and the
activation energy of 211 kJmol !. The theoretical calculation involved is explained in
Appendix A to verify the validity of the result obtained from numerical simulation.
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Figure 20. Mass fraction of each species at inlet plane.
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Figure 21. Mass fraction of each species at mid-length.

Mass Fraction of Each Species at Outlet Plane

NH3 Mass Fraction N, Mass Fraction H, Mass Fraction

Figure 22. Mass fraction of each species at outlet plane.

NHj3 mass flow is required for high hydrogen generation in the system. However,
the higher the NHj inlet velocity, the lower the conversion of NH3 as shown in Figures 23
and 24. The contour area for 0.18 mass fraction of H; is reducing with the increase of
NHj inlet velocity. NHj gas escaped from the system before it gained enough energy for
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decomposition to take place. The maximum velocity of the NHj inlet as it provided the
maximum thermal efficiency is 4 ms~! in this study and the highest conversion of NHj
when the exhaust gas inlet velocity is 12 ms~!. The possible way to increase the effective
mass flow of NHj is to increase the exhaust gas inlet velocity as this will certainly improve
the convective heat transfer from Figure 11. The exhaust gas inlet velocity is reduced by a
diffuser downstream the gas turbine to slow down the exhaust gas velocity. The design of
the diffuser would thus be one of the critical parts in system integration of heat recapture
NHj pyrolysis with a gas turbine.

100%
90%
80%
70%
60%
50%
40%
30%

Conversion of NH; (%)

20%
10%
0%
2 12 22 32 42 52 62 72 82 92
NH, Inlet Velocity (m/s)

Figure 23. NHj Inlet velocity vs. conversion of NH3.

H; Mass Fraction

Inlet Velocity = 4ms ™!

Inlet Velocity = 100ms ™!

Inlet Velocity = 16ms ™!

Figure 24. Contour of mass fraction of Hj at different NHj inlet velocity.
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Three different activation energies are used in the numerical simulation and the
conversion of NHj3 on these energies is plotted in Figure 25. The graph suggests that the
lower the activation energy, the higher the conversion of NH3. A lower activation energy
also allowed NHj to be decomposed at a lower temperature. Hence, the coatings of the
catalyst and the catalyst material are important factors here. The coating of the catalyst can
affect the surface binding and heat transfer of the tubes and the catalyst. Catalysts like a
Ni-based catalyst will give a higher activation energy. Catalysts like a ruthenium-based
catalyst and a platinum-based catalyst will give a lower activation energy [33].
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Figure 25. Exhaust gas temperature vs. conversion of NHj at different activation energies.

Last but not least, the temperature exponent, B, is one of the important dimensionless
parameters in the rate of reaction equation. However, no study has been conducted to
determine the suitable value of the temperature exponent for the NH; decomposition rate
of reaction but the temperature exponent could certainly affect the rate of reaction shown
in Figure 26. The shift is from a near 0 rate of reaction to the peak of the rate of reaction
at 1.2 x 107® m~2s~'mol at the temperature of 623 K. Hence, the temperature exponent
could be one of the parameters to be tuned in an NHj pyrolysis system design either via
electrolysis or heat recapture.
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Figure 26. Exhaust gas temperature vs. rate of reaction at different temperature exponents.
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7. Conclusions

NHj; pyrolysis presents a promising avenue for sustainable hydrogen production,
but its efficiency can be significantly enhanced through the integration of heat recapture
systems. In this study, we present a numerical simulation of a heat recapture NHj pyrolysis
system, aiming to evaluate its performance and potential for industrial application. The
simulation framework encompasses thermodynamic modelling of the pyrolysis reactor,
heat exchangers, and associated components. Utilizing advanced computational fluid
dynamics techniques, we analyzed the heat transfer mechanisms and optimized system
parameters to maximize energy efficiency. Our results demonstrate the effectiveness of heat
recapture strategies in improving overall process efficiency and reducing environmental
impact. This research contributes to the advancement of sustainable hydrogen production
technologies and offers insights for the design and operation of NHj3 pyrolysis systems in
real-world applications.

The shift towards hydrogen-powered gas turbines is crucial for decarbonizing the
power industry and mitigating climate change. Despite its environmental benefits, chal-
lenges in storage and transportation hinder widespread adoption. This paper explores
using NHj as a hydrogen carrier, leveraging its higher energy density and existing infras-
tructure. NH3 decomposition, utilizing waste heat from gas turbines, offers a promising
solution. The conversion process involves technical and logistical challenges but promises
significant emission reductions. The global demand for H, carriers is rising, emphasizing
the need for alternative solutions. This paper proposes integrating NH; decomposition
within gas turbine systems to enhance efficiency and sustainability.

An extensive literature survey has been conducted on catalytic NH3 decomposition,
highlighting its importance in various industrial processes. Studies demonstrate the signifi-
cance of catalysts like nickel in achieving high conversion rates. Various factors, including
catalyst composition and temperature, influence NH3; decomposition kinetics. Numerical
simulations and experimental validations provide insights into reaction mechanisms and
system performance. Previous research emphasizes the potential of NH3 as a hydrogen
carrier and its integration within gas turbine systems to improve efficiency.

The transition to Hy as an energy source faces challenges related to high storage and
transportation costs. This paper proposes a solution using NH3 as a hydrogen carrier,
offering higher volumetric hydrogen density and potential shipping cost reduction by
40%. This study focuses on designing a high-efficiency NHj3 cracking system using a
nickel-based catalyst. Numerical simulations and theoretical calculations are performed
to optimize system design and understand reaction kinetics. The heat recapture system is
designed using the NTU method and heat exchanger efficiency considerations. ANSYS
simulations validate theoretical calculations and analyze system behaviour under different
operating conditions. The NHj3 decomposition kinetics are modelled based on experimental
data, considering factors such as temperature and pressure dependencies. NH3 pyrolysis,
utilizing waste heat from gas turbines, can produce H; onsite.

Numerical simulations were conducted to design a high-efficiency NH3 decomposition
system. The system achieved up to 91% thermal efficiency, validated through ANSYS
simulations considering wall surface reactions and turbulent flow. Factors such as NH3
mass flow, operating gauge pressure, and exhaust gas flow were analyzed. The proposed
solution aims to address challenges in hydrogen storage and transportation, offering a
promising approach for energy applications. Numerical simulations demonstrate the
effectiveness of the designed heat recapture NHj pyrolysis system, achieving up to 94%
conversion of NH3 with the use of a nickel catalyst. The rate of NH3 decomposition shows
temperature and pressure dependencies, with optimal conditions identified for enhanced
reaction rates. Conversion of NHj3 remains high within 823 K to 923 K, highlighting the
system’s efficiency. Comparison between theoretical predictions and simulation results
underscores the importance of considering turbulent flow effects in system design.

The proposed solution offers a promising approach to address challenges in hydrogen
storage and transportation in the power plant industry. It offers an insight into convective
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heat transfer for NHj pyrolysis. By utilizing NH3 as a hydrogen carrier and integrating
its decomposition within gas turbine systems, significant efficiency improvements can
be achieved. Further research is needed to optimize system parameters and validate
experimental results. Last but not least, the design of a catalyst tube could be one of
the approaches to enhance the conversion of NHj3 in terms of fluid flow mechanics. One
potential approach could be to use swirl tubes to increase the surface area for better
convective heat transfer. These findings contribute to advancing clean energy technologies
and promoting sustainable power generation.
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Appendix A

The total enthalpy gained by NHj; reported from the numerical simulation is 1.66 x
10° Jkg~!. With the activation energy of 211 kjmol ! or 12,411 KJkg !, the design could
convert 0.134 kg of NHj3. The mole ratio of NH3 : H : N, obtained from Equation (1) is 2:3:1.

Product mass is calculated by Equation (A1) based on an assumption of full conversion
of NHg.

Product mass = mole X relative molecular mass (A1)

Product mass fraction is calculated by Equation (A2):

mass of product;
total mass of products

Product mass fraction; = (A2)
i:producti.
Percentage difference is calculated to compare between the results obtained in the
numerical simulation and the theoretical calculation.
RPMF — CPMF

Percentage difference = T RPME x 100 (A3)

The result obtained from the theoretical calculation is tabulated in Table Al. The
percentage differences of Hy mass and Nj mass obtained from the numerical simulation
and theoretical calculations are 2.22% and 0.49%, respectively. This could validate the
results obtained from the numerical simulation in this study.
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Table A1. Theoretical Calculation for Mass Fraction of H, and NHj.

Reactant Product
NH; H, N,
Mole ratio 2 3 1
Relative molecular mass (gmolfl) 17 2 28
Reactant Mass (g) 134 - -
Mole (mol) 7.88 11.82 3.94
Product Mass (g) - 23.64 110.32
Calculated Product Mass Fraction (CPMF) - 0.176 0.824
Reported Product Mass Fraction (RPMF) - 0.18 0.82
Percentage Difference - 2.22% 0.49%
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Abstract: In light of the European Union’s zero-emissions policy and the growing demand for
energy associated with technological advances, it is necessary to consider adopting technologies and
innovative solutions that simultaneously reduce greenhouse gas emissions while increasing potential
extraction from existing hydrocarbon deposits, for example. This can result in increased production
from deposits with low reservoir energy values or those in which the energy value does not allow the
resource to be exploited on its own. By using a hydraulic drilling nozzle that harnesses the hydraulic
energy of the fluid stream for workover, the possibility of increasing the contact between the reservoir
layer and the producing well increases in direct proportion to the number of small-diameter radial
wells drilled with a hydraulic rotary head from a horizontal well toward the reservoir layer. The main
aspect of this paper is to outline an algorithm for the design of rotary drilling heads to maximize the
use of the hydraulic energy from fluid streams flowing from the face of innovative drilling tools. The
presented design algorithm allows changing the mutual position between the holes in the face section
and the angle of the holes with respect to the longitudinal axis of the designed hydraulic rotary
nozzle, simplifying the design work. The use of the rotary head developed using this algorithm
enables seamless drilling in rocks with compressive strength R, = 50 MPa, considering the drilling
progress at ROP = 4 mm/s.

Keywords: hydraulic radial drilling; drilling nozzle; nozzle designs; radial jet drilling; small diameter
borehole; hydraulic energy

1. Hydraulic Radial Jet Drilling System

At present, jet nozzle drilling technology is widely utilized for cutting, hydraulic
jet drilling, or pipeline cleaning due to its effective energy concentration in the jet. The
general equipment and tool arrangement for creating radial holes using a high-energy
liquid jet flowing through the openings of the nozzle at high pressure includes some
necessary pieces such as a coiled tubing unit, a casing windows milling kit, positioning kit,
high-pressure elastic hose, deflector, anchors, packers, and at the end of the high-pressure
hose, an installed hydraulic drilling nozzle with openings on its tool face (Figure 1) [1-3],
(Figure 2) [4]. This approach is commonly found in various configurations and is extensively
documented in numerous publications and patents [5-10]. While specific solutions may
differ in technical specifics, the basic method for drilling radial boreholes remains grounded
in hydraulic jet drilling techniques. Most equipment for drilling lateral boreholes from a
parent well requires the creation of a hole in the casing wall using a tool head, typically
in the form of a mill. Before drilling into the rock formation, it’s often necessary to mill
through the casing and cement sheath. This is done using either a tungsten carbide mill
(which needs to be retrieved to the surface) or a jet nozzle (like the mill), which is used
to bore through the rock. The drive for the milling head/mill is provided by a motor
suspended on coiled tubing (CT) wound on a drum. A downhole hydraulic or electric
motor may require a gearbox to achieve the appropriate rotational speed for the milling
bit cutting through the casing wall. The motor needs to be anchored in the production or
casing tubing to transfer the resistance torque from the mill. Then, to pass through the
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hole in the casing, a hose with a jetting head is used to erode a lateral hole in the rock
formation. As the drilling progresses, the coiled tubing is usually lowered, to which the
flexible hose is attached. The differences generally lie in the method of creating holes in the
casing. For each subsequent lateral borehole, the milling head, drive assembly, and coiled
tubing must either be retrieved from the deflector and replaced with a drilling tool, such as
a jetting nozzle, or the jetting head bores through the casing, continuing to drill the hole to
a specified length.
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Figure 1. Ultrashort radius radial system (URRS) scheme [1,2].
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Figure 2. Ultrashort radius radial system (URRS) scheme with indication of hydraulic nozzle [4].

During the drilling of such radial boreholes, the sections are typically horizontal,
varying in length from 100 to 300 m, with the diameters ranging between 20 and 60 mm.
The significant variability in horizontal section lengths is due to specific requirements for
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the length of the drainage zone. The absence of a fixed borehole diameter results from
the nature of nozzle hydroprobing, the structure of the wellbore medium, and various
technological factors and parameters associated with the reservoir rock.

In radial drilling systems, achieving the desired objective is crucial: to create a hor-
izontal borehole with a diameter ranging from 20 to 60 mm and a length of up to 200 m
using hydroabrasion techniques in rocks of specified strength, porosity, and permeability,
containing specific reservoir fluids, and located at a certain depth. When considering the
entire system from the beginning, which includes the Coiled Tubing Unit with the tubing
wound on the drum and the working fluid tanks, parameters such as the tensile strength of
the flexible tubing, the density and viscosity of the working fluid, the resistance between
the flexible tubing and the injector head of the CT unit, and then the tensile strength of
the flexible tubing after passing through the blowout preventer system should be taken
into account. Pressure losses will occur along the entire length of the tubing wound on the
drum during the flow of the working fluid, which will depend on the parameters of the
fluids used, such as the aforementioned density and dynamic viscosity. The total pressure
losses during the flow of the working fluids must also consider losses at the point where
the tubing passes through the deflector of the hydraulic head, the rotary nozzle of the
hydraulic head, and all pressure losses in the straight sections of the conduit delivering the
fluid to the bottom of the well. Increasing the length of the borehole hydraulically drilled
will be important from the perspective of hydroabrasion. There are, therefore, a number of
different types of relationships, mainly hydrodynamic, mechanical, and strength-related,
between the individual elements of the system. Each element of the system has a greater
or lesser impact, not only on the other elements but also on the entire system. The effect
of the system on the surrounding medium (reservoir rock) causes a response from this
medium (borehole diameter, length of the borehole, borehole wall roughness, curvature,
and inclination of the borehole), which in turn affects the system and its elements. For
example, certain technological parameters of the drilling process will create, among other
things, a certain roughness of the borehole wall, which in turn will affect its length and,
consequently, the range of such a borehole, resulting from the frictional force between the
borehole wall and the pressure tubing. After the development of the rotary drilling nozzle,
the first stage of the research program is to start drilling with the designed nozzle on the
surface under atmospheric pressure. This will provide data directly related to the drilling
capabilities of the rotary drilling nozzle. The distance between the nozzle and the rock
helps calculate the hydraulic pressure of the jet, the power of the jet, and the diameter
of the jet to enable drilling. In addition, it helps to design the diameter and location of
the discharge holes on the face and back of the rotary drilling nozzle. Tests carried out in
an atmospheric pressure environment will allow the creation and planning of laboratory
tests in the environment of a nozzle immersed in liquid and ambient pressure in the range
of 2-12 MPa in a pressure chamber. All laboratory tests are closely related to each other.
Ultimately, after the tests are completed, it is possible to infer from the drilled holes the
final diameter of the holes and their mutual arrangement in the rotary drilling nozzle.
Therefore, the design of each component of the system must take into account a number of
relationships between them. These, in turn, form the basis for selecting pumps, nozzles,
and conduits for specific reservoir conditions.

2. Basics of Radial Jet Drilling

Drilling techniques for small-diameter boreholes using hydroabrasion require a depar-
ture from traditional methods of transferring mechanical energy to the drill bit through a
rotating drill string, torque from a downhole motor, mechanically generated impact energy,
or indirectly through a hydraulic medium. Utilizing the energy from the jet stream exiting
the drill bit nozzles allows for the utilization of previously unused hydraulic energy for
hydroabrasion of hard rocks. A similar case arises when abrasive particles are added to
the drilling fluid, directly increasing the impact force on the hydro-abraded rock surface.
Maurer presented an example of the development of drilling head solutions utilizing rock
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hydroabrasion methods [11]. The measure of energy required to drill a unit volume of rock
during the drilling process is the specific drilling energy. In the case of hydroabrasion, the
focus is often on the energy consumed to create a fissure in the rock [11], expressed as the
ratio of energy to the product of the depth and width of the fissure and the velocity during
the fissure cutting process. In classical drilling, we refer to the total drilling energy TSE
(total specific energy), expressed as the sum of the energy rotational motion, the move-
ment of the drill string, and the hydraulic energy required to drill a unit volume of rock
during the drilling process [12-15]. In the 1960s, a patent [16] was already granted for a
drill utilizing the hydraulic energy of a liquid jet combined with the addition of abrasive
material. Steel shot with a diameter of 1.6-3.3 mm and a concentration of 890 N/158.99 L
of drilling fluid was commonly used, or alternatively, rounded Ottawa sand grains with a
diameter of 0.8-3.2 mm and a concentration of 445 N/158.99 L of drilling fluid. Patents
reveal numerous solutions regarding the implementation of hydraulic drilling with a liquid
jet, considering various factors.

Requirements for Developing Radial Drilling Technology

When designing hydraulic parameters for radial drilling, the selection of parameters
is based on ensuring:

e  The ability to drill the rock structure using a high-pressure and high-velocity fluid jet
from the nozzle through the front openings,

e  The ability to pull the pressure hose directly to the bottom of the borehole that is
radially drilled due to the openings directed in the opposite direction to the front
nozzles, creating a radial opening.

When selecting hydraulic parameters, it is also important to consider the allowable
operating pressure of the system and the length and diameter of the horizontal section.
Worldwide, various research is being conducted to determine the hydraulic parameters for
radial drilling equipment. The technique of drilling small-diameter holes using hydraulic
fracturing requires a departure from traditional methods of transferring mechanical energy
to the drill bit, such as rotating the drill pipe, torque from the downhole motor, or mechani-
cal impact energy generated directly or indirectly by hydraulic means. Utilizing the energy
of the fluid jet from the drill nozzles allows for the utilization of hydraulic energy, which
was previously not directly utilized, to fracture hard rocks.

3. Construction of a Rotary Drilling Head

The process of rock breaking using the energy of a liquid jet requires the use of a
suitable device to convert the potential energy of the liquid jet into kinetic energy. For this
purpose, a breaking head is used, which is designed to change the static pressure of the
fluid into dynamic pressure. This change is achieved by altering the cross-section of the
outlet channel through which the pumped fluid is released outside the openings of the
drilling rotary nozzle.

Hydpraulic drilling nozzles can be divided into:

Static ones—where the liquid jets and head elements do not rotate,
Rotating ones—if the rotating element generates a field of rotating jets or inter-
nal jet guidance causes swirling, resulting in a swirling motion after leaving the

breaking head.

In addition, the hydraulic drilling nozzle may have an option for mechanical rock
cutting (if it is designed as a rotating structure and equipped with cutting blades on
its rotating element). In this case, the outlet hole arrangement should be designed to
serve as a driving mechanism adapted to generate the torque required for rock cutting
through slicing.

Custom hydraulic rotary drilling nozzles were fabricated based on the authors” own
concept. The heads were subjected to tests of thrust force in atmospheric air and in
conditions of a jet submerged in liquid, as well as to investigate their interaction with
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the drilled rock formation in the form of blocks measuring 300 x 300 x 500 mm. The
tool designs proposed below stem from an analysis of available literature solutions of
patented inventions. Patents reveal static nozzle solutions and solutions with rotating
parts equipped with outlet openings [17,18]. In many solutions, multiple outlet openings
are positioned at appropriate angles relative to the head axis. This results in improved
coverage of the borehole bottom surface during hydraulic fracturing [8,9,19,20]. Rotating
nozzle tools composed of a bearing assembly with dynamic sealing provide more efficient
and effective drilling compared to static heads. The bearing assembly, with a static outer
body, transfers mechanical and hydraulic loads to the rotating shaft [21]. In some solutions,
abrasive material was utilized to enhance the impact force on the bottom of the drilled
hole [22]. For the implementation of the planned testing procedure, a research head
was fabricated in several variants. The openings in the interchangeable tips were made
cylindrical with diameters of 0.4, 0.5, 0.6, 0.7, 0.8, 1.0 and 1.2 mm. The range of jets
flowing out of the openings with different diameters was determined during the tests of
the hydraulic fracturing efficiency of the test head equipped with one central front opening
and six openings made on the side of the cylinder, into which tips with appropriately
calibrated diameters of outlet openings were screwed [15]. Given the jet range obtained
during the tests of the jet flow from openings of varying diameters, the maximum point is
determined along the red line, where the energy of the jet flowing out of the opening allows
for volumetric rock hydraulic fracturing, as shown in Figure 3. Projecting this point onto a
plane parallel to the cross-section of the rotating head in a direction perpendicular to the axis
of the head will allow for the determination of the exit point of the second breaking hole
with a designed outlet diameter d. Re-determining the maximum range of the jet flowing
out of the opening with the designed diameter and its projection onto a plane parallel to the
cross-section perpendicular to the axis of the rotating head will allow for the determination
of the exit point of the third outlet hole of the designed rotating drilling nozzle.

,,,,,,,,,,,,,,,,,,,

Figure 3. Angle of openings, hydraulic radial drilling hole diameter determination scheme, and
an external view of the designed rotary drilling nozzle with its tool face.

The maximum range of the jet flowing out of the designed opening and its projection
onto a plane parallel to the cross-section in a direction perpendicular to the axis of the
rotating head allow for the determination of the effective range of the jet and the radius
from the axis of the rotating head to the diameter of the propagated hole. The design of the
rotary head begins by assuming an angle of inclination of the outlet hole 1 with respect
to the axis of the rotary head and along line A at the chosen angle plotting a line with the
length of the stream reach allowing volumetric mining of the rock equal to 10 cm for a
given diameter of the outlet hole (in our case it is a 0.8 mm diameter hole at a discharge
pressure P = 40 MPa [15]). Then, from a point 10 cm away on line A from the head face,
line B is plotted to the head face parallel to the head axis, determining the location of hole
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2. Assuming the same diameter of the outlet holes, line C is plotted again, coming out of
outlet hole 2 with a length of 10 cm as before. By dropping a point on straight line C with a
length of 10 cm from the head of the rotary head by line D and transferring to the other side
of the head by line E, it is possible to determine the outlet of hole 3 on the head of the rotary
head. Analogously, as before, assuming the diameter of outlet hole 3 is equal to 0.8 mm, a
straight line 10 cm long from the face of the head along line F is determined. From that
point on line F, a line G is plotted, which determines, together with line J by plotting lines
H and I perpendicular to the head axis, the diameter of the borehole made by the hydraulic
rotary head. Considering the above methodology, various rotary tip threads installed at the
end of the rotary drilling nozzle, as shown in Figure 4, were prepared in order to study the
possibility of propagating a hole of sufficient diameter that will allow the rotary drilling
nozzle to move freely into the depths of the hydraulic borehole being drilled.

OTTOl ® 20 97 7 77 1L 0Z 61 8 Lk 9L Sh ¥h €l hilh 0l

Figure 4. The beginning of hydraulic radial drilling using the rotary drilling nozzle (the visible rings
are caused by the rotational movement of the liquid jets flowing from the outlet openings at various
distances between the face tool and the rock).

The geometry of the three cones formed during the initial operation of the test nozzle
is shown in Figure 5 below, where successive cones are visible, overlapping as hydraulic
fracturing progresses.

Figure 5. Designed rotary drilling nozzle during laboratory research tests.

4. Filed Research Tests

To confirm the feasibility of hydraulic drilling with the designed hydraulic rotary
head as shown in Figure 6, a series of laboratory tests were planned, both in atmospheric
pressure conditions and in an environment with a submerged jet in fluid. Additionally,
tests under surrounding pressure conditions ranging from 2 to 12 MPa were also scheduled.
The liquid used in the study was water. Tests were conducted under various temperature
conditions ranging from 1-28 degrees Celsius.
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Figure 6. Diameter of boreholes drilled with a hydraulic rotary head at different rates of penetration
for sample B1 under atmospheric pressure conditions.

Due to the broad scope of the tests conducted, only fragmented results are presented
in this article. The main purpose of the conducted research was to confirm the hydraulic
drilling of rock samples using the designed hydraulic rotary head. Two sandstone blocks
with compressive strengths of Bl = 24.07 MPa and B2 = 49.64 MPa, respectively, and
porosities of 22.41 and 22.21% were subjected to the study. Grain thickness was observed at
the level of 0.2-0.3 mm for sample Bl and 0.05-0.1 mm for sample B2. The research tests
were conducted at a jet pressure of 50 MPa in atmospheric pressure conditions.

Below are shown the inlet holes made in the B2 rock blocks (Figure 7). The measure-
ment of the diameter of the drilled holes in the tested rock blocks involved overlaying
dimensioned photographs with circles closely matching the outlet holes.
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Figure 7. Diameter of boreholes drilled with a hydraulic rotary head at different rates of penetration
for sample B2 under atmospheric pressure conditions.

The comparison of the diameters of the drilled holes in sandstone B2 (Figure 7) using
a rotary drilling head confirms that a decrease in drilling speed results in an increase in
the diameter of the entire drilled hole. This is due to the effective flow time of the fluid jet
working with the rock block. The percentage increase in the penetration rate used in the
tests for the gray sandstone is 12.9%, benefiting drilling at a speed of V =2 mm/s. This is, of
course, dictated by the extended contact time of the fluid jet with the rock formation being
drilled. For sandstone B1 (Figure 6), the increase in the penetration rate when reducing
the drilling speed to V = 2 mm/s is comparable and amounts to 14.3%. The recording of
the parameters during the tests conducted with the developed nozzle at different rates
of penetration is shown in Figure 8 below. As mentioned earlier, the designed hydraulic
radial nozzle will allow for drilling with the use of jet stream energy. The possibility of
rock cutting depends on various parameters. The penetrability of rock samples is directly
proportional to physical and mechanical parameters such as porosity, permeability, and
compressive strength, as well as the type and size of the mutual arrangement of rock grain.
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If a situation arises where the hydraulic drilling nozzle gets stuck at the bottom of the
hole during the drilling process, changing the diameter and angle of the openings on the
tool face of the nozzle, according to Figure 3, will allow a deeper borehole to be drilled.
Before starting the drilling process with a newly designed tool face, it must be preceded by
laboratory tests with a newly developed rotary drilling nozzle.
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Figure 8. The recording of the parameters during the conducted tests at drilling speeds V =2 mm/s
and V=4 mm/s.

5. Conclusions

The liquid jet, which has been given significant velocity as it flows out of the outlet
holes, is directed towards the rock. If the liquid jet, upon contact with the rock, has
sufficiently high energy and creates stress on the rock surface exceeding its breaking
strength, a crater is formed. By multiplying the number of jets exiting the head and
directing them appropriately, a field of craters is created, forming the bottom of a small-to-
medium-sized borehole drilled using the hydraulic fracturing technique. The propagation
of the borehole is possible if the movement of the head leads to the deepening of the craters
formed. This propagation occurs when the reverse openings of the breaking head generate
a thrust force greater than the force pushing the head through the front openings. The
force pushing the head towards the bottom of the hole depends on the perpendicular
projections of the forces on the surface normal to the main axis of the head. The component
forces, however, depend on the jet velocities, fluid density, and cross-sectional areas of the
openings. Drilling operations carried out with a hydraulic rotary drilling nozzle under
atmospheric pressure conditions at drilling speeds of V=2 mm/s and V = 4 mm/s have
shown that drilling proceeds smoothly, as indicated in Figure 8. There was no jamming
of the drilling head during the conducted tests. This indicates a properly designed rotary
drilling head, along with the outlet holes, their diameters, and their inclination relative to
the axis of the designed rotary drilling head.

Taking the above into consideration, it is also necessary to confirm the proposed
methodology for designing the diameter of the outlet holes in the rotary head, as well as
their angle of inclination relative to the axis of the designed rotary heads. The methodology
presented in Figure 3 allows for determining the maximum diameter of the propagated hole.
However, knowledge of the maximum ranges of the fluid jets at the appropriate injection
pressure emanating from the outlet holes of the rotary head with different hole diameters
is essential. The method for determining the range of the fluid jet at which volumetric
hydraulic fracturing of the tested rock formation still occurs is presented in the study [15].
The developed rotary hydraulic nozzle has been thoroughly investigated. Studies in the
environment of a submerged fluid jet and under surrounding pressure conditions have
been described in another forthcoming publication. The future scope of research will focus
on conducting laboratory tests in an environment ranging from 2-12 MPa in a pressure
chamber. The study will demonstrate the correctness of the drill head design used and
identify possible directions for improvement of the designed rotary device.
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Abstract: The use of tag devices in marine environments has become indispensable in attaining a
better understanding of marine life and contributing to conservation efforts. However, the successful
deployment and operation of underwater tags both depend significantly on their hydrodynamic
characteristics, particularly their resistance to motion and stability in various environmental con-
ditions. Herein, a comprehensive study on the hydrodynamic characteristics and optimization of
an underwater tag designed for monitoring blue sharks is presented. Firstly, a validation process
is conducted by comparing the computational fluid dynamics (CFD) results with the experimental
data from Myring’s study, focusing on the resistance characteristics of the tag’s body and the impact
of various operational conditions. Subsequently, the validated CFD model is applied to assess the
hydrodynamic performance of the tag under different flow conditions, velocities, and angles of
attack. Through iterative simulations, including mesh independence studies and boundary condi-
tion adjustments, the study identifies key parameters influencing the tag’s resistance and stability.
Furthermore, the paper proposes and implements design modifications, including the incorporation
of stabilizing fins, aimed at minimizing resistance and improving the tag’s equilibrium position.
The effectiveness of these design enhancements is demonstrated through a comparative analysis of
resistance and pitching moments for both preliminary and optimized tag configurations. Overall,
the study provides valuable insights into the hydrodynamic behavior of underwater tags and offers
practical recommendations for optimizing their design to minimize interference with the movement
of tagged marine animals.

Keywords: tag devices; sharks; CFD; validation; design improvement; hydrodynamic

1. Introduction

Underwater tagging technology plays a crucial role in understanding the behavior and
ecology of marine animals [1-4]. These devices provide researchers with valuable data on
migration patterns, behavior, and ecological interactions [5-8]. Moreover, the data collected
from tag devices contribute to the development of evidence-based conservation policies
and protected marine areas [9-12]. However, their use in marine environments comes with
challenges [13]. Ensuring the welfare of tagged animals, minimizing the environmental
impact of the tags, and addressing data accuracy issues are ongoing considerations in
marine research. To ensure that the acquired data accurately reflect the typical behavior of
the animal and can be generalized for the entire species, it is imperative to guarantee that
the tagging process does not disrupt the animal carrying the tag [14,15]. For this reason,
researchers have dedicated considerable efforts to advancing hydrodynamic tags tailored
for specific applications [16,17].
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Computational fluid dynamics (CFD) offers researchers the ability to analyze com-
plex flow problems with precision in several engineering areas, including aquatic re-
search [18-20]. Nevertheless, it is of great importance to validate the numerical model.
Pan et al. [21] were able to predict within a 5% discrepancy margin, when compared with
experimental results, the force and moment coefficients for a submarine shape inspired
in Myring’s design [22]. Another example was presented by Bartolomeu et al. [23], who
correlated simulated data through CFD with the experimental data gathered in Myring’s
work, towing a torpedo-shaped body through a water tank. Although the presented cases
refer to large-scale bodies when compared to the ones typical of a tagging device and
not necessarily operating in the same range of Reynolds number, one particular paper
presented the results of a laminar flow across a micro autonomous underwater vehicle,
which was 200 mm in length [17]. The authors could find some correlation between the few
experimental data and simulated results. On the other hand, Wang and co-workers [24]
proposed a micro hydropower system to enhance the energy supply for marine animal
telemetry tags, allowing them to collect environmental and biological behavior data during
migrations and dives. The researchers developed a mathematical model for the power
system and validated it through experimental tests. The results showed that the energy
efficiency is minimally influenced by the dive depth and showed to be a highly efficient
method for ultra-high head hydropower generation in marine environments.

Artificial intelligence is another tool that that can help us to have a deeper under-
standing of the underwater world in regard to topics such as species conservation, pollu-
tion monitoring, and sustainable fisheries management [25,26]. This synergy can greatly
improve aquatic monitoring and the exploration of the ocean depths. Furthermore, Al-
powered robots, such as the CUREE robot [25], are an example of that, as they can operate
autonomously, minimizing human interference with marine life.

Despite the efforts made so far, as technology continues to advance, researchers are
exploring innovative solutions to enhance the capabilities of tag devices, while mitigating
potential drawbacks. For instance, blue sharks are one of the most widely spread species
of sharks and also one of the most fished [6]. Although there are a lot of unknowns about
their existence, distribution, and habits, they are considered to be “near threatened” [27-29]
according to the extinction scale. Bearing this in mind, a non-intrusive shark tagging-device
conceptualization was previously developed [30], aiming to not harm the animals and
not disrupt their natural behavior. In the present work, the optimization of this shark
tagging device is presented, highlighting the integration of stabilizing elements such as fins.
CFD simulations were conducted by using Ansys Fluent software, and their validation
was conducted.

2. Materials and Methods
2.1. Geometry and Mesh

The conceptual shape of the tag’s body device is simulated in order to study the effects
of the flow conditions (Figure 1a) [28]. In this way, the flow domain around the tag was
also modelled. To ensure that the full development of the wake would be well captured, a
length downstream of the body of three times its length was kept [23,31]. The domain was
designed with a curved inlet region, allowing for the flexibility of inlet directions.

The next step consisted of discretizing the domain into small elements, forming the
mesh to perform the CFD simulation. In the first stage, the elements forming the faces of
the body were downsized, assuring shape fidelity. Subsequently, the first layers of elements
around the body were refined so that they gradually grow from the body until the free
stream region. This refined region, also known as the inflation layer, allows us to capture
the viscous phenomena inside the boundary layer of the flow. Furthermore, the first layer’s
height is a determinant factor for the y+ mesh value, which is the non-dimensional distance
of this height based on the local fluid velocity. Lastly, the wake region also needs to be
more refined compared to the undisturbed region of the flow, which may be achieved
by implementing a control volume—in this case, a cylinder. These regions are prone to
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the formation of vortices and reverse flow, hence affecting the overall resistance. A mesh

independence study was necessary in order to choose the best domain discretization
(Figure 1b).
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Figure 1. (a) Validated concept. (b) Mesh independency study for the tag concept design. (c) Validated
concept’s mesh.

Figure 1b shows the results obtained with the different meshes, in which it is visible
that mesh 6 yields basically the same results as meshes 7 and 8, having 2 million elements
less than the latter. For this reason, mesh 6 was selected for simulating the different

operational cases. Figure 1c depicts the mesh size along a longitudinal plane, including the
regions of refined mesh (as inserts).

2.2. Governing Equations

The fluid flow around the tag was simulated utilizing a finite volume-based simulation
approach implemented into the Ansys FLUENT R19 software. This solves the three-
dimensional equations for mass (Equation (1)) and momentum (Equation (2)), assuming
conservation for each variable:

Vo =0 €]
V-(p37) = ~Vp+V-(7) @

The fluid was assumed incompressible and turbulent. In turbulent flows, such as
those expected around the tag, chaotic fluctuations in velocity and pressure are verified [32].
In the present work, the k — w SST model was chosen since it not only reveals a better
agreement with the experimental [20] results but is also able to capture the viscous effects
inside the boundary layer opposite to the k — e model [32].
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This is an empirical model based on modelled transport equations for the turbulent
kinetic energy, k, and the specific dissipation rate, w (Equations (3) and (4)):

? BN
aTcl-(Pk”’) = axj<Tkaxj> + G — Y+ 5¢ 3)
d 0 0
g(pa)ui) = M(rwa;> + Gy — Yo +Dy + Sy 4)
i i j

where Gy represents the generation of turbulence kinetic energy due to mean velocity
gradients; G, represents the generation of w; I'v and I represent the effective diffusivity of
k and w, respectively; Y and Y,, represent the dissipation of k and w due to turbulence; D,,
represents the cross-diffusion term; and, finally, Sy and S, are user-defined source terms.

2.3. Boundary Conditions and Fluid Properties

The selected fluid for the simulations was liquid water. However, its density was
adjusted to 1025 kg m 2, and its dynamic viscosity was defined as 0.001518 kgm 1 s~ to
better reflect seawater at a 1000 m depth [33].

To close the differential equations (Equations (1) and (2)), an inlet velocity was assumed
based on the flow direction and magnitude, as well as a pressure outlet on the opposite
wall. Also, the wet surfaces of the tag were defined as walls, and the lateral boundaries
were defined as walls with a free-slip condition to avoid the influence of its viscous effects
on the remaining flow.

The turbulence intensity was set to 0.05%, as recommended by Ansys for free stream
flows. As for the turbulence length scale, it was set to 7% of the bodies” length, which is an
appropriate approximation for a flow across an obstacle [34]. Nonetheless, the turbulence
generated in the shear layers makes the result insensitive to this value.

3. Numerical Model Validation

Before proceeding with the various tests and obtaining the results, a validation of
the numerical model is important. The model was applied to a known geometry whose
accurate experimental results are available in the literature.

3.1. Geometry and Mesh

Amongst all the reviewed works, Myring’s study [22] emerges as a reference for
many designs of underwater vehicles. Moreover, this work is the most detailed in terms of
resistance characterization. As such, the intended flow conditions ought to be implemented,
based on one of his designs, and the model validated through comparison with his results.
The geometry studied by Myring is defined by equations that provide the radius (r) at a
given axial location (x), as described in Equations (5)—(7):

27w
Nose section : r= %D 1— (x . 11) ] (5)
. . 1
Mid-section : r= ED (6)
. . 1 3D tanw 5
Tail section : r==-D— — x—a—Db)"+
2 [2(100—{1—19)2 100—a—b]( ) ”
D . tana , (x—a—b)3
(100 —a —b) (100 —a —b)

where a and b are the nose and mid-section lengths, 1 represents the nose index, and «
represents the tail semi-angle. Although these equations are based on percentage values,
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the output was scaled to match the tag’s desired 300 mm maximum length, assuring, by
this manner, similitude between this case and the tag’s studies. Figure 2a displays the
resultant body, which is based on Myring’s model B.

300 mm

‘ 'J 30mm

@) (b)

Figure 2. (a) Myring’s model B scaled to a length of 300 mm. (b) Section view of the flow domain
used for validation of the model.

As mentioned before in the tag case, the flow domain was also modelled. Figure 2b
represents a longitudinal cross-section view the flow domain used, and the same boundary
conditions are illustrated.

Although the flow conditions are the same as in the tag case, since the geometry changed,
it was required to perform a new mesh independency study to find the ideal compromise
between the number of elements—hence, the computational time—and the accuracy in
resistance prediction. The rationale behind the process remained the same, and convergence,
based on the number of cells, was searched for the resistance and pitching moment.

Figure 3a represents the mesh independency in the study of the drag force performed
for the Myring’s shape at 1 m s~! and an angle of attack of zero degrees. Studying this
diagram, it is possible to conclude that the last three meshes provide approximately the
same results. As such, it was decided, for computational economic purposes, to use the
one with fewer elements to proceed with the validation study. In Figure 3b, it is possible to
visualize the selected mesh.

0.12

—+—Resistance
FACE SIZING

STANDARD.
01 _‘_/_\+ - Pressure Resistance
Viscous Resistance
0.08
L ATIONLAYER 2ND WAKE 3RD WAKE
z REFINEMENT REFINEMENT
& 006
=3
Q +_ ’
1ST WAKE REFINEMENT
0.04
0.02
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
NUMBER OF ELEMENTS MILLIONS
(a) (b)

Figure 3. (a) Mesh independency study and (b) final mesh for Myring’s shape case study.

3.2. Validation Results

Once the mesh was defined, a set of computations were run. For each one, the flow
velocity was varied—consequently, the flow Reynolds number. To enable comparability of
the results, the tested range comprehends the expected real-world conditions of the tag.

The output results were the forces acting on the body. For all simulated scenarios, a
major contribution of the skin friction resistance was verified, which always represented
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RESISTANCE COEFFICIENT

more than 90% of the total resistance. As such, the resistance coefficient was plotted against
Myring’s own results [22] based on the wet surface area, displayed in Figure 4a.
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Figure 4. (a) Comparison of CFD resistance coefficient results with Myring’s results. (b) Comparison
of CFD skin-friction coefficients with analytical models [35-37]. (c¢) Comparison of CFD results with
viscous resistance models.

A good agreement may be found with the experimental data obtained by Myring
across all the Reynolds numbers. Figure 4b depicts this comparison, and good agreement
with the Schultz-Grunow model was observed. This is of great significance for the present
study since this is the only model that is suitable for the given range of Reynolds numbers.

To close the validation process, based on the Schultz-Grunow model, the three analyti-
cal models of total resistance and the ITTC line were also compared with the CFD results,
as displayed in Figure 4c.

The computational results are in good agreement with the viscous models (from the
Massachusetts Institute of Technology—MIT and Virginia Tech, Blacksburg, VA, USA),
except for the ITTC (International Towing Tank Conference) line, which revealed poor
agreement. This fact may result from the verified transitional Reynolds, for which this line
tends to emulate laminar flow. As such, the model was successfully validated; consequently,
the same process ought to be applied to the designed tag.

4. Results and Discussion
4.1. Motion and Drag

As the present study intended to evaluate the effect of the attached tag on the shark,
it was important to predict and minimize the resulting forces on the animal for several
operative scenarios. These, ought to represent the common and critical volitional behaviors
of blue sharks and, consequently, the conditions in which the tag will operate during its
active periods. Simulations were run for 36 different scenarios, with velocities ranging
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between 0.5 and 4 m s~ !; and angles of attack of 0, £5, £15, £30, and +45 degrees, aiming
to generate enough data to interpolate most situations that the tag would face.

Every case ran through one thousand iterations, and this decision was found to be
sufficient for convergence (residuals were below 10~%) of every case tested. In all scenarios,
the forces and moments in the three-orthogonal axis, exerted exclusively by the flow on the
tag, were obtained. The results are summarized in Figure 5a,b, and their careful analysis
allows us to form some preliminary conclusions.
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Figure 5. (a) Forces imposed on the concept’s body by the flow. (b) Moments imposed on the
concept’s body by the flow.

In the present state of concept maturation, it is noticeable that the tag’s body was
hydrodynamically unstable. In fact, as the moments for any of the given angles are negative,
the tag always tends to pitch up. Although no cases where the angle of attack exceeds
45 degrees were simulated, it is predictable that the tag’s equilibrium in pitch would reside
at higher angles of attack. This, in turn, would reflect in higher drag and consequently
stronger pulling forces for the shark towing it. It is also possible to note that the resistance
imposed on the motion is highly dependent on the angle of attack, being smaller at lower
angles of attack.

To better understand the origin of the resistance, it was important to identify which
are its main contributors. The calculated resistance was decomposed by the contributions
of the different sections of the domain. These results for the simulation of 4 m s~! at a
0° angle of attack are illustrated by the diagram in Figure 6, which also shows the flow’s
velocity around the profile of the concept.

Evident on the pie chart displayed is the preponderance of the resistance induced by
the shark’s body. However, it is important to note that this simulation does not account
for the interaction flow-solid. As such, it does not account for the eventual bending
of this antenna in the direction of the flow, which would surely decrease its resistance.
Consequently, one may assume that these results represent very conservative estimates
for resistance.

Nevertheless, a comparison between these results and those obtained for the resistance
of a blue shark swimming at zero-degree angle of attack was performed. This comparison
was performed while assuming the concept will be eventually stable for angles of attack
between —15 and 15 degrees. Table 1 presents this comparison. (The resistance values
for the shark were granted by CEiiA. A second-degree interpolation to these results was
used to extrapolate the values of resistance for the same velocities at which the concept
was tested.)
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Figure 6. Resistance breakdown and velocity contours of final concept at 2 m s~! and 0° angle.

Table 1. Influence of concept’s body on shark’s resistance.

i
0.00 x 10° -

Velocit Shark —15° Angle of Attack —5° Angle of Attack 0° Angle of Attack 5° Angle of Attack 15° Angle of Attack
elocity .
Resistance Resistance ~ Variation  Resistance = Variation  Resistance Variation  Resistance Variation  Resistance  Variation
ms! N N % N % N % N % N %
0.5 0.8 0.3 36 0.2 25 0.2 25 0.2 25 0.3 36
1.0 5.3 1.1 21 0.8 14 0.7 14 0.8 14 1.1 20
2.0 232 4.2 18 29 13 2.8 12 29 12 4.0 17
4.0 98.4 16.1 17 11.0 12 10.7 11 10.8 11 15.6 16

It was important to note that, at high velocities, the impact of the concept’s resistance
represents less than 20% of the shark’s own resistance. Despite the simplifications imposed
on the simulations, these are very good indicative values, within the range reported by
other researchers Hazekamp et al. [15], highlighting the potential of this design.

4.2. Assessment of the Operation Attitude

As mentioned, for each one of the scenarios simulated, the forces in the x, y, and z
directions, exerted by the flow on the tag, were derived, as well as the moments with respect
to its center of mass. These data were then used to determine the static load conditions that
the tag was subject to in each one of the situations by balances of force and moment.

These static conditions were all built in a spreadsheet based on variable coordinates
for the attachment point relative to the tags referential. These coordinates, together with
the ones of the buoyancy center, were rotated according to the tag’s angle of attack. This
condition tries to duplicate the situation where the shark moves at constant speed and
depth in an approximately straight line, as shown in Figure 7.

@ Centre of buoyancy
@ attachment point

@ Centre of mass

(@) (b)

Figure 7. (a) Simulated phenomenon. (b) Forces applied to the tag at a 15° angle of attack (not to scale).
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Figure 7b displays, in the grey color, the relative positions of these points for all
scenarios simulated, as well as the schematics of forces acting on the body. The net force on
the x-axis may be estimated by Equation (8):

- = —
Y Ee= Friw x(Usa) ®)

The resultant force on the z-axis is given by Equation (9):

- = - - -
Y F=Fc+ Fs+ Froz(Ua) ©)

And the resultant pitching moment around the CG is determined by Equation (10):

- -
ZMy = Mpiow—y(U; &) + Fp(xcp(a) — Xcg)
- -
+ZFZ(xAttachment - xCG) + ZFX (ZAttachment - ZCG)

where xcp, Xxcg, and X Apacnment represent the x coordinates of the center of buoyancy,
center of mass, and attachment point; similarly, z asachment refers to the z coordinate of the
attachment point.

Interpolating these results allowed us to determine the natural attitude of this tag
configuration by finding the angle at which the pitch moment is null. The direction and
magnitude of the force affecting the shark were also determined by the net force on the
tag’s attachment point. The resultant force and pitch moments based on the angle of attack
and velocity are plotted, respectively, in Figure 8a,b.
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Figure 8. (a) Resistance on validated concept based on flow velocity and angle of attack. (b) Pitching
moments verified on validated concept based on flow velocity and angle of attack.

A detailed understanding of the computational data is of the highest importance
when taking the design optimization process to a higher level. We observed that minimum
resistance occurs at zero degrees of pitch angle, and one may conclude that this is the ideal
operative condition. As such, consulting the pitch-moment diagram at a zero-degree attack
angle allows us to determine the necessary counter-moment on the tag’s shape to make
this its natural position.

It is also possible to make use of the resultant force angle to adjust the tether’s length to

avoid contact with the shark’s body and maximize surfacing opportunities at a given depth.

106



Inventions 2024, 9, 48

5. Improved Design
5.1. Design of Stabilizing Elements

As determined in the previous section, the angle of attack that offers less resistance to
the motion of the tag is at zero degrees. As such, to ensure minimal effort variation from
the shark carrying the tag, it is important to pursue ways of making this angle of attack
coincide with its equilibrium position.

Several approaches could have been taken, for instance, at a high velocity. Since the
natural tendency of the tag is to pitch up at about twenty degrees, one could have increased
or moved weight forward. However, this would disturb the static stability. Another
alternative would be adjusting the attachment point in search of a better suiting equilibrium
moment. This method is simple and convenient, and it may result in some improvements
depending on the body’s shape. For the present work, shifting the attachment point 25 mm
forward in the longitudinal axis allowed a correction of roughly five degrees. However, it
would hardly be enough to ensure the ideal condition of a zero-degree angle of attack.

Hence, the need arises for the use of stabilizing elements such as fins. The physical
principle behind these elements is based on the use of surface areas, in strategic points and
orientations, so that the forces acting on them due to the external flow balance, in a swift
manner, the moments of the body.

As aforementioned, fins generate corrective moments on the tag’s body through the
lift forces exerted by incoming flows. The degree of complexity of these elements may vary
depending on their purpose. However, for the present application, simplicity and ease of
manufacture were the guidelines for their design. As such, the design would consist of flat
plates with the required surface area to generate the counter moment needed.

Analyzing the simulated results, it is possible to conclude that for the worst-case
scenario, at 4 m s, the desired counter-moment was approximately 1.8 Nm. To generate
the desired lift, the fins had to be placed in the rear of the tag. Taking a conservative
approach, the generated forces were considered to act at the minimum distance between
the center of mass and the fins. This distance was calculated while assuming that a 20 mm
length of the fin was inserted in the tag’s body to provide proper support, resulting in a
144 mm arm. Figure 9a illustrates this concept.

ARM

20 mm 144 mm
T

(@) (b)

Figure 9. (a) Acting point of the lift force generated by the stabilizing elements. (b) Stabilizing
elements of the tag.

Knowing the desired moment, M5, and the arm, Ax, of the lift force, it is possible to

—
determine the required magnitude of the lift force, F;f, by Equation (11):

- -
MEins = FLl-ftAx = FLift =125N (11)

Since the design is based on a flat plate, which only produces lift at a non-null angle of
attack, «, a maximum desirable angle of pitch between 44 degrees was established. Within
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this range, according to [38], the lift coefficient, Cy; s for a flat plate may be estimated by
Equation (12):
Cpift = 2msin(a) ~ 0.44 (12)

Inputting this information into the dimensionless lift force equation [39], the required
surface area (S) to correct the pitching moment is obtained using Equation (13):

—

F .
CLpt = — L & 5=346x 10 m? (13)

05p1 S

Using this value as a reference, horizontal fins were designed. Their design was
inspired by conventional torpedo fins. At this stage, smaller fins were also inserted verti-
cally to make the tag more agile in following the shark’s direction changes. Both fins are
represented in Figure 9b, assembled with the tag. Once these components were modelled
and assembled in the tag, it was important to reiterate across the hydrodynamic assessment
process to verify the intended changes.

5.2. Improved Tag Concept

Having designed and sized the stabilizing elements, a new series of simulations was
run to verify the tag’s hydrodynamic enhancements. The same procedure was used as the
one for the preliminary design. The mesh created for the fins” surfaces and its inflation layer
was similar to the one of the main sections of the body. Figure 10 displays the flow domain.

Figure 10. Tag final concept flow domain.

It was found that, as desired, the natural equilibrium position is now at a smaller angle
of attack for all the studied velocities. For instance, at 4 m s~ !, the worst case considered,
this angle decreased from about 20 to only 5 degrees. Figure 11a contains a diagram that
compares the resistance and pitch moment on both designs, with and without fins, at
4 m s~L. The results for the drag force show a minimum angle of attack of 0°. Experimental
data measured by Bartolomeu [23] shows a similar behavior for axisymmetric shapes
with a high length/diameter ratio. As the ratio L/D decreases, the U shape (due to the
symmetry of the shape) of this relationship becomes less evident. Also, the moment shows
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Figure 11. (a) Comparison of y-moment and resistance for preliminary and optimized design at
4 m s~L. (b) Pitching moment variation with velocity and angle of attack. (c) Low-velocity pitch
equilibrium and resistance.

As expected, an overall higher resistance was verified in the model equipped with fins,
especially for higher attack angles. However, the resistance at the equilibrium position of this
model is approximately half of the one verified case in which the fins were not included. By
shifting the tendency of the tag to remain at about 5 instead of the original 20 degrees, the
associated motion resistance stands to be about 14 N instead of the initial 28 N. Moreover,
including the stabilizers, a pitching moment that progresses much more smoothly through
the variation of attack angles was obtained. This, in practice, is expected to translate into
an easier learning process to adapt the animal’s swimming technique to the added effort of
carrying the tag. Pan et al. [21] numerically investigated the influence of the angle of attack on
the moment acting on the submarine-shaped underwater vehicle. The authors show a nearly
linear influence of the angle of attack, as observed in the present study (Figure 11a).

Although ensuring that critical scenarios are optimized, such as high-velocity motion,
attention must also be paid to scenarios at the remaining range of expected velocities.

In Figure 11b, a two-variable surface plot allows us to roughly interpolate pitching
moments between all studied cases. Careful inspection of this plot shows that the intersec-
tion line between the darkest blue and grey areas represents the equilibrium conditions
for pitch angle. Through this line, one may see that between 1 and 4 m s~1, the tag will
naturally pitch to an angle of attack between +5 degrees, assuring in such a way small
resistance to its motion.
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However, for lower velocities, this does not remain the case. At these smaller velocities,
the tag tends to pitch at a very negative angle, as displayed in the diagram Figure 11c
for 0.5 ms~!. In the same plot, it is possible to contrast the pitching moment with the
respective resistance, which leads to the conclusion that for this velocity a decrease in pitch
represents a decrease in resistance.

6. Conclusions

With technological advancement, the continued refinement of tag devices promises to
deepen our understanding of marine ecosystems and contribute to the sustainable manage-
ment of ocean resources. In this regard, CFD has played a pivotal role in understanding
and simulating complex fluid flow phenomena.

Herein, the integration of CFD with empirical data and innovative design approaches
has allowed for the development of a more efficient and environmentally friendly tagging
device. The addition of stabilizing fins has been shown to drastically reduce the tag’s
resistance and pitching moments, enabling it to maintain equilibrium at shallow angles of
attack across a wide range of velocities. This not only enhances the device’s performance
but also minimizes its impact on the natural behavior of blue sharks during tagging
operations.

For the initial design, the VHF transmitter’s antenna is the main source of drag, adding
up to 20% to the shark’s own drag. The skin friction resulted in a negative moment that
pitches up the tag, increasing the drag. This phenomenon increases with velocity.

In order to maintain the tag attitude at minimum drag (0°), balancing fins (with a
34.6 cm? area) were added to the tag. This feature enables the operation at an equilibrium
attitude that reduces the drag.
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Abstract: The entrance in the Sulina channel in the Black Sea is the target area of this study. This
represents the southern gate of the seventh Pan-European transport corridor, and it is usually sub-
jected to high navigation traffic. The main objective of the work is to provide a more comprehensive
picture concerning the past and future expected dynamics of the environmental matrix in this coastal
area, including especially the extreme wind and wave conditions in connection with the possible
navigation risks. The methodology considered assumes analyses performed at three different levels.
First, an analysis of some in situ measurements at the zero-kilometer point of the Danube is carried
out for the 15-year period of 2009-2023. Together with the maximum wind speed and the maximum
value of the wind gusts, the water level variation was analyzed at this point. As a second step,
the analysis is based on wind speed data provided by regional climate models. Two periods, each
spanning 30 years, are considered. These are the recent past (1976-2005), when comparisons with
ERADS reanalysis data were also performed, and the near future (2041-2070), when two different
models and three climate scenarios were considered. The focus was on the extreme wind speed
values, performing comparisons between the past and future expected extreme winds. Finally, the
third analysis is related to the wave conditions. Thus, using as a forcing factor each of the wind fields
that was previously analyzed, simulations employing a spectral wave model were carried out. The
wave modeling system was focused using three different computational domains with increasing
resolution towards the target area, and the nearshore wave conditions were evaluated. The results
show that both the extreme wind and wave conditions are expected to slightly increase in the future.
Especially in the wintertime, strong wind fields are often expected in this area, with wind gusts
exceeding more than 70% of the hourly average wind velocity. With regard to the waves, due to the
complex nearshore phenomena, considerable enhancements in terms of significant wave heights
are induced, and there is also an elevated risk of the occurrence of rogue waves. This work is still
ongoing, and taking into account the high navigation risks highlighted, the next step would be to
elaborate the risk assessment of severe shipping conditions, particularly related to the likelihood
or probability of adverse conditions with the potential of generating hazardous situations in this
coastal environment.

Keywords: Sulina channel; Danube mouths; Black Sea; navigation hazards; historical data; climate

scenarios; atmospheric models; wave model simulations

1. Introduction

The dynamics of the last decades indicate that climate changes affect most natural
systems in a significant way, and this especially concerns the global warming phenomena
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associated with higher temperature variations [1]. Furthermore, various climate scenarios
(see, for example, [2,3]) indicate that a negative impact of climate change is expected
in almost all regions of the world, inducing a visible enhancement in the intensity and
frequency of the extreme events [4]. Coastal environments are more sensitive to such
extreme events [5]. They represent the interface between land and water. On the other
hand, the wind is usually stronger in the marine environment [6]. That is why its impact
on the land located in the vicinity of the sea is usually higher.

The objective of the present work is to provide a more comprehensive picture con-
cerning the expected dynamics of the extreme wind and wave conditions at the mouths of
the Danube River in the Black Sea in connection with the navigation hazards. The focus
is on the entrance to the Sulina channel, which represents the main navigation exit from
the Danube to the Black Sea [7], being at the same time the southern gate of the seventh
Pan-European transportation corridor linking the Black Sea to the North Sea via the Rhine-
Main-Danube navigation system (inaugurated in 1992) [8]. The location of the target area
in the Black Sea is illustrated in Figure 1. Since this represents the main southern entrance to
the largest European inland navigation system, it is subjected to high navigation traffic [9].
Furthermore, for a distance of about 170 km, from Sulina at the Black Sea (considered the
zero-kilometer point of the Danube) and up to the Romanian port of Braila (kilometer
170), the so-called Maritime Danube extends. The Danube is also navigable by maritime
ships [10], while river ships can navigate upstream to Ulm in Germany [11]. Moreover,
since the beginning of the war in Ukraine in February 2022, this traffic was significantly
increased [12], with the Danube being an alternative and more secure route for the cereals
and other goods exported by Ukraine.

Figure 1. The Black Sea and the main target area (the entrance to the Sulina channel). Figure processed
from Google Earth.

The Danube also represents the most important water resource for the Black Sea [13],
and the river outflow generates relatively strong currents in the coastal environment
neighboring the deltaic zone. The Danube Delta, which is the largest in Europe [14], is
delimited by the three principal branches of the river, Chilia, Sulina, and Saint George [15].
In this area, especially in spring, there are often risks of floods [16,17]. The wind and
wave climate are characterized by relatively high-energy conditions [18], and extreme
storms also occur with a certain frequency in this nearshore [19]. Furthermore, the waves
are often increased at the mouths of the Danube by the wave-current interactions that
occur between the incoming waves and the coastal currents induced by the river discharge
into the sea [20]. Taking into account the complexity of this coastal environment and the
associated processes [21], the relatively high frequency of severe weather conditions, the
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high navigation traffic, and the proximity of an ongoing war, various studies (see, for
example, [22]) indicate that this area is subjected to high risks from the point of view of
navigation hazards.

In this context, an analysis of the characteristics of the environmental matrix and its
expected dynamics in the coastal area at the mouths of the Danube River, and especially
at the entrance to the Sulina channel, is made in the present work. This analysis includes
some in situ measurements for the wind and water level, reanalysis of wind data from the
European Centre for Medium-Range Weather Forecasts (ECMWF), and projections of the
future expected wind fields provided by regional climate models (RCMs) under various
RCP (representative concentration pathway) and SSP (shared socioeconomic pathway)
scenarios. Furthermore, an analysis of the wave conditions is also made by performing
simulations over the entire basin of the sea using the SWAN (acronym from Simulating
WAves Nearshore) spectral model [23] and focusing the modeling system with higher-
resolution domains on the coastal environment at the mouths of the Danube River.

The present work can be considered as both actual and important because it provides
reliable information concerning the navigation conditions and the associated risks in a
coastal area with a high strategic and economic importance. At the same time, the proposed
work has many elements of novelty. Thus, together with the past wind and wave conditions,
the future expected wind and wave climate is assessed considering various climate models
and scenarios. Another element of novelty is related to the probabilistic evaluation of the
conditions when, due to the wave—current interactions, rogue waves may occur at the
mouths of the Danube River.

2. Materials and Methods
2.1. In Situ Measurements

The bathymetric map of the target area considered in the present study is illustrated
in Figure 2. Based on the information presented in references [24-26], the average currents
generated by the Danube River outflow in the Black Sea are also represented on the map.
Two types of data were available for the analysis, which was performed for the 15-year
time interval of 2009-2023.

Latitude
o
o

29.6 29.7 298 299 30 30.1 30.2
Longitude

Figure 2. The bathymetric map of the coastal area at the Danube’s mouths and the position of the
three reference points considered. The coastal currents induced by the river outflow, estimated
according to references [24-26], are also represented with red arrows.
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The first parameter analyzed is the water level. These values resulted from daily
measurements [12] at the entrance to the Sulina channel. The water level is considered
as the elevation of the free surface of the Danube relative to a specified vertical datum
and refers to the difference in centimeters between the sampling point” vertical datum in
reference to a standard Black Sea elevation datum. The wind measurements, with data
provided by reference [27], represent the second parameter analyzed. This includes the
wind speed provided with a one-hour time step and the corresponding maximum speed of
the wind gusts. The average wind direction is also provided by the data analyzed. Both the
water level and wind measurements correspond to the zero-kilometer point of the Danube,
denoted in Figure 2 as RPO (reference point zero).

2.2. Wind Model Data Considered

The next analysis is based on the data coming from the wind models. These are carried
out in two different locations, reference point 1 (RP1), which is offshore the Sulina channel
with the coordinates (30.18° E, 45.12° N), and reference point 2 (RP2), which is offshore the
Saint George arm of the Danube with the coordinates (30.01° E, 44.82° N). The first analysis
of the wind climate relates to the hindcast period of 30 years (the interval of 1976-2005).
The ERA5 database is considered for this analysis. This is a relatively new reanalysis wind
product, being an upgrade of the former ERA-Interim [28]. These data start in 1950 and end
five days behind the current time. They are provided in the public domain by the European
Centre for Medium-Range Weather Forecasts, which is the most recent and one of the most
reliable global atmospheric reanalysis databases. The resolution of the ERA5 wind data
is 0.25° x 0.25° in the geographical space, and the time step is one hour. For each hour, it
gives wind and atmospheric pressure fields that are consistent with the previous evolution
of the parameters modelled. In the present work, the wind speed at a 10 m height above
the sea level is considered for the analysis, with a 3 h time step.

The second 30-year time period taken into account for analysis considering various
climate scenarios (RCP4.5, RCP8.5, and SSP5-8.5) and atmospheric models is 2041-2070. The
first wind field considered is that given by the regional climate atmospheric model version
4 (RCA4) provided by the Rossby Centre of the Swedish Meteorological and Hydrological
Institute (SMHI) [29]. This regional climate model is driven by the global climate model
(GCM), MPI-M-MPI-ESM-LR [30]. MPI-M means the Max Planck Institute for Meteorology,
while MPI-ESM indicates the Max-Planck-Institute Earth System Model, and LR is low
resolution. These data are made available in the public domain via the COPERNICUS
database [31]. A second RCM considered is ALADIN (versions 6 for RCPs and 6x for
SSP5-8.5) [32]. ALADIN stands for Aire Limitée Adaptation dynamique Développement
International and is a regional climate model forced by the global atmospheric model GCM
CNRM-CMS5 (Centre National de Recherches Météorologiques), which is an Earth system
model that is designed to run climate simulations. This GCM comprises the ARPEGE
Climate Model [33]. ARPEGE is run by Météo-France and is the acronym from Action de
Recherche Petite Echelle Grande Echelle, with the meaning of a research project on small
and large scales. With regard to the SSP climate scenarios, the data considered come from
the fully coupled regional climate system model CNRM-RCSM6/ALADIN [34,35] (where
RCSM is the acronym for regional climate system model). In addition to the analysis of the
data for the 30-year future time period (2041-2070), comparisons were performed with the
ERAD5 data for the past. Taking into account the availability of the data from the climate
wind models, which is different for the SSP scenarios than the data for the RCP scenarios,
the 30-year time interval (1979-2008) was considered for SSP, while for RCP (either 4.5 or
8.5) the initial 30-year time interval (1976-2005) was kept.

2.3. Wave Model Simulations

The third-generation phase-averaged model SWAN [23] is considered in the present
work to predict the wave conditions. This was implemented and validated against satellite
data and in situ measurements in the entire basin of the Black Sea, and further on, it was
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focused considering a higher-resolution domain on the coastal area at the mouths of the
Danube. This wave model is based on the spectrum concept and solves an advection-type
equation in five dimensions (time, geographical, and spectral spaces) [36,37]. As in most
of the spectral wave models, the spectrum considered is the action density spectrum (N)
and not the energy density spectrum. This is because in the presence of the currents, the
action density is conserved while the energy density is not. The action density is equal to
the energy density (E) divided by the relative frequency (¢). Although SWAN was initially
designed mainly for the nearshore areas, during this time, the model was developed
in a significant way, and now it can also be successfully used on sub-oceanic and even
oceanic scales, having performances comparable with standard wave models such as WAM
(Wave Model) [38] or WW3 (Wave Watch 3) [39], which are designed for large scales. With
regard to the sub-oceanic scales, SWAN becomes one of the most appropriate models, since
one single model can be focused from large-scale generation to high-resolution domains
via various computational levels. From this perspective, SWAN may be considered at
this moment to be the most effective and reliable numerical model for predicting wave
conditions and climate in an enclosed sea basin such as the Black Sea [40].

The advection-type equation considered in the SWAN model has the following general

expression:
oN J . 9 S
For larger-scale applications, the spherical coordinates, longitude (1), and latitude (¢)

are considered, and the operator (V) has the following expression:

J : 1

Jd .
VSph(z\]) = ﬁ/\N-f— ¢N, 2)

cos @ 9¢
For coastal applications, the Cartesian coordinates (x) and (y) are more appropriate,
and in this case, the operator (V) becomes:

Veart(N) = %XN—F E;;]/N/ 3)
The left side of Equation (1) represents the kinematic part, and it indicates the prop-
agation of the wave action in time, geographical, and spectral spaces. Some relevant
phenomena such as wave diffraction or refraction are also included. The source (S) is
expressed on the right hand side as the energy density components. Three components
are more relevant in deep water. They correspond to the atmospheric input, dissipation
by whitecapping, and nonlinear quadruplet interactions. In shallow and intermediate
water, additional terms are included. They correspond especially to the finite depth effects
and comprise phenomena such as depth-induced wave breaking, bottom friction, or triad
nonlinear wave-wave interactions. Thus, the expression of the source term is as follows:

S = Sin + Sy + Saiss + Sya 4)

Such a SWAN-based wave prediction system was previously implemented in the
basin of the Black Sea and focused on its western coast, considering various computational
levels [41,42]. Table 1 presents the characteristics of the three computational domains con-
sidered in the present work. The first domain, defined in spherical coordinates (longitude
and latitude, AA and Ag), corresponds to the entire basin of the Black Sea (illustrated in
Figures 1 and 2). The second computational domain, defined also in spherical coordinates,
is focused on the coastal area at the mouths of the Danube River and the corresponding
geographical space. This is illustrated in Figure 2. Finally, a higher-resolution domain fo-
cused only on the Sulina channel was defined in Cartesian coordinates. The corresponding
geographical space is illustrated in Figure 1.

Table 1 indicates the resolution in the geographical space (AA and A, measured
in degrees for spherical coordinates and Ax and Ay, measured in meters for Cartesian
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coordinates), where At is the time resolution in minutes, nf is the number of frequencies
considered in the spectral space, n6 is number of directions, ngA (or ngx) is the number
of grid points along the longitude (or x-axis), nge (or ngy) is the number of grid points
along the latitude (or y-axis, respectively), and np is total number of grid points. As it is
known, in the case of the structured grids, the computational domain corresponding to
the geographical space is discretized with a constant spatial step. This may, however, be
different between the x and y axes, or between the longitude and latitude for the case of
the spherical coordinates. On the other hand, the spectral space is defined by the number
of frequencies (nf) having a logarithmic distribution and the number of directions (10)
that are equally distributed. This means that the directional step considered in these
simulations is constant (Af = 10°), while the step in the frequency space (Af) is variable. It
must also be highlighted at this point that, in the case of the larger geographical spaces,
the spherical coordinates and the non-stationary mode are more reliable, while for the
high-resolution computational domains, the Cartesian coordinates and stationary mode
are usually considered to be more effective.

Table 1. Characteristics of the computational domains defined for the SWAN model simulations
focused on the coastal area at the mouths of the Danube in the Black Sea.

Spherical Domains AX X Ap At (min) nf no ngA x nge = np
Sph1—Black Sea 0.08° x 0.08° 10 non-stat 24 36 176 x 76 = 13,376

Sph2—Danube mouths 0.01° x 0.01° 10 non-stat 24 36 71 x 61 = 4331

Cartesian Domain Ax XAy (m) At (min) nf no ngx X ngy =np
Cart—Sulina 50 x 50 60 stat 30 36 135 x 216 = 29,160

The physical processes activated in the SWAN simulations, corresponding to each
of the three computational domains considered in the present work are presented in
Table 2. In this table, Wave indicates the wave forcing, Wind indicates the wind forcing, Td
indicates the tide forcing, Curr indicates the current field input, Gen indicates generation
by wind, Wcap indicates the whitecapping process, Quad is the quadruplet nonlinear
interactions (interactions between four waves that usually occur in deep water), Tri is the
triad nonlinear interactions (reflecting the interactions between three waves, which are
usually characteristic to intermediate and shallow water), Dif is the diffraction process,
Bfr is the bottom friction, Set up is the wave-induced set up, and Br is the depth-induced
wave breaking.

Table 2. Physical processes activated in the SWAN simulations, corresponding to the eight defined
computational domains. X—process activated, 0—process inactivated.

Input/Process
Wave Wind  Tide Curr Gen Wcap Quad Triad Diffr Bfric SetUp Br
Domains
Sphl 0 X 0 0 X X X 0 0 X 0 X
Sph2 X X 0 X X X X X 0 X 0 X
Cart X X 0 X X X X X X X X X

Previous calibrations and validations were carried out to assess the reliability and
performance of this wave prediction system in the Black Sea, indicating that the SWAN
results are in general reliable for both average energy and storm conditions. For example,
in reference [43], comparisons against satellite data were performed for the 20-year period
of 1997-2016. In terms of significant wave heights (Hs), the following values resulted for the
main statistical parameters: Bias = 0.05 m, RMSE = 0.38 m, SI = 0.36, R = 0.87, and S = 0.99.
The parameters above presented are Bias, root mean square error (RMSE), scatter index
(SI), correlation coefficient (R), and the regression slope (S), all of them being computed
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according to their standard definitions, as given below, where X; represents the measured
value, Y; is the simulated value, and 7 is the number of observations:

v LiaXi "X - nox )2

Xed = X = % Bias — Tt X =YD paop Z:l(le) )
n o > o i 7,1 2

SI = RNNISE, r— i=1 (XL X)(Y; Y)N 5= % ©
X (T (X = X)20, (Yi = Y)?)2 Yt Xi

It has to be highlighted at this point that the values of the statistical parameters Bias,
RMSE, and SI are better when they are smaller, while the correlation coefficient and the
regression slope are considered to be better when they are closer to the unity. In the case
of the waves with significant wave heights higher than 3 m (associated with the storm
conditions), for the 20-year time interval considered, the following values resulted for
the main statistical parameters: Bias = —0.07 m, RMSE = 0.47 m, SI = 0.21, R = 0.78, and
S = 1.05. Furthermore, the simulation results also indicate that, in the Black Sea basin, the
storm waves represent about 2% of the total. These statistical results can be considered as
reasonably accurate, and they give a good degree of credibility to the analyses related to the
past and future storm conditions in the Black Sea, which are presented next. Furthermore,
an assimilation scheme of the satellite data, based on an optimal interpolation approach,
has been implemented [44], improving the statistical results in relative terms (Bias 57%,
RMSE 17%, 51 20%, R 3%, and S 1%). It should also be highlighted that the above results
were performed when the wave modeling system was forced with ERA5 reanalysis data,
while for the future wave projections, RCM wind data have been used [45], considering
SWAN version 41.31AB.

3. Results
3.1. Analysis of the In Situ Measurements

An analysis of some in situ measurements performed at the entrance to the Sulina
channel (denoted in Figure 1 as RP0) is performed next for the 15-year time interval of
2009-2023. The first parameter considered is the water level. Figure 3 illustrates the
variations in the water level at the entrance to the Sulina channel (RP0). The data processed
present the results of the daily measurements carried out for the 15-year time interval of
2009-2023. The results show that the maximum value of the water level measured during
this time interval was 125 cm, the minimum was 13 cm, and the average value was 71.6 cm.

Water level (cm)

1 | 1 L I
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 6500

Day (day 1 corresponds to 1.01.2009)

Figure 3. Variations in the water level at the entrance to the Sulina channel (RP0). Results of the daily
measurements carried out for the 15-year time interval of 2009-2023.
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The next analysis relates the wind speed measured at the same reference point (RP0).
The data processed provides the hourly values of the wind speed (Uw), the maximum value
of the wind gust (Uwg) registered in the respective hour, and the mean wind direction.
Thus, Figure 4 presents the wind roses for the two parameters, Uw and Uwg. Figure 5
illustrates the annual maximum series (bars) for both wind parameters considered (Uw
and Uwg), corresponding to the 15-year time interval considered. In this figure, the linear
regression (indicating the trend) is also illustrated. A trend line, or the line of best fit [46], is
given by the following relationship:

Yy =sx+m, (7)

where x is the independent variable, y is the dependent variable, s is the slope of the line,
and m is the y-intercept. The regression parameters (s and ) are computed based on the
following relationships:

T (D)
= . s
Y (xi —x)

m=7y—sx )

®)

whith 7 the number of years for which the maximum annual values were calculated (in the
present case, 15 years), x is the independent variable represented by each year and y is the
dependent variable indicating the maximum value corresponding to each year.
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Figure 4. Wind roses corresponding to the 15-year time interval of 2009-2023. (a) Uw—hourly
averaged values of the wind speed; (b) Uwg—maximum value of the wind gust.
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Figure 5. Uw and Uwg represent annual maxim series measured at the entrance to the Sulina channel
(RP0), corresponding to 15-year time interval of 2009-2023.
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Table 3 presents the maximum values of the wind speed and wind gust, corresponding
to each month for the 15-year period of 2009-2023. The values of the ratio between Uwg
and Uw are also presented in this table. As can be seen in Table 3, the maximum value
of this ratio is 1.44. However, it can be noticed that this value is mainly characteristic to
the high winds, because the average value of the same ratio for the entire data set is 1.73.
This means that under normal conditions, we can very often expect wind gusts with an
intensity that is almost double than the hourly registered value of the wind speed at the
entrance to the Sulina channel.

Table 3. Maximum values for the wind speed (Uw) and wind gust (Uwg) corresponding to each
month for the 15-year period of 2009-2023.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Uw (m/s) 30.6 24.1 17.2 21.0 16.9 16.7 20.7 17.6 18.3 18.4 18.2 214
Uwg (m/s) 39.4 32.0 224 27.3 21.2 24.0 23.9 23.0 23.3 25.6 242 30.0
Uwg/Uw 1.29 1.33 1.30 1.30 1.25 1.44 1.16 1.31 1.27 1.39 1.33 1.40

3.2. Analysis of Wind Data Offshore the Danube’s Mouths: Recent Past vs. near Future

The next analysis is made considering model wind data for the reference points RP1
(offshore Sulina) and RP2 (offshore Saint George). The analysis is made first for the past
by processing the ERAS data. The regional climate wind models, considered to evaluate
the future expected wind conditions for the near future period of 2041-2071, are RCA4
and ALADING6, both for RCP4.5 and RCP8.5, and ALADING6x for SSP5-8.5. Since the
historical data provided by the climate models are available for the 30-year time interval
of 1976-2005, this period is considered for comparison with the ERA5 reanalysis data
to assess the convergence and differences between the hindcast and historical data of
the wind models. On the other hand, the SSP data are provided starting with 1979. In
this case, the comparison with ERA5 is made for the 30-year period of 1979-2008. The
wind roses corresponding to the reference points RP1 and RP2 (Sulina and Saint George,
respectively) are illustrated in Figures 6 and 7. In order to cover the entire period of
1976-2008, Figures 6a and 7a were designed for this 33-year period, Figure 6b,c and
Figure 7b,c for the 30-year period of 1976-2005, and Figures 6d and 7d for the 30-year time
interval of 1979-2008. First, it can be noticed from these figures that the wind conditions
in the two locations (RP1 and RP2) are generally similar. With regard to the values of the
maximum wind speed, for Sulina, they are Ujppra =20.94 m/s, Ujprca =27.49 m/s, Ujpars
=26.16 m/s, and Ujgar6yx = 24.2 m/s, while for Saint George, they are Ujgpra = 21.55 m/s,
Uqorca =22.01 m/s, Ujpare = 25.77 m/s, and Ujparex = 25.4 m/s. According to the results
presented, the highest value of the maximum wind speed (27.49 m/s) between the two
reference points considered corresponds to RP1 (Sulina). This was provided by the RCA4
climate wind model.

The annual maximum series corresponding to the same time intervals form the recent
past considered before are presented in Figure 8 (for RP1) and Figure 9 (for RP2). At this
point, it should be also highlighted that the time step of all the wind model data considered
and processed is of 3 h, so considerably higher wind speed values can occur in this time
window. It should be also noticed that there is an acceptable concordance between the
models and the RCMs (especially ALADIN), providing generally higher wind speed values
than ERAS.
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Figure 6. Wind roses offshore the Sulina channel (RP1) for the recent past period based on an analysis of
the hindcast and climate model data. (a) ERA5 (1976-2008); (b) RCA4 for the RCP scenarios (1976-2005);
(c) ALADING for the RCP scenarios (1976-2005); (d) ALADING6x for the SSP scenario (1979-2008).
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Figure 7. Wind roses offshore the Saint George arm of the Danube (RP2) for the recent past period
based on an analysis of the hindcast and climate model data. (a) ERA5 (1976-2008); (b) RCA4 for the

RCP scenarios (1976-2005); (c) ALADING for the RCP scenarios (1976-2005); (d) ALADING6x for the
SSP scenario (1979-2008).
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Figure 8. Wind speed (Ujp) annual maximum series and linear trends for the recent past pe-
riod offshore Sulina (RP1). ERA5 (1976-2008), RCA4 and ALADING (1976-2005), and ALADIN6x
(1979-2008).
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Figure 9. Wind speed (U;p) annual maximum series and linear trends for the recent past period
offshore Saint George (RP2). ERA5 (1976-2008), RCA4 and ALADING (1976-2005), and ALADIN6x
(1979-2008).

The wind roses expected for the near future period (2041-2070) are illustrated in
Figures 10 and 11 for RP1 and RP2, respectively. The results presented indicate similarity
with the recent past, with the observation that a higher percentage of the wind coming
from the Northeast direction is expected in the future.
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Figure 10. Wind roses offshore the Sulina channel (RP1) for the near future period (2041-2070) based
on an analysis of the climate model data. (a) RCA4-RCP4.5; (b) RCA4-RCP8.5; (c) ALADIN6-RCP4.5;
(d) ALADIN6-RCP8.5; () ALADIN6x-SSP5-8.5.

The corresponding annual maximum series and linear trends are presented in
Figures 12 and 13, respectively. For Sulina, the maximum values of the wind speed
evaluated using the climatic models are Ujgrcass = 26.11 m/s, Ujprcags = 23.96 m/s,
Ujoaras = 24.65m/s, Ujparss = 24.48 m/s, and Uqpars.s5 = 29.85 m/s, while for Saint
George, they are UIORCA4.5 = 25.35 m/s, UIORCA8.5 = 22.161‘1’1/8, uIOAL4.5 = 25.02 m/s,
UIOAL8.5 =22.83 m/s, and UIOAL5—8.5 =28.32m/s.

As for the recent past period, the results show that in the near future time interval
considered, the highest wind speed is also expected in Sulina (29.85 m/s). However, this
time, the highest wind conditions are provided by the SSP5-8.5 climate scenario.

124



Inventions 2024, 9, 41

It can also be noticed that, for the near future period analyzed, the SSP5-8.5 data
provide systematically higher wind speed values than all the other climate scenarios. On
the other hand, the SSP data indicate higher wind speeds than in the past, a relative increase
of about 22% in RP1 and of 11.5% in RP2. From this perspective, the results indicate a slight
tendency of enhancement of the extreme winds in the coastal environment at the mouths
of the Danube River. This tendency has also been reported in other works (for example,
reference [47]).
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Figure 11. Wind roses offshore Saint George (RP2) for the near future period (2041-2070) based on
an analysis of the climate model data. (a) RCA4-RCP4.5; (b) RCA4-RCP8.5; (¢) ALADIN6-RCP4.5;
(d) ALADIN6-RCPS8.5; (e) ALADIN6x-SSP5-8.5.
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Figure 12. Wind speed (Uy9) annual maximum series and linear trends, projections for the near
future period (2041-2070) offshore Sulina (RP1). RCA4 (RCP4.5 and RCP8.5), ALADING6 (RCP4.5 and
RCP8.5), and ALADIN6x SSP5-8.5.
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Figure 13. Wind speed (U;9) annual maximum series and linear trends, projections for the near future
period (2041-2070) offshore Saint George (RP2). RCA4 (RCP4.5 and RCP8.5), ALADING6 (RCP4.5 and
RCP8.5), and ALADIN6x SSP5-8.5.

3.3. Analysis of Wave Data Offshore the Danube’s Mouths: Recent Past vs. near Future

Using the wind fields provided by ERA5 for the recent past and those coming from the
regional climate models (RCA4 and ALADIN) under the scenarios previously considered
(RCP4.5, RCP8.5 and SSP5-8.5), simulations employing the wave modeling system SWAN
based were carried out. The focusing of the system towards the target area for a case of a
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typical storm in the Black Sea corresponding to the timeframe 21.12.2004h03 is illustrated
in Figure 14 in terms of significant wave height scalar fields and wave vectors. The wave
vectors indicate the mean wave direction, and their numerical values are represented by the
value of the significant associated wave height. The color bar given in this figure associates
a different color to each interval value of 0.5 m for the significant wave height. According
to the results presented in this figure, for the case of the storms propagating from east to
west (which are typical for this region), due to the effects of the wave-current interactions at
the mouths of the Danube River, the significant wave height values are very high and very
close to the higher value in the entire sea basin. For example, in Figure 14, the maximum Hs
value in the Black Sea is 7.26 m, while the maximum Hs value at the mouths of the Danube
is 7.24 m.
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Figure 14. Typical storm in the Black Sea: significant wave height scalar fields and wave vec-
tors. SWAN model simulation corresponding to the timeframe 21.12.2004h03. (a) Black Sea basin;
(b) coastal environment at the mouths of the Danube River.

127



Inventions 2024, 9, 41

Based on the results of the wave modeling system in the two reference points de-
fined RP1 and RP2 for the two 30-year time intervals (recent past and near future), and
considering as forcing factors the wind fields provided by the models mentioned in the
previous section, an analysis of the past and future expected wave climate in the target area
is presented next.

The Hs wave roses corresponding to the reference points RP1 and RP2 (Sulina and
Saint George, respectively) are illustrated in Figures 15 and 16. In order to cover the
entire period of 1976-2008, Figures 15a and 16a were designed for this 33-year period,
Figure 15b,c and Figure 16b,c for the 30-year period of 1976-2005, and Figures 16d and
17d for the 30-year time interval of 1979-2008. As in the case of the wind, it can be noticed
from these figures that the wave conditions in the two locations (RP1 and RP2) are in
general similar in terms of both Hs and wave directions. With regard to the maximum Hs
values, for Sulina, they are Hipra = 4.5 m, Hirca = 5.65 m, Hsqp6 = 6.27 m/s, and Hsarx
=7.04 m, while for Saint George, the results are Hisorra = 4.91 m, Hirca = 6.061 m, Hgar6
=6.96 m, and Hya16, = 7.33 m/s. According to the results presented, the highest value
of the significant wave height (7.33 m/s) between the two reference points considered
corresponds to RP2. This was provided by the ALADIN6x wind model as the forcing
system for SWAN.
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Figure 15. H; wave roses offshore the Sulina channel (RP1) for the recent past period based on an
analysis of the results provided by the wave modeling system forced with reanalysis and climate
model data. The forcing wind fields considered are: (a) ERA5 (1976-2008); (b) RCA4 for the RCP
scenarios (1976-2005); (c) ALADING for the RCP scenarios (1976-2005); (d) ALADING6x for the SSP
scenario (1979-2008).
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Figure 16. H; wave roses offshore the Saint George arm of the Danube (RP2) for the recent past period
based on the analysis of the results provided by the wave modeling system forced with reanalysis
and climate model data. The forcing wind fields considered are: (a) ERA5 (1976-2008); (b) RCA4 for
the RCP scenarios (1976-2005); (c) ALADING for the RCP scenarios (1976-2005); (d) ALADING6x for
the SSP scenario (1979-2008).
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Figure 17. Hs annual maximum series and linear trends for the recent past period offshore Sulina
(RP1). Results of wave model simulations forced with the following wind fields: ERA5 (1976-2008),
RCA4 and ALADING (1976-2005), and ALADING6x (1979-2008).
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The annual maximum series corresponding to the same time intervals from the recent
past considered before are presented in Figure 17 (for RP1) and Figure 18 (for RP2). It
should be mentioned that, as in the case of the wind, the time step considered for the wave
model output is 3 h. It should be also noticed that there is an acceptable concordance
between the models. However, it can be observed at this point that when forcing the wave
modeling system, the RCMs (and especially ALADIN) generally provide higher Hs values
than ERAS.
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Figure 18. Hs annual maximum series and linear trends for the recent past period offshore Saint
George (RP2). Results of wave model simulations forced with the following wind fields: ERA5
(1976-2008), RCA4 and ALADING6 (1976-2005), and ALADIN6x (1979-2008).

The Hs wave roses expected for the near future period (2041-2070) are illustrated
in Figures 19 and 20 for RP1 and RP2, respectively. The results presented are similar to
those from the recent past. The corresponding Hs annual maximum series and linear
trends are presented in Figures 21 and 22, respectively. For Sulina, the maximum Hs values
evaluated are HsRCA4.5 =6.19 m, HSRCA8‘5 =6.13 m, HsAL4‘5 =713 m, HIALS.S =57 m, and
H;ars-85 =7.05 m, while for Saint George, they are Hsrcass5 = 6.86 m, Hircags = 6.51 m,
HSAL4,5 =7.29 m, HIAL8,5 =6.19 m, and HSAL5—8.5 =7.31m.

At this point, it can be noticed that, for the near future period analyzed, a similar
tendency to the case of the wind fields occurs, in the sense that the ALADIN data provide
higher values for the significant wave heights than when the RCA4 model is considered
as the forcing wind field for the wave model. However, unlike in the case of the wind
analysis, ALADING for the RCP4.5 climate scenario provides higher Hs values in the target
area than the SSP5-8.5 data. Finally, it can be also underlined that the results provided
by the RCMs for the recent past in terms of the maximum values of the significant wave
height, which may occur offshore the coastal area at the mouths of the Danube River,
appear to be more realistic than the ones provided when ERAD5 is considered as the wind
driver for the wave model. This is probably because the ERA5 data have a tendency to
systematically underestimate the maximum wind speed values. This observation is in line
with the findings of various previous works (for example, references [43—45] or [47,48]),
but also with some in situ observations.
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Figure 19. H; wave roses offshore the Sulina channel (RP1) for the near future period (2041-2070)
based on the analysis of the results provided by the wave modeling system forced with the cli-
mate model data. The forcing wind fields considered are: (a) RCA4-RCP4.5; (b) RCA4-RCP8.5;
(c) ALADIN6-RCP4.5; (d) ALADIN6-RCPS.5; (e) ALADIN6x-SSP5-8.5.
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Figure 20. Hs; wave roses offshore the Saint George arm of the Danube (RP2) for the near future
period (2041-2070) based on the analysis of the results provided by the wave modeling system forced
with climate model data. The forcing wind fields considered are: (a) RCA4-RCP4.5; (b) RCA4-RCP8.5;
(c) ALADIN6-RCP4.5; (d) ALADIN6-RCPS.5; (e) ALADIN6x-SSP5-8.5.
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Figure 21. H; annual maximum series and linear trends, projections for the near future period
(2041-2070) offshore Sulina (RP1). Results of wave model simulations forced with the following wind
fields: RCA4 (RCP4.5 and RCP8.5), ALADING6 (RCP4.5 and RCP8.5), and ALADIN6x SSP5-8.5.
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Figure 22. H; annual maximum series and linear trends, projections for the near future period
(2041-2070) offshore Saint George (RP2). Results of wave model simulations forced with the following
wind fields: RCA4 (RCP4.5 and RCP8.5), ALADING6 (RCP4.5 and RCP8.5), and ALADIN6x SSP5-8.5.

4. Discussion

1. The analysis of the wind data shows that there is in general a good match between
the measurements and the model results, especially with regard to the intensity of the
maximum wind speeds. However, by comparing Figures 4 and 6, we can notice that
in RPO, the dominant wind direction is from north to northwest, while in RP1, it is
from north to northeast. Furthermore, unlike in RP0, in RP1, significant winds also
come from the southeast, while in both cases, significant winds come from the south.
The main explanation for these differences is that while RP1 is located 30 km offshore,
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RPO represents the zero-kilometer point of the Danube, where both the influence of
the coast and the local wind currents propagating along the river are more consistent.

2. Withregard to the waves, the results show that we can expect significant wave heights
that are even higher than 7 m in the coastal environment offshore the mouths of
the Danube River. Furthermore, as Figure 14 clearly illustrates, the local processes
and especially the wave—current interactions and the shallow water effects induce
considerable enhancements in the wave height in the nearshore. From this perspective
and in order to assess better the influence of the local effects at the entrance to
the Sulina channel, wave model simulations were carried out considering the most
common wave patterns from the point of view of the significant wave height (Hso)
and the mean wave direction of the incoming waves on the offshore boundary (Wdir),
as indicated by Figures 15, 16, 19 and 20. Furthermore, previous results in terms of
the wave modeling presented in reference [48] were also considered. Thus, in the
high-resolution computational domain described in Table 1, SWAN simulations were
performed considering significant wave heights and wave directions in the ranges
of [1-5 m] and [30°-150°]. Based on the results of these simulations, an index giving
the relative enhancement in the significant wave height at the entrance to the Sulina
channel due to the wave—current interactions (REg;) was evaluated. The expression
of this index is given by the equation below, while the corresponding values are
provided in Table 4.

REys = (HSmax — Hso)/Hso (10)
Table 4. Results of the SWAN model simulations in the presence of currents considering various

significant wave heights and mean wave directions incoming on the external boundary of the
computational domain.

Wdir (°)
Hso (m) 30 60 90 120 150

REg;, (%) BFI  REgs (%) BFI  REgs (%) BFI  REp, (%) BFI  REys (%) BFI
1 23 0.7 30 0.8 38 0.9 42 0.94 38 0.85
2 175 1.2 25 15 36.5 1.75 38.5 14 27.5 1.3
3 11 1.2 18.6 1.6 32,5 1.9 35 1.7 20.7 14
4 8.25 1.1 15 15 30 1.8 31.75 1.6 17.75 14
5 6 0.9 12.8 14 234 1.7 24.2 15 13.6 13

On the other hand, while spectral wave models such as SWAN are used to provide
predictions in terms of the significant wave height, which represents four times the area
under the spectral density, from the point of view of the navigation hazards, we are more
interested in the prediction of the larger wave heights such as the maximum wave height.
Usually, this is estimated based on some theoretical probabilistic distributions [49] among
which the most common is the Rayleigh distribution [50], according to which waves with a
maximum wave height of almost double the significant wave height can be often expected
in a wave group. There are, however, situations when the ratio between the maximum
and the significant wave height can be higher, or even much higher, than 2. Such kinds
of waves are called freak or rogue waves, and they are very dangerous, inducing a high
risk of hazards in navigation and many other marine activities. Thus, passing now from a
statistical approach to a probabilistic one, we can estimate the higher risks of occurrences
for such kinds of waves via the Benjamin—-Feir index (BFI). The BFI, or the steepness-over-
randomness ratio, was introduced by Jansen [51] and is defined as follows:

BFI = V271St-Q, (11)
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where St represents the integral wave steepness, representing the ratio between the signif-

icant wave height and the wavelength, and Q) is the peakedness of the wave spectrum,

defined as follows:
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In fact, the BFI is a spectral shape parameter that can be related to the kurtosis of the
wave height distribution, with the kurtosis depending on the square of the BFI. Experimen-
tal results indicate that for BFI = 0.2, the maximum wave heights are very well described by
the Rayleigh distribution, while for BFI values greater than 0.9, the ratio of Hmax/Hs is sub-
stantially underestimated. The values of the BFI index corresponding to the most relevant
wave propagation patterns are also presented in Table 4. The results indicate that BFI values
higher than 1.5 occur in this area for waves with significant wave heights between 3 and 4 m
and when the mean wave direction on the offshore boundary is between 90 and 120 degrees.
From this perspective, two additional simulations were performed, considering the two sit-
uations presenting the highest risk from the point of view of the occurrence of rogue waves.
The results are illustrated in Figure 23. Thus, Figure 23a presents the bathymetric map of the
computational domain and the average current field. Figure 23b illustrates the results of the
SWAN simulations in terms of the significant wave height scalar fields and wave vectors,
considering offshore wave conditions of Hs = 3.5 m and a mean wave direction of 90 de-
grees. In Figure 23c, the same results are shown, considering offshore wave conditions of
Hs = 3.5 m and a mean wave direction of 120 degrees. The values of the BFI index are
indeed higher than those presented in Table 4, being 1.95 (with REys = 28.6%) for the
simulations from Figure 23b and 1.9 (with REps = 31.4%) for that illustrated in Figure 23c.
The above results indicate that, in addition to the enhancement in terms of Hs expressed by
the values of the REy; index, there is also a high risk of occurrence of abnormal waves for
which the ratio between the maximum and the significant wave height is higher than 2.
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Figure 23. Swan simulations in the high-resolution computational domain focused on the entrance
to the Sulina channel. (a) Bathymetric map of the computational domain and current field (with
red color); (b) significant wave height scalar fields and wave vectors considering the offshore wave
conditions of Hs = 3.5 and a mean wave direction of 90 degrees; (c) significant wave height scalar
fields and wave vectors considering offshore wave conditions of Hs = 3.5 m and a mean wave
direction of 120 degrees.

5. Conclusions

The objective of this work was to study the past and future dynamics of the envi-
ronmental matrix, especially wind and waves, at the entrance to the Sulina channel (the
zero-kilometer point of the Danube). This represents the main southern entrance to the
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navigation system of Rhine-Main-Danube, the largest inland waterway in Europe linking
the Black and the North Seas.

An analysis of 15 years of recent in situ measurements showed that the maximum
value of the wind speed registered in this point was almost 31 m/s, while the maximum
speed of the wind gust was almost 40 m /s, which was about 30% higher than the hourly
value. The results also indicate that, for the entire data set analyzed, the average value of
the ratio between the maximum speed of the wind gust and the hourly wind speed value
was 1.7. However, in the case of the high wind speeds, the intensity of the wind gusts was
relatively lower, and the values of the ratio between the maximum speed of the wind gusts
and the hourly wind speed value was generally within the range of [1.3-1.4]. This means
that wind gusts with speeds higher than 35 m/s are expected in this coastal area.

A second analysis was performed in two locations (one offshore Sulina and the other
offshore Saint George) and was based on data provided by two regional wind climate
models (RCA4 and ALADIN) under several scenarios (RCP4.5, RCP8.5, and SSP5-8.5).
The analysis was performed for the future 30-year time interval (2041-2070). In order to
compare the evolution of the wind climate in relation to the past conditions, a 30-year time
interval from the past was also considered. For this period, the ERA5 reanalysis data were
processed and analyzed in parallel with the RCM data. The climate model results indicated
similar intensities for the past to those provided by the measurements for the maximum
wind speed. All the models indicated maximum values of the wind speed that were higher
than 25 m/s. It must also be highlighted that the time step considered for all the models
was 3 h. The results show that slightly higher values are expected in the future for the wind
speed compared to the past, especially in the case of SSP5-8.5.

The last analysis relates to the waves. In this connection, a wave modeling system
that was previously validated against both in situ measurements and satellite data was
forced successively with each wind data field considered. Simulations were performed for
the two 30-year time periods that were previously defined in the case of the wind analysis.
The results show that Hs values of about 7 m were encountered close to the mouths of the
Danube in the past offshore. Such extreme values might be also expected more often in
the future. The wave model simulations performed in the high-resolution computational
domain that were focused on the Sulina channel also showed that, due to the nearshore
effects, an enhancement between 30% and 40% in terms of wave height may be expected at
the entrance to the Sulina channel. Furthermore, in addition to the significant wave heights
being higher, due to the strong wave—current interaction processes, the probability of rogue
waves occurring is very high. From this perspective, the results of the present work indicate
that the most dangerous situations, from the point of view of a higher probability of the
occurrence of rogue waves, correspond to the incoming waves with directions between
60° and 120° and significant wave heights higher than 2 m. This indicates that waves
with heights of 20 m or greater and wind speeds higher than 30 m/s, associated with
wind gusts that might exceed 40 m/s, can be expected in extreme storm conditions in this
coastal environment.

Finally, based on the summarized three pillars of the above analysis, emphasizing the
wind and wave extreme values that may occur as well as the conditions that can generate
them, the general conclusion of this work is that the navigation conditions in this sector
present a high risk of incidents and accidents, especially in the wintertime. In fact, for
this reason, even in the case of moderate storms, the navigation is very often closed at the
entrance to the Sulina channel. This work is still ongoing, and a next step would be to elab-
orate in more detail the risk assessment of severe shipping conditions, particularly focusing
on the likelihood or probability of adverse conditions creating hazardous situations in this
important navigation area.

Author Contributions: Conceptualization, A.B.R., L.R. and E.R.; methodology, L.R. and E.R ; software,
L.R; validation, E.R. and A.M.; formal analysis A.B.R., L.R. and E.R; investigation, L.R. and E.R.;
resources, A.B.R. and A.M.; data curation, A.B.R., L.R. and E.R.; writing—original draft preparation,
E.R,; writing—review and editing, L.R. and E.R,; visualization, L.R. and A.B.R.; supervision, A.B.R.

136



Inventions 2024, 9, 41

and E.R.; project administration, A.B.R. and A.M.; funding acquisition, A.B.R. and A.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This work is a part of the PLOTO project. This project has received funding from the
Horizon Europe innovation actions under grant agreement no. 101069941.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No data except those presented in this paper.

Acknowledgments: The ERA5 data used in this study have been obtained from the ECMWEF data
server, while the wind fields under the RCP scenarios are from the Copernicus and EURO-CORDEX
data servers. The in situ measurements were provided by the Galati Lower Danube River Administra-
tion. The authors also acknowledge the Med-CORDEX initiative and Florence Sevault for provision
of the SSP data. The authors would also like to express their gratitude to the reviewers for their
constructive suggestions and observations that helped in improving the present work.

Conflicts of Interest: The authors declare no conflicts of interest.

Nomenclature

ALADIN Aire Limitée Adaptation dynamique Développement International
ARPEGE Action de Recherche Petite Echelle Grande Echelle

BFI Benjamin-Feir index (or the steepness-over-randomness ratio)

CERFACS  Centre Européen de Recherche et Formation Avancée en Calcul Scientifique

CNRM Centre National de Recherches Météorologiques

ECMWF European Centre for Medium-Range Weather Forecasts

ERA ECMWEF re-analysis

LR Low resolution (and also indicates linear regression in the case of the annual
maximum series)

Hs Significant wave height

Hspax Maximum value of the significant wave height

Hso Offshore value of the significant wave height in the high-resolution computa-
tional domain

MPI-M Max Planck Institute for Meteorology

MPI-ESM  Max-Planck-Institute Earth System Model

Qp Peakedness of the wave spectrum

R Correlation coefficient

RCA4 Rossby Centre regional atmospheric model, version 4

RCM Regional climate model

RCP Representative concentration pathway

RCSM Regional climate system model

REj, Relative enhancement of the significant wave height due to the wave—current
interactions

RMSE Root mean square error

RPO Reference point zero (zero-kilometer point of the Danube River)

RP1 Reference point 1 (for wind and wave model data offshore the Sulina channel)
Reference point 2 (for wind and wave model data offshore the Sain George arm

RP2
of the Danube)

S Regression slope

SI Scatter index

SMHI Swedish Meteorological and Hydrological Institute

SSP Shared Socioeconomic Pathway

St Integral wave steepness

SWAN Simulating waves nearshore

Uy Wind speed at 10 m above the sea level provided by the model

Uw Measured wind speed

Uwg Maximum value of the wind gust
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WAM Wave model
Mean wave direction of the incoming waves on the offshore boundary of the

Wdir . .
computational domain

WW3 Wave Watch 3

A Longitude

@ Latitude
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Abstract: Predictions are presented of mean values of statistical variables of large-scale turbulent
flow of the widely used basic k-e model, and of a new model, which is based on general statistical
descriptions of turbulence. The predictions are verified against published results of direct numerical
simulations (DNSs) of Navier—Stokes equations. The verification concerns turbulent channel flow
at shear Reynolds numbers of 950, 2000, and 10%. The basic k- model is largely based on empirical
formulations accompanied by calibration constants. This contrasts with the new model, where
descriptions of leading statistical quantities are based on the general principles of statistical turbulence
at a large Reynolds number and stochastic theory. Predicted values of major output variables such as
turbulent viscosity, diffusivity of passive admixture, temperature, and fluid velocities compare well
with DNS for the new model. Significant differences are seen for the basic k-€ model.

Keywords: turbulent channel flow; k- model; new fundamentally based model; diffusion representations

1. Introduction

The description of turbulence has been an issue right from the beginning. A solid
starting point for analysis is the Navier-Stokes equations, which describe the flow. These
can be time-averaged, resulting in equations for mean values of velocity, pressure, and
temperature. The problem arises with the average values of the products of fluctuating
quantities within the non-linear convection terms in the equations. They describe the
effect of fluctuations on mean flow quantities. The proposed representations of average
nonlinear convective fluctuations are of a hypothetical nature, drawing analogies with
molecular chaos. Boussinesq [1] was the first to follow this line of thinking by introducing
the gradient hypothesis: the averaged nonlinear fluxes are proportional to the derivative of
the mean flow quantity, preceded by a constant termed the turbulent viscosity or turbulent
diffusion coefficient. Several versions and extensions based on the same idea have since
been put forward by the pioneers of turbulence theory: Taylor [2], Prandtl [3], and von
Karman [4], among others. They also form the basis of many of today’s computer models
used in engineering and environmental analyses; for example, see the books of Hanjalic
and Launder [5] and Bernard and Wallace [6].

An offspring of the aforementioned concept is the basic k-e model, which is widely
used in engineering and environmental analyses [5,6]. This model describes the average
value of momentum fluxes through the gradient of the mean velocity. Fluctuations are

isotropic and the coefficient proceeding the gradient equals ¢, k;, where k is the mean kinetic

energy of fluctuations, € is the mean energy dissipation rate, and ¢, is a calibration constant.

The model is completed by equations for k and €. The gradient hypothesis is also applied
to several other flux terms in equations with different values of calibration constants.

The problems with gradient-based models include their hypothetical origin and lack of
uniqueness. Starting from a sketchy analogy with laminar diffusion, almost limitless forms
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of gradient representations and proceeding functional dependencies can be devised. A new
development that surpasses these limitations is the statistical description of anisotropic
inhomogeneous turbulence; see Brouwers [7-9]. Turbulence at a high Reynolds number
is featured by unstable eddies of whirling irregular fluid velocities whose behaviors are
governed by the domination of the inertial forces in the momentum balance; see Monin
and Yaglom, Vol. II, Ch.8 [10]. The eddies start at sizes of the configuration and then break
down to smaller ones until the point where viscous forces come into play at sizes of a
few millimeters. Here, Kolmogorov’s theory of small viscous scales comes into play [10].
Building on this framework of high Reynolds turbulence and using the methods of the
stochastic theory of Van Kampen [11] and Stratonovich [12], explicit statistical descriptions
of governing variables are obtained. They are the leading terms of asymptotic expansions
based on the small value of the inverse of the universal Lagrangian Kolmogorov constant.
The results represent unique descriptions of turbulent flow statistics, subject to deviations
due to truncated higher-order terms.

The results of direct numerical simulation (DNS) of the Navier—Stokes equations
offer an opportunity for testing the outcomes of turbulence models. With the evolution
of modern computing power, it has become possible to generate a wealth of accurate
data on turbulent flow at high Reynolds numbers. The recent DNS data of the turbulent
channel flow of Hoyas et al. [13,14] and Kuerten et al. [15] are particularly noteworthy.
Fluctuating channel velocities are strongly anisotropic and averages of flow quantities vary
strongly with distance from the wall. Inhomogeneity and anisotropy are characteristics of
turbulence, in practice. The DNS data provide a meaningful test case for models. In this
paper, a detailed comparison is presented of the DNS data, along with predictions of the
basic k-€ model and the new model based on general statistical descriptions, referred to as
the fundamental model.

2. The Basic k-¢ Model and the New Fundamental Model

The turbulent flow of an incompressible or nearly incompressible fluid, e.g., a liquid
or gas flowing at speeds where the square of the Mach number is minimal, is considered.
The density p is assumed to be constant. Turbulent fluctuations measured at a fixed
point in space are treated as a statistical process that is stationary or almost stationary
in time compared to the time of velocity fluctuations. Statistical averages follow from
time-averaging over sufficiently long time intervals. The time-averaged representation of
the Navier-Stokes equations is given by the following:

e Conservation of mass:

ou;
=0 M
1
e Conservation of momentum:
ou | ow O<u>  op @
ot T 9x; 0x; ox;

e Conservation of energy:
20 a9 O <uit' >

ot T Migw T o

=0 3)

where angled brackets represent statistical averaging, f and x are time and space coordi-
nates, u, p, and 6 are the mean or time-averaged values of fluid velocity, pressure, and
temperature, and ' and 6’ represent fluctuations of velocity and temperature, referring
to velocity and temperature minus their mean value. As we are concerned with the flow
at a high Reynolds number, the contributions of the viscous forces and heat conductivity
present in the Navier—Stokes equations have been dropped. Their effect can be disre-
garded when considering the main flow governed by the instability of the inviscid flow
outside small boundary layers. The average temperature in energy Equation (3) can also
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be used to describe the average distribution of passive or almost passive admixture in
the fluid. Restricting the formulation of the conservation equations to an incompressible
or almost incompressible fluid implies that the solutions to (1) and (2) are not affected
by the value of the conservative scalar temperature. The representation holds as long as
the changes in temperature or admixture imposed at external boundary conditions are of
limited magnitude.

2.1. Turbulent Diffusion in the Basic k-e Model

The appearance of turbulent fluxes—in the convection terms of the averaged conserva-
tion equations—results in an unclosed set of equations for mean flow variables. It is known
as the closure problem. To resolve this issue, a diffusion hypothesis has been introduced
in the basic k-e model. In this hypothesis, turbulent fluxes are treated as isotropic and are

described by [5,6].
b 2 aui ou;
< uj”i >= gkfs,] — Vt(aixi + aixj) (4)
00
< M;‘Ol >= _Vtg (5)

i
where v; is a scalar that represents diffusivity or turbulent viscosity, which is defined by
the following:

K2
Vi =Cy— 6
t 12 c ( )
!
where k is the average kinetic energy of fluctuations, k = % <u?>,ande = %V < (5= +
aX]'

/

a—x])z > denotes the average energy dissipation rate, with v being kinematic viscosity; ¢, in

4) land (5) is a calibration constant whose value is usually taken as 0.09 [5,6]. In Equation (5),
correction factors are sometimes added to the diffusion constant, i.e., a turbulent Prandtl
number and a turbulent Schmidt number for temperature and admixture, respectively. But
these numbers are generally close to unity and are omitted here.

2.2. Turbulent Diffusion in the Fundamental Model

The derivation of the fundamental model starts from a Langevin equation for fluid
particle velocity [8-10]. In this equation, the limiting form of Kolmogorov’s theory of small
scales is implemented, i.e., where the characteristic times for velocity fluctuations are much
larger than the times of viscous scales. This is the case when the Reynolds number is large;
see Kolmogorov [16]. One further step involves an expansion, in terms of the inverse of the
Kolmogorov constant Cy. Matching predictions with measurements and DNS data reveal
values of Cy at around 6-7; in the present analysis, a value of 7 is adopted. Furthermore,
the area where the Lagrangian description applies can be reduced to a point in the Eulerian
flow description in the limit of small Co~*. In this way, Lagrangian-based descriptions are
connected to Eulerian ones. The following descriptions for the flux terms are obtained [8,9]

duy Ju; ou;

2
"Wl >= Z(k+ Dy =")6;i — Djp=—2 — Dot 7
< ”]”z > 3(k+ nk 9k )51] zkaxk ]kaxk @)
00
I'n! _ .
<uf >= —le—axk (8)
where the fundamentally based diffusion tensor, D;;, is described by the following:
D;; = 2C; e Loy, 0 '+2C_26_201-0-kun% —4C_2e_10k-uni(e_1av ou)  (9)
i] 0 inYnj 0 iYj axn 0 gl axn imYm
and
Oin =< uju), > (10)
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is covariance or Reynolds stress. Relations (8)—(10) are part of the description, which
holds in the entire flow configuration (except the thin viscous layers at walls) once they
are coupled to conservation Equations (1)—(3). In this way, the turbulent flux change at
each point, x, as described by (7) and (8), is connected to the kinetic energy and energy
dissipation changes. Although the presence of v in the expression for energy dissipation

ou! ‘
e=1lv< (a—x; + BTCZ)
flow outside the boundary layers [10]. The magnitude of velocity gradients in turbulence
is governed by the small viscous scales. It scales as 1/,/v and makes the magnitude of €
independent of v. This independence is reflected in the equations for k and €, presented in
the next section.

The above expressions for the diffusion of the fundamental model reveal the depen-
dency on mean gradients, which are of a more complex structure than those in the basic
k-e model. This reflects the anisotropy of the fluctuating velocity field and reveals a more
complex dependency on flow statistics.

The application of the fundamentally based diffusion approximation to a scalar, as
conducted in Equation (8), is only justified if the scalar is conservative [8,9]. The value
of the conservative scalar is constant when following a fluid particle and fluctuates in
value in a fixed coordinate system due to fluid particle fluctuations. This is the case for
temperature in an incompressible fluid such as liquids. It is approximately correct if the
fluid is almost incompressible, as is the case in gases flowing at speeds where the square
of the Mach number is small. The scalar representation can also be applied to passive or
almost passive admixtures in fluids, such as aerosols in air [7-9]. It leads to errors when
applied to non-conservative scalars such as kinetic energy and pressure; see Section 5.

2 > may suggest otherwise, € is a characteristic of the main inviscid

3. Equations for k and e

Incorporating the expressions for turbulent diffusion from the basic k-€ model and the
fundamental model into the averaged conservation equations introduces two unknowns:
the mean kinetic energy, k, and the mean energy dissipation rate, €. Equations for k and e
can be obtained from the Navier-Stokes equations [8,9]. Our aim is to describe flow away
from the thin, viscous layers near walls, which are only a few millimeters. In line with
this approach, the contributions in the equations for k and € from laminar viscosity will be
disregarded (as was conducted in the conservation Equations (1)—(3)). To provide boundary
conditions at the wall, the viscous layer is surpassed by applying the solutions of the log
layer at x = 0: [5,6].

The equation for k reads as follows [5,6]:

ok ok o<uk >  _jo<ulp >
g iy t gy tP gy~ P (11)

where P is the mean production of turbulent fluctuations, defined by the following:

aul-

(12)

and where k’ and p’ are the fluctuating parts of kinetic energy and pressure, respectively,
which are the kinetic energy and dissipation rates minus their time-averaged values. There
are two turbulent flux terms in Equation (11), i.e., the third and fourth terms on the
LHS of (11), which need to be modeled. In the basic k-e model, both terms are lumped
together [5,6] and are described by the following:

e Basic k-€ model

17 -1 VA _ﬁ%
<uk’ > +p7 <upp >= o 9, (13)

where 0y, is a calibration constant, which is usually taken unity: o = 1 [5,6].
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e Fundamental model

The theory underlying the fundamental model provides general expressions for tur-
bulent scalar fluxes, which are free from calibration factors. However, these expressions
are only valid for conservative scalars and lead to disagreement with DNS results when
applied to turbulent fluxes of kinetic energy and pressure [8]. A fallback to empirical
construction is needed. It reads as follows:

_ ok
<ulkl > +pt<ulp >= —ckDija—xj (14)

where it is noted that if k was a conserved scalar, its diffusion should be described by Di]-%.

Factor cj represents correction for non-conservative behavior and includes the relatively
small contribution of pressure diffusion [8]. The above relations for the diffusion of kinetic
energy and pressure will be compared and calibrated with the DNS results in Section 5.
The equation for €, conventionally applied in CFD models, is largely an empirical
construction [5,6]. Its basic form follows from the Navier-Stokes equations. It contains
a number of terms that are governed by small viscous scales. These terms are generally
replaced by expressions that meet the criteria of matching the results of decaying grid
turbulence and the log layer of turbulent channel flow. The equation reads as follows:

e Basic k-€ model

de  duje  d v d€ €

o oy, om Uieaixz) + (Celp_CEZG)E (15)
e Fundamental model

de due 9 Dijoe €

o o T aTci((Tgach) + (ce1P — Ceze)E (16)

The constant ¢, ensures matching with the case of grid turbulence. Its value is usually
taken to be 1.9, which is somewhat less than the theoretical limit value of 2 for the infinite
Reynolds number; see George [17]. The von Karman constant « is equal to 0.4. For the basic
k-e model, the calibration constant, o, is usually taken to be around 1.3, and ¢, is specified
by the equation (Equation (8.41) of [16]):
Cuo
Q;(CEZ —ce1) =1 (17)
K
The values appropriate for ¢, and o7 for the fundamental model are determined in
Section 6.

4. Channel Flow

The objective is to compare the results of the basic k-€ model and the fundamental
model with those of the DNS of the channel flow. The channel consists of parallel planes in
between, where the mean velocity, 11, is unidirectional in the direction, x;, parallel to the
planes. Its magnitude and the value of statistical averages related to velocity fluctuations
only change in the direction, x;, normal to the planes. For channel flow, there is an exact
solution for the mean pressure [9], which reads as follows:

X
g =122 —op (18)

where 1 is shear velocity and 2H is channel height. The shear velocity is determined by
the pressure drop in direction x; at a given u7. There are theoretical and experimentally
confirmed relations for the relationship determining .. Another exact result for the channel
flow is the description of the covariance, 7, or < ujuf >.

X2

01 = —u%(l — ﬁ) (19)
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which is valid outside the thin viscous layer at the wall, [9].

In the subsequent analysis of channel flow, we shall make use of dimensionless formula-
3

u
tions: u; is made dimensionless by u+, 0;; and % by 2, x1 and x, by H, and P and € by ﬁT,‘ the

subscript » of x, will be dropped. In this new notation, Equations (18) and (19) are as follows:

B = —X1 — 02 (20)

P

which is valid outside the thin viscous layer at the wall.

o2 =—(1-x) (21)
Furthermore, Equation (12) becomes
du1
P=(1—-x)— 22
(1-x1 22)

The above solutions follow from the averaged momentum equations adapted to the case of
channel flow [9]. A complete specification of all variables follows from the expressions for
turbulent fluxes and the equations for k and €. In the case of channel flow, these reduce to
the following:

e Busic k-€ model

2
011 = 0 = 033 = §k (23a)
du
Oy = Vit (23b)
do
i . uv
<Ouy >= -y Ix (23¢)
k2
v = cy? (23d)
d v dk B
d v de €
ﬂ(atﬁ) + (ce1P — Ceze)E =0 (23f)
e TFundamental model:
2 du
o = (k+ Dlzd—;) (24a)
033 = 0 (24b)
2 du
on =3k 2D12d—x1 ) (24¢)
du
o2 = *Dzzdfxl (24d)
do
/,./ _ -
<0 Uy > = Dyy dx (246)
D —ia (11 +02) (24f)
12 = Co 12(011 + 022
2
Dy = 67%(0122 +03) (24g)
d dk
Cka(D22%)+P*€—O (24h)
1 d de € .
Ea(Dzz%) + (cerP — CeZ€)E =0 (24i)

In the subsequent sections, we shall compare the above descriptions with the results
of DNS.
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5. Testing the Diffusion Representations by DNS

In deriving equations for the mean values of flow quantities, the diffusion representa-
tion of mean fluxes has been used, i.e., the mean value of products of fluctuating quantities.
Their correctness and accuracy will be assessed by comparing with the DNS results pub-

H
lished for friction Reynolds numbers, Re; = uT? of 950 [15], 2000 [13], and 10* [14]. The

comparison focuses on the flow in the main region—the region outside the thin boundary
layer at the wall. In the main region, flow statistics are governed by unstable large eddies
governed by inertia forces, while the effect of viscosity in this region is negligibly small.
The presented basic k- as well as the fundamental model intend to describe these statistics.
100
Rer’
that is, x < 0.1, 0.05 and 0.01 for Re; = 950, 2000, and 10%, respectively. The DNS results
of the boundary layer near x = 0 are omitted in this analysis.

The boundary layer is governed by viscous forces and is situated in the region x < —

5.1. Diffusion of Momentum

In the case of channel flow, turbulent momentum transport is apparent in the equation,

as follows: P
3, up
= — _ 2
<y >= —UpNs (25)

where vpys is turbulent viscosity according to the DNS results, which is the value calculated

d
from Equation (25) when substituting the values of < u5u} > and P obtained from
DNS data. The value according to the basic k-€ model v; is given by Equation (6) and
the value according to the fundamental model Dy, is given by Equation (24g), where the
RHSs of these equations are evaluated from the DNS data. The DNS data used are those
of Re; = 10* [14]. The three calculated turbulent viscosities are shown as functions of x

2 - . .
and " versus x are shown in Figure 2. Disregarding the
VDNS DNS
thin viscous layer at the wall, the fundamental model gives satisfactory agreement over the

entire x range without the use of calibration factors. Deviations are less than 10% from the
DNS results. They can be ascribed to the truncation of higher-order terms in the expansions
in powers of C,; !, which were used in the theory that led to the presented expressions [89].
The same conclusion was arrived at when using the DNS data of Rer = 2000 [9,13]. The
basic k-€ model, on the other hand, disagrees quite a lot with DNS. The disagreement is
the largest at small x values and gradually becomes smaller when approaching the central
axis of the channel: x = 1. The dependency on x is apparently not well captured by
representation (23d), in contrast with (24g), which shows satisfactory agreement over the
entire range.

in Figure 1. The ratios

5.2. Diffusion of Temperature

Temperature is considered a conservative quantity in incompressible flow at high
Reynolds numbers, where heat conductivity through molecular vibration is negligibly
small outside thin layers at the walls. From the theory underlying the fundamental model,
it follows that the thermal diffusion constant equals Dj: cf. Equation (8). In the case
of channel flow, it becomes Dy and becomes equal to that of turbulent viscosity: cf.
Equations (24d) and (24e). This result is confirmed by the Lagrangian-based DNS of chan-
nel flow at Rer = 950 [15], where the thermal diffusion coefficient, according to DNS,

<uht >
d+ is compared to that of the fundamentally based model, Dy,. The agreement
a !0
< UpUy >
closely resembles that shown in Figures 1 and 2, c.q., — 217 and Dy;. Deviations
y ) q diy
dx
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of the predictions of the basic k-e model are likely as equally large as those shown in
Figures 1 and 2.

0.14

0.12f

I
Y
T

0.08

0.06

turbulent viscosity [-]

0.04

— DNS J
= = = Basic k—-¢ model
----- Fundamental model

0 Il Il L L
0 0.2 0.4 0.6 0.8 1

0.02

Figure 1. Turbulent viscosities according to vpys at Rer = 10%, fundamental model Dyy, and the basic
k-e model vy versus the dimensionless distance from the wall, x. Results from DNS are represented
by the solid line, results from the fundamental model are represented by a dash—dot line, and results
from the basic k-e model are represented by the dashed line.
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Figure 2. Ratio of turbulent viscosity of the fundamental model to that of DNS at Rer = 10* Vi
DNS
(lower line) and the ratio of turbulent viscosity of the basic k-€ model to that of DNS at Re; = 10*
v
" ! (upper line) versus the dimensionless distance from the wall, x.
D
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5.3. Diffusion of Kinetic Energy and Pressure

In the basic k-e model, fluxes of kinetic energy and pressure are lumped together, as
shown in Equation (13). For channel flow, these terms become the following:

Vt dk
<Kuhy >+ <puy >= o dx (26)
From Equation (14), we have the following for the fundamental model:
!, ) dk

The description is used in the numerical solution of the equation for k in Section 6.

In Figure 3, we show the sum of both fluxes versus x, when the RHSs of (26) and (27)
are evaluated by the DNS data. Values for the calibration constants 0y and c; of 1 and 1.3
were taken. Also, the value of the sums is obtained by the direct calculation of their values
using the DNS of Re; = 10*. The empirical construction of Equation (27), based on the
fundamental model, offers surprisingly good agreement. The agreement extends over the
entire x range and is obtained with the calibration constant, c; = 1.3.

0-7 T T
/ *‘ = = = Basic k-¢ model (5,=1)
0.6 "« | Fundamental model (c,=1.3)| |
I
051

<o
~

°
w

e
o

o
o

diffusion of sum of kinetic energy and pressure [-]

0.1 62 03 04 05 06 07 08 09 1
x[-]

Figure 3. Sum of turbulent fluxes of kinetic energy and pressure versus the dimensionless distance
from the wall, x. The solid line is the sum according to DNS at Rer = 104, the dash—dot line is the
empirical construction using the fundamental model, and the dashed line is the empirical construction
of the basic k- model.

5.4. Diffusion of Energy Dissipation

DNS data do not provide information on the average values of products of velocity
fluctuations and dissipation fluctuations. Direct verification of the diffusion representation
is, thus, not possible. Further, the differential equation for mean energy dissipation in both
models is largely an empirical construction. What remains possible is to verify the values
of quantities derived from the solutions of the coupled differential equations for mean
kinetic energy and mean energy dissipation rate against DNS data. This is the subject of
the next section.
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6. Solutions of k and e Compared with DNS
In the previous section, predictions of individual components of the models were

verified by DNS. Further testing is executed by comparing numerically obtained solutions
of the model equations as a whole with DNS.

6.1. Equations and Boundary Conditions
Model equations are given by coupled differential equations for mean kinetic energy
and mean energy dissipation. For mean energy dissipation, the variable G is introduced,
which is defined by the following:
G = xex (28)

Near the wall, outside the viscous layer, solutions should comply with the solutions of the
log layer. Inertial subrange asymptotics [18] reveal that production, P, and dissipation,
€, are equal in this region: P = €. Furthermore, K‘%l = 1, so that G = 1. DNS results
show values of G in the log layer, which are between 0.9 and 1 [13,14]. In the present
analysis, the theoretical value of 1 is taken. Making use of relations (21), (23b), (23d), and
(28), differential equations (23e) and (23f) can be transformed into the following coupled
equations for k and G, which are appropriate for the basic k-e model.
®  Basic k-e model equations:
ﬂzfi(ﬂ%) (1—x)?
0 Gdx® G dx A
ﬁﬁi(ﬂi(g)) 1(661(1 —x)?
0e G?2dx" G dx*x k A

—1=0 (29)

—Ce2) =0 (30)

where
A=,k (31)

where values of the empirical constants will be taken in agreement with [5,6]: ¥ = 0.4,
ey =0.09, 0 =1,0: =13, ce1 = 149, ceo = 1.9. The boundary conditions are as follows:

Ve
dk dG
x—l, a—O,E—G (33)

The boundary condition for k at x = 0 follows from relations (21), (23b), and (23d), with

€= % in the log layer. The boundary condition for G at x = 1 corresponds to the zero

slopeofeat x = 1.
The equations appropriate for the fundamental model follow from (24h) and (24i)
upon using (28), (21), (24a)-(24g).

e Fundamental model equations:

cri’x d B~ dk,  (1—x)?

¢ axlear) T 170 (34
e
x2x2k d x ce1(1—x)?
G20€*dx(Bde> g =0 (35)
and ) )
B = 60(0122 +op) = 60((1 —x)*+03) (36)
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In these equations, k and o2 are related to each other by an algebraic relation, which is
obtained by the systematic elimination of e! ‘%], 012, 011, 033, D12, D2y from Equations (21),
(24a), and (24g), as follows:

302, + (1 — x)?
2((7222 —(1—x)2)

The relation can be used to eliminate oy, from (34) and (35), resulting in two differential
equations for k and G. However, the analysis of the above relation for k shows that in
an area close to x = 0, according to (37), og can have two values for one value of k. The
verification of (37) using the results of DNS confirms the correctness of the equation and
the double dependency in this area. The other way around is not the case: For each value
of 2y, there is only one value of k possible. The easiest approach is then to substitute the k
relation (37) into the two differential equations, i.e., Equations (34) and (35), and solve for
o2 and G. The value of k is subsequently obtained from (37). The boundary conditions are

k= 022 (37)

as follows:
x=0 G=1; 020 = %—1 (38)
P d0’22 AL dG .
x=1; o 0; i G (39)

where the boundary condition for oy at x = 0 follows from Equations (21), (24d), and
(24g), with e = % in the log layer, as in the basic k-e model, c.o = 1.9. A value of ¢ of 1.3
was established in Section 5.3 (Figure 3). A value of ¢ of 0.2 is found to lead to the best
agreement with DNS.

The value of ¢, follows from Equation (35) by letting x approach x = 0. It yields
the following relation:

kox?
Cel = Ce2 — 2_* (40)
€

which is analogous to Equation (17) for the basic k-e model; kg is the value of kat x = 0
obtained from Equation (37). For cey = 1.9, Cy =7, 0¢ = 0.2 and kg = 4.48, c.;1 = —1.68.
This suggests negative production. However, for the first term on the LHS of Equation (35),
one can write the following:

2 d prde

. (BX EdG dB
dx" G dx

4 — +B (41)

_ 2 Y
) =x dx(de) Yix

where the last two terms have the same character as that of production, making the total of
production-like terms positive.

6.2. Numerical Solution

Numerical instability is encountered when solving Equations (29), (30), (34), and (35),
a feature not uncommon for k-e equations; see Lew et al. [19]. The way out is to convert

the equations into a diffusion problem by adding the terms dk and ac on the RHS of (29)

dt dt
and (30), % and c;—(f on the RHS of (34) and (35). This requires starting from a suitably

chosen initial solution at t = 0; see Borse [20]. After sufficient time, the solution converges
to the desired stationary result.

Another difficulty encountered in the execution of the numerical calculations concerns
the boundary condition for G at x = 1: cf. Equations (33) and (39). These are replaced by
(d/dx)G = 0 at x = 1. The effect of this simplification is limited to a small region near
x =1

Figures 4 and 5, respectively, show the distributions of kinetic energy, k, and the
energy dissipation rate, G, versus x, according to DNS, the basic k-e model (calculated
from Equations (29) and (30)), and the fundamental model (calculated from Equations (34)
and (35)).
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Figure 4. Distribution of kinetic energy, k, versus x, according to DNS (solid line), the numerically
and analytically assessed basic k-e model (dashed and full lines, respectively), and the numerically
and analytically assessed fundamental model (dash—dot and full lines, respectively).
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Figure 5. Distribution of kinetic energy, G, versus x, according to DNS (solid line), the numerically
and analytically assessed basic k- model (dashed and full lines, respectively), and the numerically
and analytically assessed fundamental model (dash—dot and full lines, respectively).

6.3. Analytical Solution

The distinction is made between the area near the wall referred to as the outer region
and the area near the center of the channel referred to as the inner region. The outer
region is the area where the production and dissipation of energy are dominant. Turbulent
diffusion of kinetic energy and pressure and turbulent diffusion of dissipation are negligibly
small. It is the area where the log layer description for mean flow applies and where
production equals dissipation [21]. In the inner region, turbulent diffusion of kinetic energy
and pressure, as well as turbulent diffusion of dissipation, are important and in balance
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with energy dissipation, while production is negligibly small. For each region, analytical
solutions can be derived, which are subsequently matched to arrive at a complete solution.

6.3.1. Solutions for k and G in the Outer Region

Solutions valid in the outer region are obtained by retaining the second and third
terms in Equations (28) and (33), yielding A = (1 — x)? and B = (1 — x)?, or in terms of k
and 0>y

e Basic k-€ model:
k=—(1-x) 42)
e Fundamental model:
C
=1/ (5 -1 -2) (43)

Using the relation between k and 09y, according to the fundamental model, cf. Equation (37),
we have the following;:

e Fundamental model:

kao(l—X) (44)
where k is the value of k at x = 0,
1 Co 3Cy)—4

which amounts to kg = 4.48 for Cy = 7.

To derive the equations for G, which are applicable in the outer region, the second
and third terms of Equation (41) need to be taken into account (and replacing B with A in
Equation (41), for the basic k- model). Noting that in the outer region A = (1 — x)? and
B = (1 — x)? one obtains for G from Equation (30) using relation (17) and from Equation (35)
using relation (40), the result:

e Basic k-e model and fundamental model:

G=(1-x)\/(1+x) (46)

The above descriptions for k and G are rather simple. They compare well with the
numerical results for values of x, up to about 0.5. At greater distances from the wall, they
start to deviate and fail to meet the conditions of the zero slope at x = 1. To overcome this
deficiency, solutions valid for the inner region are developed.

6.3.2. Solutions for k in the Inner Region

Solutions for k are developed by describing k by a series of successive powers of
7 = 1 — x. The linear term in # is omitted in order to satisfy the zero-slope condition at
1 = 0. Disregarding terms of O(57%) and higher, we write the following for k:

k=k + myz 47)

where ki is the value of k at x = 1; and k; and a are to be determined. Substituting
expression (47) in Equations (29) and (34), and equating the leading terms of O(%°) for a in
the basic k-e and fundamental models, respectively, we obtain the following relations:

c, K2k?
zaVTkl - G% (48)
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and .
16acyx“k
—5c, =G (49)

where G; is the value of G at 7 = 0. In deriving result (49), we take for oy at 7 = 0 the
value %kl in accordance with Equation (37). The boundary between the inner and outer
region is defined by 9 = 1 — x(. At this boundary, the value of k and its slope should
match the values of the outer region. This yields the following relations:

ki +agd = 1% &y + and = noko (50)

V'
2ay ! 2any =k (51)
0= ——7 0 =Ko
Ve

for basic k-e€ and the fundamental model, respectively. From Equations (47)—-(51), the
following solutions are obtained:

e For the basic k-¢ model:

T
fo = 40, G2V g = M0 ] (52)
2./Cu 2. /Cutio
e and for the fundamental model:
9G2C
o= oalels ky = IO o~ JO 53)

_%

The above solution parameters can be determined by implementing the values of the system
parameters, oy, ¢y, k, Co, ko, and c;. The value of Gy is taken from the numerical results:
G1 = 0.25 in the case of the basic k-€ model and G; = 0.44 in the case of the fundamental
model. An alternative approach to determine G; is to couple the above analytical solution
of k to that of G presented in Section 6.3.3 below. It yields values for G; without recourse to
the numerical results. The values are practically equal to those of the numerical results.

A complete analytical description of k for the outer and inner regions is obtained from
Equations (41) and (44) when x < x(, and Equations (47) and (52) when x > xy, where
xo = 0.47 in the basic k-€ model, and xy = 0.33 in the fundamental model. The results are
shown in Figure 4 with solid blue and red lines.

- 2Kk’ ! 2

6.3.3. Solutions for G in the Inner Region

For G in the inner region, the following expansion is used:
G=Gi(1—n)+an’ (54)

where the linear term, Gy, is introduced to satisfy the boundary condition at x = 1:
cf. Equations (33) and (39). The values of G; and a are to be determined. Substituting
description (54) into Equations (30) and (35) and equating the leading terms of O(7") yield

the following:
a=aG} (55)
where .
ele2
= (56)
ZKZCPJ{‘;’
and 5Cor?
00¢ Ce2
= —= 57
16x2k3 &7
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for the basic k-e model and fundamental model, respectively. At the boundary of the inner
and outer regions, 7 = 71, the values of G and its slope, according to the outer and inner
regions, should become equal. This yields the following relations:

my/ (2—m)=1-m)G + vk (58)

2—3m)
V2—1m

Eliminating G; from the above equations yields the following irreducible equation for 7;:
133

a-3r (1—

1-—11)3
The value of « follows from Equation (56) by using the system’s values for the various
parameters and taking for k; the value of the numerical calculations, i.e., k; = 0.8. Con-
sequently, « = 134 and &« = 18 for the basic k-e model and the fundamental model,
respectively. Iteratively, one finds from Equation (60) that for the basic k-e model #; = 0.31
(x; = 0.69) and the fundamental model, #; = 0.47 (x; = 0.53). A complete analytical
description of G for the outer and inner regions is obtained from Equation (46) when x < x;
and Equations (54)—(56) when x > x;. The results are shown in Figure 5 with solid blue
and red lines.

= —Gy +2aG3py (59)

3, 1t
4+4) (60)

Sl
|
SN

6.4. Discussion of Results

Numerical and analytical solutions for kinetic energy, k, and energy dissipation, €,
with the latter in terms of G = «xxe, have been developed for the basic k-€ model and a
new fundamental model. The solutions are compared with DNS results and are shown in
Figures 4 and 5. Our conclusions are as follows:

1. Analytical solutions agree in a satisfactory manner with numerical solutions. The
analytical solutions reveal the relative contributions of turbulent diffusion, energy
production, and energy dissipation in the outer and inner regions of the channel. They
show to what extent the descriptions are empirically or fundamentally based and
depend on calibration factors.

2. Solutions for k in the outer region (x < 0.33) according to the fundamental model do
not depend on calibration constants. They have a fundamental basis. The differences
with DNS can be ascribed to errors as a result of truncation in the expansion with
respect to C; 1 which underlies the fundamental model.

3. Solutions for k in the inner region (x > 0.33) according to the fundamental model
depend on the calibration factor, c.

4. Solutions for k in both the outer and inner regions, according to the basic k-e model,
depend on the calibration factors ¢, and 0.

5. Solutions for G in the outer region, according to the fundamental model and the
basic k-¢ model, (x < 0.53) and (x < 0.69), do not depend on calibration factors.
Differences with DNS are due to some deviation between the value of production and
dissipation in this area.

6.  Solutions for G in the inner region, according to the fundamental model and the basic
k-e model, (x > 0.69) and (x > 0.53), respectively, depend on the calibration factors
oZ and oe.

7. Using standard calibration constants in the solutions of the basic k-¢ model results
in notable deviations compared to DNS data. The deviations can be reduced by
recalibrating o, ¢, and 0. Deviations between diffusion constants remain significant
because of different functional dependencies; see Figures 1-3.
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7. Velocity Distributions

The basic k-e model is based on the assumption of an isotropic turbulence field. It
cannot predict the anisotropic behavior of covariances or turbulent stresses. For the funda-
mental model, the distribution of 03, follows from the solution of Equation (34). According
to Equation (24b) 033 = 0, while 097 = %k — 09, where k is given by Equation (37). In
Figure 6, the distribution, versus x, of the calculated values of the standard deviations
of the fluctuations /011, \/022, and /033, is shown, according to the fundamental model
and the results of DNS. Deviations are similar to those shown in [9] and are ascribed to
the truncation of the expansions of C; 1, underlying the theory of the fundamental model.
Deviations of the three variances, 011, 022, 033 from k, which describe anisotropy, are next to
the leading order in the C; ! expansion (cf. Equations (24a)-(24c)), and are, therefore, more
sensitive to the truncation error.
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Figure 6. Distribution of the standard deviations of fluctuating velocities /011, /022, and /033,
versus x, according to DNS (solid line) and the fundamental model (dash—dot line).

For the gradient of the mean flow, the following relations can be derived. For the basic
k-e model from Equations (21) and (23b), we have the following:

duy, 1—x

it S 1

dx Vt (6 )
For the fundamental model from Equations (21) and (24d), we have the following:

dug, 1—x

&~ Dy €2

In Figure 7, the distributions are shown of Kx% versus X, according to DNS, the basic k-e
model, and the fundamental model. The deviations between DNS and the basic k-€ model

are similar to those shown for vpys and v; in Figures 1 and 2. Similarly, the agreement

d
between vpys and Dy, is shown in Figures 1 and 2. According to (21), P = (1 — x)%,

indicating that the disagreement of production with DNS in the case of the basic k-¢ model
is similar to that shown in Figure 7, and that the agreement of production with DNS for the
fundamental model is similar to that shown in Figure 7.
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Figure 7. Distribution of Kx%, versus x, according to DNS (solid line), the basic k-¢ model (dash—dot
line), and the fundamental model (dashed line).

The distribution of mean velocity u; predicted by the basic k-€ model and the funda-
mental model is obtained by integrating the RHSs of Equations (61) and (62). Because the
models do not describe the velocity in the viscous layer at the wall, the integration starts at

some distance from the wall for which the position x = is taken. The value of u; at

er
this point, according to the DNS results of Re; = 104, is 17.2, which agrees with the values
obtained from the measurements; see Monin and Yaglom, Vol. I, Figure 25 [21]. The results
of the integration are shown in Figure 8, where the distributions of the mean velocity of
the two models and DNS are presented. It is seen that for equal shear velocity (i.e., for
equal longitudinal pressure gradient in the channel), the fundamental model somewhat
overestimates mean velocity (by 5%), while the basic k- model underestimates it by 18%.
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Figure 8. Distribution of mean velocity divided by shear velocity, versus x, according to DNS (solid
line), the basic k-e model (dash—dot line), and the fundamental model (dashed line).
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8. Discussion

An analysis is presented of two models to determine the mean values of turbulent
flow variables, i.e., velocity, u;, pressure, p, turbulent diffusion, Djj, kinetic energy, k, and
energy dissipation, €. The two models are the basic k- model widely used in engineering
applications and environmental analysis [5,6], as well as a new fundamentally based
model, which is derived from recently published statistical descriptions of inhomogeneous
anisotropic turbulence [7-9]. The analysis focused on turbulent channel flow, which is
highly anisotropic and inhomogeneous. It is of direct relevance to duct flow applications,
turbulent boundary layers around bodies, and the atmospheric surface layer around the
earth. Model predictions were verified against the published results of direct numerical
simulations (DNS) for shear Reynolds numbers of 950 [15], 2000 [13], and 10* [14]. The
comparison focused on the regions outside the thin viscous boundary layers, which are a
few millimeters at the wall. The development status of DNS is mature; its results can serve
as a reliable source for verifying model predictions.

The basic k-€ model is built on an empirical isentropic representation of the turbulence
field. It contains a gradient hypothesis for turbulent diffusion, which is supplemented
by calibration constants. Using conventionally proposed values for the calibration con-
stants [5,6], model predictions of several variables are found to deviate remarkably from
the results of DNS. A summary is presented in Table 1.

Table 1. The predictions of the basic k- model and the new fundamental model, compared with the
DNS of turbulent channel flow.

Variable Basic k-€ Model New Fundamental Model
. . Empirical Equation (23d). Fundamentally based Equation (24d).
Turbulent viscosity Significant deviations: Figures 1 and 2 Satisfactory agreement: Figures 1 and 2
Turbulent diffusion of temperature, . E.rr.lpmcal E.qu.ahon .(23.C)' Fund.amentally based Equ.atlc.)n (24e).
Significant deviations similar to Satisfactory agreement similar to
smoke, aerosol . ;
Figures 1 and 2 Figures 1 and 2
Turbulent diffusion of kinetic energy Empirical Equation (26). Deviation: Empirical Equation (27).
and pressure Figure 3 Satisfactory agreement Figure 3
In the outer half of the channel:
- Empirical Equation (29). Deviation: Fundamentally based Equation (55). In
Mean value of kinetic energy Figure 4 the inner half: Empirical Equation (55).

Satisfactory agreement Figure 4

In the outer half of the channel: In the outer half of the channel:
Mean value of enerev dissipation rate fundamentally based Equation (46). In the = fundamentally based Equation (46). In the
8y P inner half: empirical Equation (55). inner half: Empirical Equation (55).
Deviation: Figure 5 Satisfactory agreement: Figure 5
RMS values of fluctuations No prediction Qualitative agreement: Figure 6
. Empirical Equation (61). Deviations: Fundamentally based Equation (62).
Mean value of velocity Figures 7 and 8 Satisfactory agreement Figures 7 and 8

The fundamental model is derived from a theory that has a theoretical basis [7-9].
Expressions for the turbulent diffusion of momentum and of conservative scalars, such
as temperature and passive admixture (smoke, aerosols), are of a general nature. They
are free from calibration constants. They are found to agree in a satisfactory manner
with DNS results at all distances, x, from the wall (outside the thin boundary layer at the
wall). The theory underlying the fundamental model does not provide generally valid
expressions for the turbulent diffusion of non-conservative scalar kinetic energy, pressure,
and energy dissipation. The non-conservative diffusion terms are only important for the
determination of k and € in the inner half of the channel. Here, non-conservative behavior
has been modeled by using the diffusion expressions of conservative scalars provided with
calibration factors. A summary is presented in Table 1.
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9. Conclusions

CFD codes are generally based on empirical propositions for diffusion by turbulent
fluctuations. This includes the basic k-€ model widely used in engineering and environ-
mental analyses. The limitation of these models is that they lack generality. It is uncertain
whether the constituting variables are truly and accurately represented by the proposed
expressions, both in magnitude and spatial dependency. The addition of calibration factors
tempers the prediction inaccuracies to some extent. At the same time, they need to be
specified for each new case. However, calibration predictions can still deviate markedly
from the correct results at different positions in the flow field.

Models that are derived from generally valid principles do not suffer from these
limitations. The presented new model contains descriptions of important diffusion terms,
which satisfy this criterion. Calibration factors are absent, and because of their generality,
applicability exceeds that of channel flow. Points for improvement of the new model are
as follows:

(i) The agreements between the new model and DNS are satisfactory but not perfect,
due to the truncation of the expansion in powers of the inverse of the universal Kol-
mogorov constant that underpins the theoretical foundation of the model. Extending
the expansion will reduce the truncation error significantly.

(ii) Whatis missing is a general description of the turbulent dispersion of non-conservative
scalars. Their impact is limited to the description of k and € in the interior part of the
channel, or more generally, substantially away from walls where shear is imposed.
The development of well-based descriptions for the diffusion of k and e will eliminate
the remaining empiricism of the model.
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Abstract: Cyclone separators, which have a high separation performance, play a crucial role in
mitigating the occurrence of dust explosion incidents. This study aims to improve the performance of
an axial cyclone separator using the results of simulations employing the RNG k — ¢ model together
with a user-defined function to simulate the wall collision process. The effectiveness of various
structural modifications to the vortex tube has been addressed. Specifically, we found that increasing
the number of blades, reducing the blade exit angle, and adopting L-shaped blades increase separation
efficiency. Additionally, enlarging the guide vane and exhaust pipe diameters, as well as increasing
the exhaust pipe inclination angle, contribute to an improved separation performance due to the
developed tangential velocity and vortex cores. However, it also increases the pressure drop losses
due to the increase in the turbulence pulsation entropy and the wall entropy, while the time-averaged
entropy is found to be less significant. As a result, our study sheds light on the flow characteristics,
the gas—solid separation process, and the energy loss mechanism in the cyclone separator.

Keywords: separation efficiency; pressure drop; structure parameter; entropy production

1. Introduction

Dust explosions pose a significant, persistent risk in various industries where flammable
particulates are processed [1-3]. Such incidents can cause severe harm to people and substantial
property damage. For instance, an explosion in an aluminum powder plant in Kunshan,
Jiangsu, China, in August 2014, initiated by an open flame, resulted in 75 deaths. More recently,
a starch dust explosion in Qinhuangdao, Hebei, in 2021, led to 21 deaths and 47 injured persons,
and a dust explosion in a Changzhou, Jiangsu, metalworking facility in January 2024 caused
8 deaths and as many injuries. These events highlight the critical importance of effective dust
management strategies in industrial environments. Minimizing airborne combustible dust
concentrations is essential for preventing such catastrophic events. This necessitates a concerted
effort toward implementing stringent dust control measures, enhancing safety protocols, and
fostering a culture of safety awareness across sectors susceptible to dust explosion hazards.

Dust removal technologies are pivotal in mitigating the risks associated with com-
bustible dust in industrial settings [4]. Many dust removal technologies can be used
to improve air quality, such as mechanical dedusting, filtering technology, electrostatic
precipitation, ultrasonic dedusting, pulse injection technology [5], corona dust removal
technology [6], and Fischer-Tropsch synthesis [7]. Among these, mechanical dedusting stands
out for its widespread application, offering advantages such as minimal spatial requirements,
low construction costs, simplicity in operation, and the absence of moving parts. Specifically,
cyclone separators, a subset of mechanical dedusting methods, play a crucial role in indus-
tries ranging from petrochemicals to agriculture. These devices leverage centrifugal force,
generated through a rotating airflow, to segregate particles from air streams. Predominantly,
cyclone separators are differentiated into two main types: conventional reverse flow cyclones
and straight flow (axial) cyclones. Reverse flow cyclones utilize a tangential inlet to generate
centrifugal forces [8], with purified air exiting upwards through the outlet [9]. Conversely,
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axial cyclone separators, employing a swirl generator, maintain the air flow’s initial direction,
resulting in a lower pressure drop [10]. This characteristic, alongside a higher throughput and
enhanced flexibility in the separation process, makes axial cyclones particularly effective in
controlling combustible dust accumulation and reducing explosion risks.

The evaluation of axial cyclone separators predominantly hinges on two critical
metrics—separation efficiency and pressure drop—that serve as benchmarks for assessing
technological performance. The genesis of axial cyclone design traces back to 1948 with
Umney’s pioneering model [11]. Initially, the axial cyclone’s lower separation efficiency
restricted its application range compared to its reverse-flow counterparts. Nevertheless,
ensuing research endeavors have substantially focused on augmenting the efficacy of
axial separators. It has been established that the geometrical dimensions of an axial sep-
arator profoundly influence its filtration capabilities. Notably, the design of swirl vanes
emerges as a pivotal factor, accounting for a significant portion of total pressure loss while
crucially impacting centrifugal force generation and, consequently, separation efficiency.
Innovations aimed at enhancing axial cyclone performance have been noteworthy [12-14].
Andreussi’s [15] introduction of an adjustable guide vane, tailored to inlet velocity, dust
concentration, and particle characteristics, marks a significant advancement. Similarly,
Trow’s exploration [16] into the impact of tube diameter on separator efficiency identi-
fied optimal long-length ratios, highlighting the nuanced relationship between structural
dimensions and performance. Dirkzwager’s research [17] further elucidated that a height-
ened centrifugal force field could be achieved through reduced diameter designs, offering
insights into optimizing the balance between efficiency and pressure management.

Experimental investigations stand as a cornerstone in the advancement of cyclone
separator technology, offering unparalleled precision and reliability in outcomes. Hsiao and
Chen’s exploration into multi-stage cyclones underscored the critical role of Reynolds and
Stokes numbers on particle separation efficiency, pinpointing the fluid dynamics and parti-
cle behavior as fundamental to optimizing cyclone design [18]. Similarly, Koffman'’s study on
the parallel use of 14 cyclone separators revealed a decline in collective efficiency from 96% to
92.2%, with this reduction being attributed to variations in inlet velocity, thereby highlighting
the importance of uniform airflow for maximal performance [19]. Further, Akiyama’s research
on the impact of outlet structural variations on particle separation illuminated the intricate
relationship between design elements and functional efficacy. These studies not only deepen
our understanding of cyclone separator mechanics, but also guide the development of more
efficient, reliable systems through focused modifications in design parameters [20].

Many scientists have carried out studies aiming to improve the performance of vortex
tube separators. However, the existing methods can lead to an increase in pressure loss
and reduce the aerodynamic performance and the energy efficiency. Therefore, analyzing
the separation efficiency and pressure loss of the cyclone separator through numerical
simulation methods can help the design process. To deepen the understanding of internal
gas—solid flow, the complex dynamics in the cyclone tubes, as well as the influence of
various structural and operational variables on the performance, need further exploration.
This study uses Computational Fluid Dynamics (CFD), enriched by particle-wall collision
and entropy generation models, to dissect the impact of modifications in blade count,
morphology, outlet angles, guide cone, and exhaust pipe dimensions, as well as exhaust
pipe configuration, on the vortex tube’s energy dissipation, separation efficiency, and
entropy generation. Our findings offer some insights into the internal gas—solid two-phase
flow structure, which can contribute to a better understanding of the energy loss mechanism
and influence the performance of the separator.

2. Materials and Methods
2.1. Grid Generation Methods

The cyclone separator in Figure 1 mainly includes the blade, guide vane, straight pipe,
and exhaust tube. The parameters are given in Table 1, with a 50 mm outer diameter and
35° blade outlet angle.
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Figure 1. The structure of an axial cyclone separator.

Table 1. The dimensions of the swirl generator.

Variable Project Value/mm

D1 outer diameter 50

D2 inner diameter 46

d diameter of guiding cone

al wall thickness 2

a2 guide vane length 30

a3 guiding cone length 100

ad distance between the pressure 50

hole and dust outlet

Figure 2 shows the mesh distribution generated by the ICEM 2020 R2 software with
2,991,661 grid cells. The inlet air is regarded as having incompressible turbulent flow
and the RNG k — e model is used as the turbulence model since it has been proved useful
in simulations of rotation flows [21,22]. The discrete phase model (DPM) is used to track
the particle separation efficiency coupling with the continuous phase in ANSYS FLUENT.
The results in Figure 3 shows that the simulation of the pressure drop corresponds to the
experiment data, ensuring the calculation accuracy of the continuous phase. For the discrete
phase model, the simulated 167 pm and 296 um particles are found to be 91.64% and 82.17%,
respectively; these values are close to the experimental ones: 87.00% and 79.13% (see [23]).
Overall, the maximum error of 5.3%, and the efficiency and pressure drop, in our view, let us
conclude that the simulations were performed with satisfactory computational accuracy.
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2.2. Governing Equations

The flow field in an axial cyclone separator is simulated using the following governing
equations [24]:

The continuity equation of a fluid flow:

u;

axi =0 (1)

The equation of momentum balance:
ou; auiuj _ opP d ou; aM]
g“r ax] —_aixiﬁ‘aixjﬂ aixj‘f'aixl ’ 2)

where u; and u; are the velocity components, p is the air density, P is the air pressure, y is
the dynamic viscosity, and ¢ is time.
The equations of the RNG k — ¢ turbulence model are [25]:

0 0 0 ok
d d d de € .
g(pe) + a—xi(peui) = o ltxsﬂeffaxj + %(ClsGk — Cx)pe )

where k is the turbulence kinetic energy, ¢ is the turbulence dissipation rate, Gy is the
turbulence kinetic energy generation rate, «, is the effective reverse Prandtl number, ¢ is

the effective viscosity coefficient, and C is a constant.
The equation of the DPM force balance model can be written as [26]:

du D 1 D du 1

—Py = — Zuy g Z Zu 2 _ : 2 2
mp( T ) = mpFp(u —up) +m( D, )+ me(Dt i ) + (mp —mys)g+ 2(7Tp,,r )CLLVZ (5)
where 1) is the particle velocity, u is the air velocity, m, is the mass of the particle, m
is the fluid mass, g is the gravity acceleration, r is the particle radius, p, is the particle
density, C; is the Saffman lift coefficient, L is the directional cosine, V is the relative velocity
magnitude, and Fp (u — u)) is the drag force computed as:

Fp = 18y CpRe

- 4 (6)
ppds 24
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where d, is the particle diameter, y is the air dynamic viscosity, Cp = ¢(Re) is the drag
coefficient, and Re is the relative Reynolds number:

_ pdyp|up _”|'
14

Re @)
To investigate the energy loss in a cyclone separator, in our study we employed the

entropy production theory to analyze the energy dissipation, i.e., considering the direct

viscous entropy production, turbulent entropy production, and wall entropy production

based on the Reynolds-averaged method. Herwig et al. provided the function for obtaining

the rate of entropy production per unit volume [27]:

(1) Rate of the time-averaged entropy production caused by viscous dissipations in the
average flow field:

R P 0 S R o Y R Y L W L 8)
DT ox oy 0z dy = ox dz  ox dz = dy

(2) Since the Reynolds-averaged approach cannot explicitly provide the turbulent velocity,

Herwig et al. correlated the ‘e’ variable in the RANS simulation model with the

entropy production rate. This correlation yields the turbulent dissipation entropy
production rate resulting from the flow field fluctuations:

n S
sy, = % )

The entropy production induced by the time-averaged velocity and fluctuating velocity
can be obtained by integration, i.e.,

Sp= [ Spav (10)
14

Spy = /sg,dv (11)
\%

In these expressions, St is the direct dissipation entropy production caused by time-

averaged velocity, W/K, Sp is the turbulent dissipation entropy production induced by

fluctuating velocity, W/K, and 'V’ represents the volume of the computational domain, m?>.

(3) The entropy production generated at the wall due to velocity gradients is calculated
by the following expression [28]:

Sy = / To oy (12)
. T
A
Here, 1, is the wall shear stress, Pa, 1, is the velocity at the center of the first layer of
the grid near the wall, m/s, and ‘A’ is the area, m?. The total entropy production ‘S’ within

the computational domain is:
S=S55+Sp +Sw (13)

2.3. Boundary Condition and Solver Settings

The inlet boundary condition is velocity inlet, and the DEFINE_PROFILE macro was
used to calculate the fully developed turbulent flow as:

Ugpe = umax(l — 7’/70)1/71 (14)
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where r represents the radial position, r( is the radius of the cyclone, 4y, is the average
velocity, and #max is the maximum velocity:

49
Ugpe = @umax (15)

The discrete phase boundary condition for particles is trap with 0.9 flow rate weighting,
and, for cleaned air, it is defined as escape with 0.1 flow rate weighting. The separation
efficiency is calculated by the ratio of the escaped particles and the released particles:

_ Ntrap (1 6)
Nirack

where 7 is the separation efficiency, Nirap is the number of trapped particles at the outlet,

and N,k is the number of tracked particles.

Figure 4 shows the particle size distribution measured by the Microtrac S3500 particle
size distribution analyzer [23]. The median diameter is 167 pm, the maximum diameter is
296 um, and the particle concentration is 20 g/min. To simplify the calculation, the efficien-
cies of 167 um and 296 um particles are considered with 2650 kg/m? particle density.

100 T T T T T T T L ———
L "
90 F —
L /I/
80 || B
Q V4 :
Sk - ‘*l* Cumulative percent| |
< /
5 ]
S 60 | / -
= u
2 7 /
e _/'
Z T [ 4
Ry ‘- |
= r ]
Eal ™
= | |
O "
20F m i
tm
10 i
0 N 1 N 1 N 1 N 1 N
0 200 400 600 800 1000

Diameter(um)

Figure 4. Particle diameter distribution [23].

The solution method for the cyclone separator is pressure-based with a steady state
using the RNG k — ¢ turbulence model. The standard wall function is adopted for the
near-wall, which is assumed to be a no slip wall. The Navier—Stokes equation is solved
by the SIMPLE method, and approximations for the gradients are computed by the least
squares cell-based method. The governing equations for the turbulent kinetic energy and
turbulent dissipation rate are solved by the second order upwind method.

2.4. Particle-Wall Collision Model

In order to improve accuracy of the separation efficiency, the 410 stainless steel collision
model is adopted to characterize the particle-wall collision effects considering the particle
velocity after impact to the particle velocity before impact. The DEFINE_DPM_BC macro is
used to simulate the particle-wall interaction process considering the tangential velocity
restitution ratio and the normal velocity restitution ratio component. The 410 stainless steel
collision model is [29]:

en = Via/Vap = 1-0.4159B1 — 0.4994p% + 0.29263,

) 3 (17)
er =V /Vr1 =1-212p +3.077587 — 1.1B4,
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where ey represents the normal velocity restitution ratio, er is the tangential velocity
restitution ratio, Vy is the normal particles’ velocity before collision, Vyy is the normal
particles’ velocity after collision, Vr; is the tangential particles” velocity before collision,
and Vry is the tangential particles’ velocity after collision.

2.5. Calculation Steps

Step 1. The single-phase gas flow is simulated.

Step 2. For the flow computed at the previous step, the particle separation efficiency is
calculated using the DPM model based on the particle wall collision process governed by
the user-defined function.

Step 3. The energy loss process is analyzed by the entropy production model and
using the CFD-Post 2020 R2 software. The direct viscous and turbulent entropy production,
as well as the wall entropy production, are computed from the simulation results obtained
at the previous step.

3. Results and Discussion
3.1. Effect of Blade Number

The blade structure has a significant impact on the separation efficiency and pressure
drop. Figure 5 shows the separation performance in the axial cyclone separator at 5 m/s
inlet average velocity as a function of the blade number. These results indicate that more
blades can result in the increase in energy loss, and improve the separation efficiency of
the 167 um particle. The 296 um particle has a higher efficiency when the blade number is
4. With the blade number changing from 2 to 8, the pressure drop is gradually increased
from 75.83 Pa to 244.62 Pa. For 167 um for 296 um particles, the separation efficiencies
are increased from 78.32%, and 62.96% to 94.85%, and 79.53%, respectively. This indicates
that the reasonable blade number is 4, and, although increasing the number of blades also
contributes to efficiency, this causes more energy loss.
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Figure 5. Separation efficiency and pressure drop varies with blade numbers.

Figure 6 shows the flow field and pressure distribution in the cyclone separator, and
the X velocity represents the tangential velocity which is related to the separation process.
The units for pressure and velocity are Pa and m/s, correspondingly. The flow field has
visible differences—the seven-blade cyclone has a negative pressure region at the rear of
guide vanes, with a more uniform and fully developed tangential velocity. The 167 pm
particles have more spiral rotation in the seven-blade cyclone separator. This indicates that
a stronger rotating field is generated in the cyclone with a greater number of blades.
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Figure 6. Flow field in the cyclone.

Figure 7 shows the vortex core region in the cyclone at the condition of 0.06 swirling
strength. When the blade number is 2, the vortex core region is unstable. By increasing the
blade number, the rotation flow is gradually developed; the vortex core is close to a steady
state when the blade number is 4.

Figure 7. Vortex core region (swirling strength = 0.06).

Figure 8 compares the velocity distributions at the center of the discharge pipe at the
monitoring line (in Figure 1). The flow velocity is zero at the discharge wall because of the
non-slip condition. Due to the presence of the centrifugal force, the velocity at the center of
the tube is relatively low. Total and tangential velocity decrease significantly at the distance
of 0.1 D-0.2 D from the out wall. When the number of blades increases, the maximum total
velocity increases from 9.7 m/s to 19.5 m/s, and the maximum tangential velocity increases
from 8.6 to 16.9 m/s, reflecting the improvement in the separation efficiency for a higher
number of blades.
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Figure 8. The outlet velocity distribution in various blades.

Figure 9 depicts the entropy production and wall shear stress distributions through
cloud diagrams, focusing on viscous, turbulent entropy production, and wall shear stress
across the system. The analysis reveals a concentration of both average and fluctuating
entropy production near the guide vanes, at the draft tube cone’s wall surface, and within
the exhaust pipe. Notably, wall shear stress predominantly occurs at the guide vanes’ exit
and along the exhaust pipe’s walls. With an increase in blade count from 2 to 7, there is
a marked enhancement in the mixing dynamics between the high-velocity airflow at the
draft cone’s tail and the slower-moving flow within the recirculation zone. This interaction
boosts the time-averaged and turbulent entropy production values. The acceleration of
airflow at the guide vanes’ exit further amplifies, intensifying the vortex tube wall shear stress.
As a result, the measurements of time-averaged entropy production, turbulent entropy pro-
duction, and wall entropy production escalate significantly from 8.0 x 107> W/K, 6.9 x 1074
W/K,and 65 x 107* W/K to 2.1 x 10~* W/K, 1.9 x 10~ W/K, and 1.6 x 10> W/K, re-
spectively, indicating an increase in energy dissipation. Extended analysis reveals that the
time-averaged entropy production constitutes around 5.7% of the total, significantly less
than the contributions from the turbulent (50.3%) and wall entropy production (44.0%). This
delineates the latter two as the primary mechanisms driving energy losses within the vortex
tube, highlighting the importance of optimizing design and operational parameters to mitigate
these losses.
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Figure 9. Entropy production rates and wall shear distribution.
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Velocity (m/s)

3.2. Effect of Blade Outlet Angle

The effect of the blade outlet angle on the separation capacity is shown in Figure 10.
When the blade outlet angle changes from 20°to 50°, the separation efficiency of the 167 pm
particle decreases from 97.27% to 87.50%, the efficiency of the 296 pm particle decreases
from 88.70% to 73.65%, and the pressure drop decreases from 297.35 Pa to 82.57 Pa. This
shows that a smaller blade outlet angle has a higher efficiency and pressure dissipation.
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Figure 10. The separation performance under different blade outlet angle.

Figure 11 shows the velocity variation with the blade outlet angle along the monitoring
line (see Figure 1). There is no large difference between the flow distribution characteristics
for the total and tangential velocity. The only visible difference is that the total velocity
decreases from 21.78 m/s to 12.60 m /s and the tangential velocity decreases from 19.16 m/s
to 10.13 m/s when the blade outlet angle changed from 20° to 50°. This reveals that a
smaller angle creates a stronger centrifugal field, which helps to increase the efficiency.
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Figure 11. The velocity distribution at different outlet angle.

Figure 12 demonstrates the entropy production at different blade outlet angles. When
it changes from 20° to 50°, the production of time-averaged entropy, turbulent entropy,
and wall entropy decrease from 2.8 x 10~% W/K, 3.0 x 1073 W/K, and 2.4 x 1073 W/K

169



Inventions 2024, 9, 34

to 1.4 x 107* W/K, 8.5 x 10~* W/K, and 5.8 x 10~* W/K, respectively. This is due to a
decrease in the total velocity, leading to a decrease in the mixing effect at the rear end of
the guide vane and the exhaust pipe. Furthermore, the decreasing relative speed between
the rotating air and the wall may also cause a smaller energy loss.
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Figure 12. The influence of blade outlet angle on entropy production rates.

3.3. Influence of the Blade Shape

Figure 13 demonstrates the structure parameter of the blade. In Figure 13a, x represents
the blade length alone the flow direction, y represented the circumferential length of the
blade, and the functions between x and y relating to the different blade curves are shown in
Table 2. Figure 13b is the blade control line along the circumferential direction, the control
line of the C blade is an arc line, the lines of M1, M2, and M3 are power functions, and the
line of L is a straight line.
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Figure 13. The detailed parameters of the blade.
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Table 2. The function relationships and parameters of different blades.

Blade Shape Function Parameter
C y=r—Vr2—x2 r=237.84
M; A =0.0328 B =1.9107
M, y = AxB A =0.1969 B = 1.4657
M; A =0.6280 B =1.1889
L y = x/tan(B) B =35°

The dust removal performance at different blade shapes is shown in Figure 14. As
the blade shape changes from C to L, the calculated efficiency of the 167 pm particles
increases from 91.65% to 98.76%, the efficiency of the 296 um particles increases from
82.17% to 93.37%, and the pressure drop is drastically changed from 163.19 Pa to 595.28 Pa.
These results demonstrate that a long circumferential length can improve the separation
capability; however, it introduces more pressure loss.
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Figure 14. The separation performance varies with blade shape.

The influence of the blade structure on the flow field is shown in Figure 15. When
the blade shape is changed from C to L, the flow path gradually increases, and smaller
vortex regions are generated. This indicates that the L blade can produce a stronger
induced action.

A E

C M1 M2 M3 L

Figure 15. Vortex structures of different blades in the cyclone.
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According to Figure 16, when the blade shape changes from C to L, the production of
time-averaged entropy, turbulent entropy, and wall entropy change from 2.1 x 10~* W/K,
15 x 107 W/K, and 1.1 x 107* W/K to 6.0 x 10~* W/K, and 5.7 x 107> W/K,
5.4 x 1072 W/K, respectively. The flow becomes more turbulent in a long flow-guiding
passage, leading to the increase in entropy production and wall shear at the position of the
blade and the guide vane, resulting in a higher energy loss.
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Figure 16. Effect of blade structure on entropy production rates and wall shear.
3.4. Guide Cone Diameter

The influence of the cyclone guide cone diameter on the separation efficiency and
the pressure drop can be seen in Figure 17. When the guide cone diameter is changed
from 10 mm to 40 mm (0.2 D to 0.8 D), the separation efficiency of the 167 pm particles is
increased from 59.10% to 100%, the separation efficiency of the 296 um particles is increased
from 48.16% to 98.98%, and the pressure drop is increased from 43.02 Pa to 977.76 Pa.
Comparing the numerical results, we conclude that the 30 mm and 35 mm guide cones
(0.6 D and 0.7 D) have satisfactory properties and the separation efficiencies for the 167 um
particles are 91.87% and 98.83% with 163.19 Pa and 303.81 Pa pressure drops, respectively.
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Figure 17. Influence of guide vane diameter on performance.

The flow fields between the 10 mm and 35 mm guide cones are given in Figure 18
(the units for the pressure and velocity fields are Pa and m/s, respectively). For the 35 mm
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guide vane, the flow has a larger pressure gradient, a higher tangential velocity, and a larger
reflow region than that of the 10 mm guide cone. The maximum tangential velocity in the
10 mm guide cone cyclone is mainly distributed at the rear of guide cone. By comparison,
the tangential velocity in the 35 mm guide vane tube is increased significantly near the
particle outlet.

, -
lll /1]

\

\

Al

g
I

Pressure ’ ‘ Pressure )

20 -0

0 -100

-20 T Z velocny -150

10 Wb -200 Z Velocity

-250 X Velocity
-60 7 12
~80 p =300 - 20 ‘ 10
100 : -350 o
120 ; -400 p
140 3 -450 N
160 3 -500 { )
-180 1 _Z(S)g \ o
-200 0 -
220 j @ o -650 .
240 - 5 -700
[ ] -750 ) )
(a) 10 mm guide vane (0.2 D) (b) 35 mm guide vane (0.7 D)

Figure 18. Details of the flow field in the cyclone.

When the diameter of guide vane is changed from 0.2 D to 0.8 D (see Figure 19),
the maximum outlet velocity is increased from 9.48 m/s to 31.54 m/s and the maximum
tangential velocity is changed from 6.61 m/s to 29.09 m/s. This can be explained by the
fact that the cross-sectional area is changed by the guide vane, creating a higher diameter of
the guide vane and enabling a higher tangential velocity; hence, the particles are separated
more efficiently.
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Figure 19. The velocity under different diameters of guide vanes.

Figure 20 presents the entropy production at different diameters of the guide vane.
When the diameter of the guide vane is increased from 0.2 D to 0.7 D, the time-averaged
entropy, turbulent entropy, and wall entropy are gradually increased from 4.3 x 1075 W/K,
22 x107*W/K,and 2.0 x 10~* W/Kto 4.6 x 10~* W/K,3.1 x 1073 W/K,and 2.7 x 103 W/K
due to the higher velocity and turbulence intensity.
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Figure 20. Entropy dissipation rates and wall shear at different guide vanes.

3.5. Exhaust Pipe Diameter

Figure 21 illustrates the separation performance for different exhaust pipe diameters.
By increasing the exhaust pipe diameter from 36 mm to 44 mm, the efficiency of the 167 um
particles is decreased from 96.52% to 67.82%, that of the 296 um particles is decreased from
90.03% to 49.09%, and pressure drop is decreased from 195.11 Pa to 116.83 Pa. A smaller
diameter of the exhaust tube can increase the particle separation efficiency. Similarly, it also
leads to an increase in the pressure drop.
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Figure 21. Influence of exhaust pipe diameter on performance.

The cyclone exhaust pipe diameter has a notable influence on the velocity distribution,
as shown in Figure 22. With the exhaust pipe changing from 44 mm to 36 mm, the
distribution of internal velocity showed no significant difference, except for the variation in
the velocity value. Correspondingly, the maximum total velocity changed from 13.70 m/s
to 18.04 m/s and the maximum tangential velocity changed from 11.53 m/s to 14.17 m/s.
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Figure 22. Effect of the exhaust pipe diameter on the outlet velocity.

Figure 23 shows the entropy production for different outer diameters of the exhaust
pipe changing from 36 mm to 44 mm. The entropy production rate at the rear end of the
guide vane and exhaust pipe caused by the cross-section area gradually decreases, which
results in a decrease in the time-averaged entropy, turbulent entropy, and wall entropy from
25x107*W/K, 2.0 x 10> W/K, 1.3 x 1073 W/K to 1.8 x 107* W/K, 1.1 x 1073 W/K,
1.0 x 1073 W/K.
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Figure 23. Entropy dissipation rates and wall shear for different exhaust pipe diameters.

3.6. Exhaust Pipe Shape

The cyclone performances of different exhaust pipe shapes are shown in Figure 24.
When the inclination angle is changed from 2° to 10°, the efficiencies of 167 um particles
and 296 pm particles are increased from 95.44% and 88.30% to 100% and 96.36%. Cor-
respondingly, the pressure drop is increased from 166.33 Pa to 968.38 Pa. This indicates
that a larger inclination angle can improve the dust removal efficiency and increase the
pressure consumption.
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Figure 24. Effects of outlet pipe shape on performance.

Figure 25 shows the axial flow velocity distribution measured in m/s. The downstream
flow field of the guide cone is significantly affected by the shape of the exhaust pipe. A
higher inclination angle can increase the velocity at the inlet of the exhaust pipe, causing
more zones to be affected by the back flow at the inlet of exhaust pipe.

Z Velocity

Figure 25. The axial velocity distribution with different outlet shape.

From Figure 26, one sees that as the exhaust pipe inclination angle increases, the fluid
distribution at the blade and guide vane has little variation. However, an obvious accelera-
tion zone and a recirculation zone appears at the rear end of the guide vane and exhaust
pipe, leading to higher energy loss at this position. Correspondingly, the time-averaged
entropy production, turbulent entropy production, and wall entropy production are in-
creased from 2.4 x 107* W/K, 1.7 x 107> W/K, and 1.2 x 107> W/K t0 3.9 x 10~* W/K,
7.5x 1073 W/K,and 1.9 x 103 W/K.
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Figure 26. Entropy dissipation rates and wall shear at different exhaust pipe angles.

4. Conclusions

A study of the separation performance of the axial cyclone separator was performed
using the RNG k — e model based on the entropy production model. The effects of blade
number, blade outlet angle, and blade shape on the separation performance are considered.
In addition, the influence of guide cone diameter, exhaust pipe diameter, and exhaust pipe
shape are investigated.

Numerical simulation shows that a higher performance of an axial cyclone separator
can be achieved by an appropriate structure design. Increasing blade number, decreasing
blade outlet angle, and choosing the L blade form increase the separation efficiency. Further-
more, a larger guide cone diameter, a smaller exhaust pipe diameter, and a large exhaust
pipe inclination angle can also improve the separation efficiency. All of these methods can
lead to a larger pressure drop and entropy production due to a higher turbulence dissipa-
tion entropy and wall entropy, which is a main reason for energy loss. Our results provide
new insights into the particle separation processes and give practical recommendations for
improving the dust removal performance of industrial axial flow cyclone separators.
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Abstract: A new area of underwater equipment research focus is the use of underwater unmanned
vehicles (UUVs) with launch mechanisms to deploy lightweight and small-sized robots for functions
including communication, exploration, and detection. The internal ballistic mathematical model
of the underwater launch system for small robots is established in this paper. The internal ballistic
parameters and the robot displacement and velocity change rule over time are obtained. The
optimization calculation of the crucial parameters to be determined by the particle swarm algorithm
is completed. Following optimization, the gas cylinder’s initial pressure is 2 MPa, its capacity is
30 L, its opening area is 9.683 x 107> m?, and its opening time is 0.02 s. A numerical simulation is
performed for the small robot’s underwater launch process, based on the mathematical and physical
model supplied by Fluent 2020 software. The results yield the robot’s motion law and the properties
of the flow field during the launch process. The purpose of the underwater launcher experiment is to
determine the robot’s motion characteristics. The accuracy of the theoretical model is confirmed by
comparing and analyzing the numerical simulation results with the actual data.

Keywords: underwater launch; interior ballistic modeling; two-phase flow; dynamic grid; numerical
simulation

1. Introductions

Unmanned underwater vehicles (UUVs) have been an increasingly important area of
attention for underwater equipment development globally because of their compact size,
low weight, extended operating range, and affordable use [1,2]. UUVs with autonomous
attack capabilities outperform current underwater combat gear and can be used with an
existing underwater assault armament. The challenge of launching a small, light UUV to
perform detection and communication duties has emerged as a barrier to the creation of
novel UUVs [3], necessitating launcher optimization.

Using a multiphase VOF model and a conventional k-epsilon turbulence model, Liu,
HJ et al. [4] examined the gravitational impact of launch velocity on the hydrodynamic
properties of a vertically launched underwater vehicle using an air curtain. Numerical
simulations were used to examine the link between the undersea vehicle’s form and
launch velocity. Zhang, JH et al. [5] employed a visual experimental platform and a
two-dimensional (2D) transient model to forecast the multiphase flow field during an
underwater launch. Researchers studied how the flow field was affected by the muzzle
velocity. The findings indicate that while the length of the pressure oscillations shortens,
the highest peak pressure of the oscillations rises with increasing muzzle velocity. Gao,
S. et al. [6] investigated the vortex structure and trajectory parameters of the wake of an
underwater launch vehicle using an enhanced delayed separation vortex simulation, a VOF
multiphase flow model, and an overlapping grid approach. A three-dimensional unsteady
multiphase flow numerical model was established by Zhang, X. et al. [7] for the sealed firing
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of an underwater gun. The VOF multiphase flow model was chosen and integrated with the
Schnerr—Sauer cavitation model. The flow field at the muzzle of a 30 mm underwater gun
with two tubes fired in parallel was numerically calculated, and the results were compared
with those of a single-tube firing. Li, WN et al. [8] created a two-way fluid—structure-
linked numerical simulation technique to examine the launch tube’s flow properties and
dynamic response. There has been additional discussion of the impact of launch depth and
lateral flow. Three sample turbulence models—the Reynolds stress model (RSM), the large
eddy simulation (LES) model, and the normalized group (RNG) k-epsilon model—were
examined by Wang, YN et al. [9] in conjunction with VOF simulations. The volume of
fluid (VOF) multiphase model was chosen to investigate bubble flow hydrodynamics in a
top-submerged gunboat. In order to study the hydrodynamic characteristics and launch
parameters during the whole launch process, Zhang, WQ et al. [10] created a computational
fluid dynamics (CFD) model of the AUV launch tube system. The outcomes show how
an underwater vehicle launch tube with a turbopump as the power input may operate
with great efficiency. A platform for underwater air curtain firing simulation experiments
has been built by Zhang, XW et al. [11], a mathematical-physical model of underwater air
curtain launching was constructed, and the underwater artillery launching process was
anticipated, based on the theory of gas jets in water and internal ballistics. Jayaprakash
et al. [12] used a combination of experiments and CFD to study the evolution law of
underwater bubble generation, expansion and contraction. For the study of launchers, Wei
et al. [13] developed a scalable underwater launching system based on stress wave theory
and split Hopkinson pressure rod technology, which can be used to study the cavitation
phenomena and hydrodynamic properties of high-speed underwater objects.

As can be seen from the above, a majority of the study of underwater launching
by academics has been on heavier weapons, including submarine-launched missiles and
torpedoes, with very little research done on the process of micro-robotic underwater
launching and associated launch systems. The majority of the present research includes the
launch of missiles and torpedoes with dimensions typically between 500 and 2000 mm in
diameter, 3500 and 13,000 mm in length, and 160 to 1500 kg in mass. This study’s item is
400 mm in length and 100 mm in diameter. In light of the variables influencing internal
ballistic performance, this work will create an internal ballistic model of a tiny robotic
launcher and optimize the launcher parameters using the particle swarm technique.

2. Materials and Methods

The mini-robot model is displayed in Figure 1 in order to create the ballistic model
and optimize the launch parameters within the pneumatic mini-robot launcher. It is around
400 mm in length and 100 mm in diameter.

Figure 1. Schematic diagram of the small robot model.

Figure 2 illustrates the components and workings of the pneumatic launcher. The
launch tube has a length of 800 mm and a radial clearance of 1 mm between its inner
diameter and the robot’s outer diameter. High-pressure gas from a gas cylinder is poured
into the launch tube of the robot prior to launch. The launch command triggers the program-
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controlled launch valve, which opens progressively as soon as the robot is launched.
Through the launch valve, compressed gas from the high-pressure gas cylinder enters the
launch tube. The gas expands and works to create thrust, which propels the robot and
allows it to exit the tube at a fast enough speed.

7 = J

High-pressure Launching Transmitting Robot Water
gas cylinder valve tube

Figure 2. Structure and principle diagram of the pneumatic launcher.

It is assumed that there is no heat exchange between the emission device and the
outside world because the physical and chemical properties of the working medium change
very little, meaning that the pressure-specific heat capacity is constant. As a result, the
emission process can be simplified to an adiabatic process, ignoring the effects of gas
leakage, gas viscosity, and the gas potential and kinetic energy.

2.1. Numerical Model Study
2.1.1. High-Pressure Gas Source Deflation Model

The high-pressure cylinder model, based on fundamental assumptions, is comparable
to the adiabatic outgassing of a high-pressure cylinder at a constant capacity during the
mini-robot’s launch. Assume that the high-pressure cylinder’s starting values are Vp for
the volume, Py for the pressure, Tp for the temperature, and Mp for the mass of the gas.
Since it is believed that the entire launch process is adiabatic, dQ = 0, the launch valve
is opened at that point. Since the high-pressure air bottle contains only the exhaust flux,
there is no change in the flux entering, so dmp = —dm;, dm; is the mass flow through the
release valve [14]. Because the air bottle is in a fixed state, it does not work on the outside,
so dWp = 0. In this case, the first law of thermodynamics can be written as:

hgdmp = dU. )

The enthalpy of the gas in the instantaneous high-pressure cylinder is i; in the equa-
tion above. Equation (1) can be expressed for an ideal gas as

cpTpdmp = cy Tpdmp + cympdTp. 2)
Rectification leads to the temperature differential equation:

T, Ty d
G == 1) ®)

Differentiating both sides of the equation of state for an ideal gas simultaneously to
time yields:
GV + TGPy = Y RTp + GEmpR. @)

Since the gas cylinder is in a constant volume state, dVp /dt = 0, connected to (1), (3),
(4), the differential equation of pressure change can be obtained:

dPB _ PB de
Tt = Kt ©)

2.1.2. Launch Valve Model

According to the gas dynamics theory, the flow rate at the valve port can be expressed

as follows [15]:
x—1
u:\/z_klg{l—(g)] )
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where Pg is the upstream pressure of the launch valve, pp is the density of the gas at the
launch valve inlet, and Pf is the downstream pressure of the launch valve.

The mass flow rate from the high-pressure gas cylinder through the launch valve can
be written as [16]:

dm; _

ai = pApiu: )
where ¢ is the flow coefficient of the launch valve, which can be taken as 0.6~0.65 according
to the empirical value, A; is the instantaneous opening area of the launch valve, p; is the
gas density at the exit section of the launch valve, and u; is the gas flow rate at the exit
section of the launch valve.

Since the launching process is isentropic, the mass flows through the launching valve
can be obtained from (6) and (7):

Kk+1

i = pA;Pg 21‘1155[(%)2 - (%)] ®)

where Tp represents the absolute temperature of the gas at the inlet of the launch valve.
According to the energy equation of an ideal gas adiabatic process, the critical pressure
ratio can be obtained:

B = % = ()" = 0.5283. 9

Bringing Equation (9) into (8), the mass flow rate of the sound velocity flow can be
obtained as:

dims K1
i = 9APe 7 (1) 1o

2.1.3. Launching Tube Model

The robot is propelled to move when the launch valve is opened, allowing high-
pressure gas to enter the launch tube. The thermal process of the gas in the launch tube
can be represented by the first law of thermodynamics in the following way, assuming that
there is no heat exchange between the gas and the tube during the launch process:

Ur =Ug+ H —W—-W,. (11)

where Ur represents the internal energy of the gas in the launch tube of the launch process
species, Ugg represents the internal energy of the gas in the launch tube before launch, H;
represents the enthalpy of the gas flowing into the launch tube through the launch valve,
W represents the work done to propel the robot motion and Wj, represents the work done
to push the seawater between the launch tubes of the robot.

The temperature equation and pressure equation for the gas in the launch tube are:

u
Te = 55, (12)
Py = ZEAIE, (13)

where mg represents the mass of the gas in the launch tube; Vg represents the instantaneous
volume of gas in the launch tube.
The enthalpy equation of the gas entering the tube through the launch valve is

i — o, T, (14)

The rate of change of the gas mass in the launch tube is

d dm;
dmy _ dmy, (15)

The volume flow rate of seawater out of the annular gap between the robot and the
wall of the launch tube is
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Vi = 9jSny/ 5 (PE — Pp)- (16)

where ¢; represents the flow coefficient of seawater through the annular gap; S, represents
the annular clearance area between the launching tube and the robot; p,, stands for seawater
density; P, stands for seawater pressure at the launch tube port.

To propel the robot forward, the launch valve is opened, allowing gas to flow through
it and into the launch tube. The launch tube’s gas volume is continuously growing, and the
rate at which this volume changes is as follows:

CE = 9iSu\/ & (Pe— Py) + Sog. (17)

where S represents the cross-section area of the robot; v; represents the motion speed of
the robot.

2.1.4. Robot Motion Model in the Launch Tube

Five forces act on the mini-robot during the ejection process: the mini-robot’s own
gravity, the thrust of the gas inside the launch tube, the resistance of the water to the
mini-robot’s motion, the friction between the mini-robot and the launch tube, and the static
pressure of the surrounding water environment. When the seawater flowing within the
launch tube and the robot are examined collectively in accordance with Newton’s second
rule, the robot’s equation of motion may be written as follows:

mg®t = S;Pg — Ry, (18)

Rx = 3CppwSvs? + m(myg — Fy) + SPy. (19)

where m,; represents the total mass of the robot and the seawater moving in the tube; S;
represents the cross-sectional area of the inner diameter of the launching tube; Rx represents
the resistance of the robot; Cp represents the resistance coefficient of the underwater
movement of the robot; y represents the friction coefficient between the robot and the
launching tube; F; stands for the buoyancy force on the robot.

During the motion, the power of the work done by the gas thrust on the robot is

AW — SPpv,. (20)

During the motion, the work done by extruding the seawater in the annular gap
between the robot and the tube wall is
3
AWy, = ¢;Spy/ o (P — Py)?. (21)

2.2. Optimization Design
2.2.1. Optimization Objective Determination

The performance of the ejection system is mainly determined by the cylinder’s initial
pressure, volume, opening time, and opening area for a small robotic underwater launch
system where the robot dimensions, the diameter of the launch cylinder, and the depth
of the launch water are all essentially known. Consequently, the four aforementioned
parameters have been selected for optimization.

2.2.2. Optimization Parameters” Determination

The chosen range of the optimization parameters will have a greater influence on the
optimization process. A selection range that is too short may restrict the local optimum
and yield less than ideal outcomes. A selection range that is too big can readily create an
excessive number of incorrect solutions, leading to a low optimization efficiency. The range
of parameters that need to be optimized for this inquiry is shown in Table 1.
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Table 1. Value ranges of parameters to be optimized.

Parameter to Be Optimized Value Rang
Initial cylinder pressure Pp 1.5-3 MPa
Cylinder volume Vp 20-50 L
Launch valve opening time ¢; 0.02-0.05s
Launch valve opening area A; 1.96625 x 1075-1.76625 x 10~* m?

2.2.3. Objective Function Determination

To maximize the ballistic parameters in this research, the little robot has to escape the
launch tube at a high exit velocity with the least amount of acceleration possible. As a
result, the objective function is as follows:

minf(x;) = vy — rx%‘i. (22)

where v, represents the robot’s moving speed; & represents the correction coefficient, which
is set to 0.1.

2.2.4. Optimization Process

The particles in the particle swarm algorithm are influenced by themselves and other
particles in the population in the optimization process to complete the search for the optimal
solution, and the specific steps can be carried out as follows:

1. Initialize the particle swarm, and the parameters to be set are the learning factors
c1 and cp, the maximum evolutionary generation G and the current evolutionary
generation g. Randomly generate size particles, the initial population position and
motion speed; in the solution space, the population size is denoted by size, each
particle is a solution in the space, the position of the i-th (1 < i < size) particle in the
space is denoted by x;, and the velocity of the particle is denoted by v;. The individual
extreme value of the i-th particle from the beginning to the current iteration search is
denoted by p;, and the optimal solution of the whole population is denoted by bests;

2. The initial position of each particle in the population is treated as an individual
extreme value, and the fitness value f(x;) of each particle is calculated according
to the objective function, in which the current optimal position of the population
is found;

3. To prevent the particles from falling into a local optimum, the velocity and position of
the particles are updated using the equation

of = wv;‘*1 + clrl(pf*1 - xffl) + czrz(bestsi»‘fl — xi.‘*l), (23)

xi-‘ = xffl + v?il. (24)

The inertia weight w, which is non-negative in the equation, is primarily responsible
for modifying the query range of the solution space; for the two stochastic functions rq and
12, the range of valuesis [0,1], k = 1,2,...,G,i = 1,2,...,size, and the learning factor is c;
and cp.

4.  Compare the fitness value f(x;) of the particle at this moment with the previous
extreme value p; of the particle, and if f(x;) is better than p;, replace p; with the
current value f(x;) as the new individual extreme value and update the position of
the particle. Compare the fitness value f(x;) of the particle at this moment with the
optimal value bests of the population, and if f(x;) is better than bests, then replace
the current bests with the optimal value f(x;) of the population to become the new
fitness value and update the global optimal solution of the population;

5. Tojudge whether the algorithm satisfies the termination condition, if it does, it stops
running and also outputs the optimal result; if it does not satisfy the termination
condition, it takes k = k + 1 and returns to step (3) to continue its iteration; the
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final termination condition of the algorithm is to reach the set maximum number of
evolutionary generations or the result of the evaluation is lower than the set accuracy.

The computational flow of the particle swarm algorithm is shown in Figure 3.

Start

Initialize populations and set
parameters

v

Calculate individual
objective function values

v
Initialize individual optimal
and global optimal

v

Update particle settings
and speed to generate
new populations

v
Calculate individual
objective function values
v

Update individual optimal and
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A

Reach the number
of iterations
required

No

Yes
A 4
Output Optimization
Results

End

Figure 3. Flow chart of particle swarm optimization.

2.3. Simulation and Experimentation
2.3.1. VOF Method

A two-dimensional axisymmetric internal ballistic model was developed in order to
precisely ascertain the changes in the flow field and velocity of the tiny robotic underwater
launcher during horizontal launching. The computational fluid dynamics (CFD) analysis
software Fluent 2020 was utilized to simulate the robot’s exit from the cylinder. Due to the
combined flow of high-pressure gas and water during the underwater launch process, there
is a significant interaction between both phases, resulting in a strongly coupled nonlinear
process. This work chooses the realizable turbulence model and the VOF multiphase flow
model to represent the relative motion and development of the free interface between the
gas and water phases, taking into account the flow characteristics in underwater launches.
Furthermore, a six-degrees-of-freedom model and dynamic grid technology are used to
characterize the different types of motion displayed by tiny robots.

The VOF approach tracks the interface in the simplified tiny robot underwater launch
issue, which is a gas-liquid two-phase flow problem. The following is the governing
volume fraction equation:

o —
a—tl+v.wl:0. (25)

The VOF model tracks the interface between the gas-liquid phase by solving the
continuous equation of the volume fraction of the liquid phase. Without considering the
phase transition, there is no mass source term in the liquid phase, the right end of the
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equation is zero, and the calculation of the volume fraction should follow the following
restrictions:
ag+a; =1. (26)

where g is the gas phase volume fraction; a; is the liquid phase volume fraction.
The continuity equation is

= + B—Xi(pui) =0. (27)

Regarding the momentum equation, the VOF model computes a single momentum
equation for the entire basin, the results of which are shared by the phases:

ou; , ouj
# ax] axi

where p is the density of the mixed phase; ¢ is the material parameter, and ¢ = agpe + a;¢;
is obtained by the weighted average of the volume fraction (¢ can be p, y, etc.)
The energy equation is as follows:

0

op ) 2
—i—axi<—3yV-V). (28)

3( Ll)—f—i( u.u.)—i _—
ot T 5 W) = 52 T oy,

0 0 0 oT
3t PE) + 5 [ PE+P)] = 5 <kgffaxj>- (29)

where: E is the mass average energy of each phase; T is the mass average temperature of

P91+ g0gPg
apptagpg

conductivity of each phase (k + k¢); k; is the turbulence thermal conductivity, defined by

the turbulence model used.
The equation of state can be shown as

RT, =
Pq:{p/ 18 (30)

each phase, ¢ = (pis E or T); k,¢r is the mass average energy effective thermal
p ¢ @ ff & 23

const gq=1

The VOF model allows only one phase to be defined as compressible: the gas phase as
compressible, and the liquid phase as incompressible.

Regarding interpolation near the interface: By calculating the relative flow and dif-
fusion flux of the flow over the control volume’s surface, the fluid software balances the
source term of the control volume itself. In the VOF model, the surface flow may be
computed using four different methods: geometric reconstruction, material acceptance, the
Euler explicit, and the Euler implicit. The first two approaches employ distinct techniques
to address the interpolation problem of elements surrounding various intersecting inter-
faces, whereas the remaining two approaches handle the same interpolation method for
single-phase or polyphase elements, i.e., by utilizing the conventional first-order upwind,
second-order upwind, or QUICK format. The most precise geo-metric reconstruction
technique, appropriate for any unstructured mesh, is used in this research.

Regarding surface tension and avoid adhesion: The interphase surface tension may
be reproduced when utilizing the VOF model to simulate multiphase flow problems by
adjusting the contact angle that the fluid and the wall generate. It is caused by the surface-
only gravitational force between the fluid microclusters, which reduces free energy by
shrinking the interface’s area. The source term in the momentum equation of the continuum
surface force (CSF) model is produced by the extra surface tension encountered during the
VOF model’s simulation. This equation is as follows:

Fvol = Z(Ti,j

Déip,'KthX]' + Dé]'p]'KinXi
i<j % (oi + Pj)

(31)
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where: « is the surface curvature.

) VDCZ'
|V

=V (32)

The effect of surface tension is determined by Reynolds number Re and capillary
number Ca or Weber number We. The use of the capillary number and the Weber number
depends on the size of the Reynolds number, when Re << 1, the capillary number needs
to be used, and vice versa. The two are defined as follows:

ca="2, (33)
g

where U is the free flow speed, when Ca << 1 or We >> 1, the surface tension can be ignored.
The VOF model is limited by the boundary condition of the wall itself, and the normal
direction of the unit near the wall can be adjusted by setting the proper contact angle of the
wall, so as to reduce the boundary limit. The surface normal of the actual element near the

wall is:
1 = Mg c0S Oy + Fyp 5in Op. (35)

where: 6, is the wall contact angle; 1, is the unit normal vector of the wall surface; Fuis
the unit tangent vector of the wall.

2.3.2. Turbulence Model

There is a lot of turbulent flow when a little robot is being launched underwater out
of the tube. Currently, direct numerical simulation (DNS), large eddy simulation (LES),
and Reynolds time mean numerical simulation (RANS) are the three most widely utilized
numerical simulation techniques for turbulence.

By referring to the relevant literature in the field of underwater launching and combin-
ing with previous calculation experience, this paper adopts the realizable k — ¢ model of the
vortex viscosity model in the RANS method for numerical calculation. The two transport
equations that constitute the realizable k — e model are as follows:

d(pk) | d(pujk) 9 u\ ok

oF + ox,; _E)Tc]- }H—;k aTc] + G+ Gy —pe — Ym + Sk, (36)
d(pe)  Olpeu;) 9 1\ 9 2 .
ot T ax, —om | \F o) o | TPOSE TG + G CacG S (37)

where: Gy is the turbulence’s kinetic energy generated by the laminar flow velocity gradient;
Gy is the turbulence’s kinetic energy caused by buoyancy; Yy is the fluctuation caused by
turbulent pulsation; oy, is the turbulent Prandtl number of the equation; o is the turbulent
Prandtl number of the equation; Sy and S, are the source items.
C; = max[0.43, ,7%], n= %, and usually Cy, = 1.44,C, = 19,0, = 1.0,and 0, = 1.2.
The turbulent viscosity is expressed as follows:

k2
Ht = PCy?/ (38)

1

Cn = Ay T Akl /e (39)

In the formula, Ay = 4.04, A; = /6 cos o, P = %arccos(\@W), W = %, and

(514,
1% oy x _ [c. c..
Sij = E(axi o ) U =4/5ij5i)
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2.3.3. Dynamic Grid Technology

In this research, we examine a tiny robot’s underwater launch procedure. For the
purpose of computation, a simple static grid technique is not appropriate since the grid
form in the model calculation domain varies as the robot moves. We can opt to employ the
moving grid approach to solve this type of flow problem since the geometry of the grid in
the computational domain varies as the boundary moves. In order to use the dynamic grid
model, we must first define the moving boundary’s motion mode and the grid area that
it is connected to. The boundary function and UDF are included in the definition of the
boundary’s motion mode. The motion mode of the boundary is determined by the Fluent
program based on the robot’s motion law in the flow field and the size of the selected
time step; therefore, the model used in this work does not need to specify it beforehand.
Based on the computation, Fluent anticipates where the motion boundary will be at the
next instant and checks to see if the grid height barrier has been met. The mesh close to the
moving border is either merged or divided based on the decision conditions.

For dynamic mesh models, Fluent offers three mesh-updating techniques: local
remeshing, dynamic layering, and spring-based smoothing. Only the axial motion of
the robot—which can be thought of as the impact of the grid boundary change on the flow
field of the multiphase flow—is taken into account for the modeling of the unsteady flow
field of the tiny robot in the underwater extraction process covered in this work. Thus, in
order to achieve the robot movement, the dynamic stratification approach and the local
reconstruction method are used.

Regarding the dynamic stratification method: The dynamic layering method is used
to merge or split the grid layers according to the change in the height of the grid layers near
the moving boundary. The relationship between stretching and compression is as follows:

Hmax > (1 + as)hOr (40)

Hmin < achy. (41)

where: hj is the height of the ideal mesh cell; a5 is the splitting factor; a. is the merge factor.
Regarding the local reconstruction method: The fairing approach may be used to
update unstructured mesh. The fairing approach may lower the mesh quality and cause a
negative volume and simulation error termination if the moving boundary advances too far
during the mesh updating procedure. A mesh reconstruction method is created to increase
the dynamic mesh’s application span. When the dynamic mesh’s moving border extends
beyond a certain point, causing significant distortion to the mesh, Fluent 2020 software will
regenerate both the highly deformed and the surrounding mesh. The freshly produced
mesh will be utilized if the regenerated mesh can satisfy the calculation’s quality and size
criteria. The freshly created grid is abandoned if it does not match the specifications.

2.3.4. Multiphase Flow Field Modeling

The model has to be suitably streamlined in order to account for the computation
time while still guaranteeing calculation accuracy. Figure 4 depicts the simplified calcula-
tion model.

Robot Launch tube

v

Gas region

Figure 4. Simplified calculation model.

The independence of the meshes must be investigated to eliminate the meshes” impact
on the simulation results and minimize the mistakes brought about by meshes in numer-
ical simulations. Three grid numbers—Grid A (270,000), Grid B (390,000), and Grid C
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Displacement(m)

(550,000)—have their respective outcomes chosen for comparative study in this work. The
findings displayed in Figure 5a,b are the consequence of choosing the first three outcomes
for simulation till convergence and post-processing analysis. The data demonstrate the
significant discrepancy of around 8% between the computed outcomes of Grid A and Grid
B. Between Grid B and Grid C, the highest error is negligible—it is not greater than 3%.
Grid B can be used in the final numerical computation to increase the calculation speed
and produce numerical results that are precise enough.
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Figure 5. Grid independence verification. (a) Displacement-time curves for the different meshes;
(b) Velocity-time curves for the meshes.

Both the robot and the launch tube exhibit symmetry, as shown by the simplified
computational model in Figure 4. A two-dimensional axisymmetric model may be uti-
lized to decrease the amount of computation and increase computational efficiency. The
simulation in this study disregards gravity, and the robot’s head, tail, and the launch tube
wall are all set as wall boundaries, with the walls being adopted as adiabatic and non-slip
walls; the external boundary of the launch tube and the boundary of the water area are all
set as pressure outlets; the head and tail of the robot are designated as the motion limits,
and the software’s 6DOF model is used to determine the robot’s axis” direction. Since this
study uses the sub-regional grid division approach, in order to achieve data exchange
between the nodes, the boundaries of the moving and stationary waters must be specified
as interface pairs. Figure 6 illustrates the specific boundary conditions that are specified.

T

Outlet
Launching Internal interface
tube wall
w /
Robot wall . /
Axis of symmetry

Figure 6. Boundary condition setting.

2.3.5. Experimental System

A robot, a gas supply system, a launch support system, a valve control system, and a
high-speed camera image capture system make up the robotic underwater ejection experi-
ment system. Figure 7 displays the schematic diagram of the launch’s experimental setup.
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Figure 7. Schematic layout of the launcher experiment.

3. Results and Discussion
3.1. Optimization Results and Analysis

Numerical solution software is used to program the particle swarm method’s mathe-
matical model and the goal function. In order to determine the ideal settings for the robot
ejection mechanism, the particle swarm method is applied, setting the primary parameters
of the algorithm. Examples include the particle population size N, the inertia weight
w, the maximum velocity vmay, learning factors c; and cp, and the maximum number of
evolutionary generations G. While N often is a number between 20 and 100, this study
uses N = 50. The inertia weight w in the particle swarm algorithm primarily regulates the
algorithm’s development and exploration; its value’s magnitude signifies the extent to
which the speed of the preceding particle generation influenced the current speed; thus, the
inertia weight’s magnitude should be selected judiciously. The method may enter a local
optimum during runtime if the numbers are irrational, which would impair the search
function. This study uses w = 0.8 as the inertia weight. The method’s search capabilities
may be impacted if the value is not acceptable and causes the algorithm to run into a local
optimum. The particle’s step duration is primarily restricted to an individual optimum
search by the learning factor c1, and to a global optimal search by the learning factor cp, both
of which typically take values between 0 and 4. In this investigation, c; = ¢y = 2 is used. The
value of the particle’s moving velocity spans between -vmax and vmax, and the maximum
velocity max = 0.2 is used in this study. vmax shows the maximum velocity of the particles
in the population traveling in space. The program is said to finish after a certain number
of iterations, denoted by the maximum number of iterations G, and the optimal answer
in the final computation result is produced. The particle swarm optimization algorithm’s
maximum evolutionary algebra, G = 500, is chosen for this work. Table 2 displays the
optimum parameters that were determined by applying the particle swarm technique.

Table 2. Parameter values after optimization.

Parameter to Be Optimized Numerical Value
Initial cylinder pressure Pp 2 MPa
Gas cylinder volume V3 30L
Launch valve opening time t; 0.02s
Launch valve opening area A; 9.683 x 107° m?

The robot ejection system’s mathematical model of ballistic trajectory is fitted with
the parameters optimized by the particle swarm algorithm, as illustrated in Figure 8. The
optimized initial pressure of the gas cylinder is altered from the initial assumption of
2.5 MPa to 2 MPa, and the cylinder’s residual pressures at the conclusion of the launch
are 2.36 MPa and 1.80 MPa, respectively. Following optimization, the launch time is down
to 0.2 s, which is a little faster than the pre-optimization of 0.202 s. The pre-optimization
of 0.202 s is somewhat longer than the launching time of 0.2 s, which is also significantly
shorter. The launch time is 0.2 s after optimization, which is somewhat less than the 0.202 s
before optimization. Simultaneously, the pressure change curve of the cylinder experiences
a numerical decline sooner than before the optimization due to the launch valve’s opening
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time being 0.02 s after optimization. Due to the shortened launch valve opening time, the
optimized launch cylinder chamber pressure curve is higher than the pre-optimization
one in the early stage and reaches the peak value more quickly. The peak launch tube
chamber pressure after optimization has a slight decrease, with the peak value changing
from 0.5 MPa to 0.48 MPa, the decrease being 4%. Because of the launch valve’s quicker
opening after optimization, the optimized robot starts up earlier than the pre-optimized
robot did. The improved robot’s exit velocity marginally drops from 12.33 m/s before
optimization to 12 m/s as a result of the gas cylinder’s starting pressure being reduced,
and its internal ballistic performance improves when compared to the pre-optimization.
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Figure 8. Simulation curve. (a) Pressure curve of high pressure cylinder with time; (b) Pressure curve
of firing tube chamber with time; (c) Robot velocity curve with time.

3.2. Simulation Analysis
3.2.1. Flow Field Characteristic Analysis

The gas—water phase diagram of the robot exit tube section is shown in Figure 9, and
the flow field parameters for the robot’s underwater horizontal launch were obtained using
numerical simulation.

As the robot emerges from the tube underwater, the sealing ring at its tail limits the
flow of high-pressure gas at the rear of the launch tube. In order to accomplish its task, the
high-pressure gas expands, applying a propulsive force to the robot and forcing it to exit the
tube. The high-pressure gas at the bottom flows out of the gap between the robot and the
launch tube before the robot does because of the gap, and because the high-pressure gas is
moving faster than the robot, it exits the launch tube before the robot does, creating the gas
jet phenomenon at the mouth of the launch tube barrel. As seen in Figure 9, from (a) to (c),
the jets are expelled in two distinct gas stream forms rather than being collected together as
would be expected for a three-dimensional structure, which would be ejected in the shape
of a ring. The annular jet that first emerges from the launch tube progressively separates
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from the rear gas as time goes on due to the combined effects of the robot’s motion and the
external water pressure. The robot squeezes the gas passing through the gap just before it
leaves the tube, creating vortices to the sides and back of the launch tube mouth, as shown
in Figure 9d—f. The gas mass has symmetry since the simulation is predicated based on the
robot being in an environment with a uniform flow field. As seen in Figure 9g,h, when the
robot emerges fully from the tube, high-pressure gas pours out of the tube, causing the gas
mass to rapidly expand and be stretched by the robot. The gas mass also wraps around the
robot together to the front during the robot’s escape from the tube.

(8) (h)

Figure 9. Phase diagram of the robot-piping process. (a) Pre-launch period; (b) Pre-launch period;
(c) Pre-launch period; (d) Mid-launch period; (e) Mid-launch period; (f) Mid-launch period; (g) Post-
launch period; (h) Post-launch period.

3.2.2. Internal Ballistic Characteristics Analysis

The software was used to organize and analyze the two-dimensional axisymmetric
numerical simulation data of the robot’s underwater launch. The values of the robot’s
motion displacement and velocity at each moment were then derived using UDF, and the
aforementioned values were plotted against time.

It is evident from the robot displacement graphs in Figure 10 that the robot’s displace-
ment with respect to time is roughly quadratic. The robot’s displacement increases more
slowly in the beginning and faster in the later stages. This is because the robot moves more
slowly in the first stage and faster in the later stages, which causes the displacement to
increase more largely. It takes the robot 0.22 s to exit the launch tube. When the robot
initially starts moving, its velocity is almost linear. After an acceleration duration of 0.22 s,
the robot may emerge from the tube at 11 m/s. The robot may smoothly leave the tube
under these operating conditions since the velocity value is somewhat less than that found
by solving the internal ballistic equation but still larger than the design velocity.
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Figure 10. Simulation curve. (a) Robot displacement curve; (b) Robot velocity curve.

3.3. Experimental Analysis
3.3.1. Multi-Phase Flow Field Characterization Analysis

This experiment primarily aims to investigate the properties of the robot after it
emerges from the tube during the horizontal launch process. Two robots are launched for
the test, and each robot is subjected to a different gas source pressure. The high-speed
camera used in this experiment is the VE0710L. The full frame is 1280 x 800 pixels with
1500 frames. Figure 11 shows the flow field change characteristics of the robot’s out-of-the-
tube process taken by the high-speed camera. The pressure of the cylinder outlet is set to
2 MPa by utilizing the pressure reducer.

Figure 11. Phase diagram of the robot-piping process. (a) Pre-launch period; (b) Pre-launch period;
(c) Pre-launch period; (d) Mid-launch period; (e) Mid-launch period; (f) Mid-launch period; (g) Mid-
launch period; (h) Post-launch period; (i) Post-launch period; (j) Post-launch period.
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When the launch valve is opened, high-pressure gas from the cylinder enters the
launch tube through the gas tube and propels the robot into the water. At the start of the
launch, as shown in Figure 11, from (a) to (c), the robot and the water in front of its head
work together to push forward in the wake of the gas. Figure 11d,e show how the gas
exits the launch tube before the robot and forms bubbles at the barrel’s mouth location.
Because there is not much jet flow at this time, the bubbles are mostly small and their
morphology is changing very little; the early bubbles are primarily axial in development;
as time goes on, the rear gas continues to flow out, and the bubbles start to develop radially
due to the influence of buoyancy and the blocking effect of the water. The robot’s initial
seal ring movement out of the launch tube is shown in Figure 11e,f, where the number of
bubbles greatly increased and a portion of the bubbles moved with the robot ahead; the
robot’s second seal ring movement is shown in Figure 11g—j. The robot’s second seal ring
moves out of the launch tube, causing a massive amount of gas to shoot out in the form of
a cylindrical jet. The bubbles continue to expand and increase in volume, and the buoyancy
force causes the bubbles’ position to rise. At the same time, the water flow disturbs the
bubbles and deflects them. The robot’s forward speed causes the bubble to constantly
elongate, drastically alter its shape, and cause the phenomena known as neck shrinkage. It
is also evident in Figure 11j that when the launch valve is closed and the gas in the launch
tube exits, a tiny quantity of water rushes backward into the launch tube.

3.3.2. Robot Motion Characteristic Analysis

The high-resolution picture acquisition system'’s data is processed by numerical com-
putation software to ascertain the hydrodynamic characteristics of the robot’s horizon-
tal launch.

Figure 12 shows that when the launch valve is opened, the robot initially stays motion-
less. After that, its velocity progressively increases from 0 to a peak that is reached when
it exits the launch tube. In the first phase, the pressure within the launch tube is low, and
the velocity grows more slowly. In the second phase, the pressure inside the launch tube is
steady, and the velocity increases almost linearly, peaking at 7.3 m/s in 0.305 s. The robot
displacement is parabolic when the launch valve is opened; it first stays constant, increases
gradually, and then steadily increases after a certain amount of time. This is due to the
launch tube’s initially low and unstable pressure, which causes the robot to move as soon
as it overcomes its resistance and accelerate as the pressure inside the tube rises.

Figure 12. Experimental curve. (a) Robot speed-time graph; (b) Robot displacement-time graph.

3.4. Comparative Analysis of Numerical Simulation Results and Experimental Results

The underwater horizontal robot launching process is numerically simulated and
compared to the experimental launching procedure. While the actual annular bubbles
occur together with some tiny bubbles, the numerical simulation displays the appearance
of annular bubbles sooner than the experiment and with a consistent form. The annular
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bubbles all separate from the back gas when the robot head is ready to depart the tube;
however, the axial movement of the annular bubbles predicted by the numerical simulation
is significantly more than that of the actual data, and the bubble scale is bigger. The high-
pressure gas inside the tube all forms a columnar jet at the tube’s mouth after the robot’s
tail exits it. Bubbles form in both axial and radial directions, and the gas cloud expands
and necks. However, the radial scale of the gas cloud that forms during the experimental
process is larger than the results of the numerical simulation.

The underwater horizontal launch of the robot out of the tube procedure was compared
in terms of its hydrodynamic properties. The results are compared as shown in Figure 13.
When the launch valve is opened, it takes some time to build up the launch tube’s chamber
pressure. The robot begins to move when the chamber pressure inside the tube is greater
than its resistance. These are the hydrodynamic characteristics of the robot during the
underwater horizontal launch out of the tube. There are some discrepancies between the
two hydrodynamic data because the experimental launch procedure is more complicated
than the numerical simulation, which is configured for perfect launch circumstances.
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Figure 13. Comparative curves. (a) Comparison of displacement between experimental and numerical
simulation; (b) Comparison of experimental and numerical simulation speeds.

The displacement-time and velocity—-time change laws of the numerical simulation
results and the experimental findings are essentially the same, as can be inferred from
Figure 13. The primary variations between the two are the robot’s speed as it exits the tube
and the duration of time that each uses. The robot emerges from the launching tube in
0.305 s in the experiment, but it takes 0.22 s in the simulation—a 39% mistake. Moreover,
the robot’s exit velocity from the tube is 7.3 m/s in the experiment, but it exits the tube at
11 m/s in the simulation—a 34% inaccuracy. The high-pressure gas in the robot’s tail in the
simulation can fully act on the robotic tail, despite the fact that the simulation model and
the actual model have the same cross-sectional area and a flat tail, respectively. However,
the real model experiences a phenomenon known as partial push compensation, which
causes the numerical simulation emission pipe to rise more quickly, resulting in a robot
that operates in less time and at a higher output speed.

4. Conclusions

This paper optimizes the cylinder pressure, cylinder volume, launch valve opening
area, and launch valve opening time using the particle swarm approach. Establishing a
complex two-phase flow field computational model of a small robot’s underwater horizon-
tal launch-out-of-the-tube process, setting up an underwater launch experiment system,
and conducting underwater launch experiments are all accomplished with the use of Flu-
ent 2020 software, which is based on the VOF model, realizable turbulence model, and
dynamic mesh technology. This research can serve as a guide for the development of
underwater launching systems for these robots, enabling the more accurate and convenient
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performance of tasks including detection, exploration, and communication underwater by
small, lightweight robots.

1. Following optimization, the gas cylinder’s initial pressure is 2 MPa, its capacity is
30 L, its opening area is 9.683, its opening time is 0.02 s, and its opening time is 0.02 s.
Following optimization, there is a modest reduction in the launching time, a peak
pressure decrease in the launching tube rifling, and a slight decrease in the robot’s
exit velocity from the tube.

2. The analysis of the evolution of bubble expansion and contraction at the cylinder’s
mouth during the robot-launching process yielded the following results: the robot
moved out of the launching tube in 0.22 s, and its top speed was 11 m/s. These results
confirmed the viability of the optimized launching device.

3. The robot’s underwater launching bubbles’ evolution process is identified. The robot
needs 0.305 s to travel out of the launching tube, and its exit velocity from the tube
may reach 7.3 m/s. The robot’s launch time results in an error of 39%, and the tube’s
exit velocity results in an error of 34%, according to a comparison and analysis of the
simulation and experimental data. This is because the experimental model’s tail is
conical and has a tail, but the simulation model’s tail is flat. There is a situation in the
real model where certain thrusts cancel each other out.
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Nomenclature

Vg The volume of high-pressure cylinders

Pp The pressure of the gas in a high-pressure cylinder
Tp Temperature

Mg Quality of gas in high-pressure cylinders

Q Heat

Wpg Work

dm; Energy input
dmp  Energy output

hy The enthalpy value of the gas in a transient high-pressure cylinder
o The specific heat capacity at a constant volume
Co The specific heat capacity at a constant pressure
t Time

K Specific heat capacity ratio

R Universal constant

Py Upstream pressure of the launch valve

0B Density of gas at the inlet of the launch valve
Pg Downstream pressure of the launch valve

Q Flow coefficient of the launch valve

A; Instantaneous opening area of the launch valve
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Oi Gas density at the exit section of the launch valve
u; Gas flow rate at the exit section of the launch valve
B Critical pressure ratio
Ug The internal energy of the gas in the tube during emission
Ugo The internal energy of the gas in the tube before launch
H; The enthalpy of the gas flowing through the launch valve into the launch tube
144 The work done to move the robot
Wy, The work that pushes the water between the robot’s launch tubes
mg The mass of the gas in the tube
Ve The instantaneous gas volume in the launch tube
P The flow coefficient of seawater through an annular gap
Sy, Area of annular clearance between the launch tube and the robot
Ow Seawater density
Py Seawater pressure at the launch tube’s mouth
S The cross-sectional area of the robot
vy The speed of the robot
mgy The robot and the total mass of the moving seawater in the tube
S; Tube diameter of a cross-sectional area
Rx The resistance of the robot
Cp The resistance coefficient of the robot’s underwater movement
u The friction coefficient between the robot and the launching tube
F; The buoyancy of the robot
« Correction factor
ag Gas phase’s volume fraction
o) Liquid phase’s volume fraction
0 Density of the mixed phase
¢ Material parameter
E The mass average energy of each phase
T Mass mean temperature of each phase
keff Mass average energy effective thermal conductivity of each phase’s conductivity
k¢ Turbulent heat conductivity
K Surface curvature
u Free flow velocity
Ow Wall contact angle
Ny Unit normal vector of the wall
Fo Unit tangent vector of the wall
k Turbulent kinetic energy
€ Turbulent energy dissipation rate
Gy Turbulent kinetic energy generated by the laminar velocity gradient
Gy Turbulent kinetic energy caused by buoyancy
Ym Turbulence caused by pulsation
Ok Equation k turbulence Prandtl number
O¢ Equation ¢ turbulence Prandtl number
Sk, Se  Source item
Ut Turbulent viscosity
ho Ideal height of grid cells
g Fission factor
e Merge factor
References
1. Chen, YL; Wang, ].T,; Zhu, S.T,; Gu, Y;; Dai, H.Y,; Xu, ].Y.; Zhu, Y.P.; Wu, T.X. Knowledge Graph Construction for Foreign Military

Unmanned Systems. In Proceedings of the 7th China Conference on Knowledge Graph and Semantic Computing (CCKS),
Qinhuangdao, China, 24-27 August 2022; pp. 127-137.

He, Y.; Wang, D.B.; Ali, Z.A. A review of different designs and control models of remotely operated underwater vehicle. Meas.
Control 2020, 53, 1561-1570. [CrossRef]

Huang, M.; Jiang, Y.; Wang, B. Research on Interior Ballistic of a Gas Multi-stage Cylinder Ejection. MATEC Web Conf. 2018, 179,
03005. [CrossRef]

197



Inventions 2024, 9, 30

10.

11.

12.

13.

14.

15.

16.

Liu, H].; Peng, X.Z.; Zou, Z.Z. Effects of the launch speed on hydrodynamic force of the underwater vehicle vertical launch with
the gas curtain. In Proceedings of the International Conference on Mechanics, Dynamic Systems and Materials Engineering
(MDSME 2012), Guangzhou, China, 24-25 November 2012; pp. 84-87.

Zhang, ].H.; Yu, Y.G.; Zhang, X.W. Numerical investigation on the multiphase flow field at various muzzle velocities. J. Mech. Sci.
Technol. 2022, 36, 4021-4032. [CrossRef]

Gao, S.; Shi, Y.; Pan, G.; Quan, X.B.; Yu, Y.L. An investigation on the wake vortex structure and trajectory characteristics of the
vehicle launched underwater. Ships Offshore Struct. 2023. [CrossRef]

Zhang, X.; Yu, Y.G.; Zhang, X.W. Research on multiphase flow field characteristics of underwater gun double-tube parallel firing.
Propellants Explos. Pyrotech. 2023, 48, €202300068. [CrossRef]

Li, WN.; Zhang, Z.Y; Lu, ].X;; Li, Z.S.; Wang, C. Investigations on the flow characteristics and the structural response of the
launch tube during the underwater launching process. Ocean. Eng. 2023, 279, 114603. [CrossRef]

Wang, Y.N.; Vanierschot, M.; Cao, L.L.; Cheng, Z.F,; Blanpain, B.; Guo, M.X. Hydrodynamics study of bubbly flow in a
top-submerged lance vessel. Chem. Eng. Sci. 2018, 192, 1091-1104. [CrossRef]

Zhang, W.Q.; Jia, G.T.; Wu, P;; Yang, S.; Huang, B.; Wu, D.Z. Study on hydrodynamic characteristics of AUV launch process from
a launch tube. Ocean. Eng. 2021, 232, 109171. [CrossRef]

Zhang, X.W.; Yu, Y.G.; Zhou, L.L. Numerical study on the multiphase flow characteristics of gas curtain launch for underwater
gun. Int. ]. Heat Mass Transf. 2019, 134, 250-261. [CrossRef]

Jayaprakash, A.; Singh, S.; Chahine, G. Experimental and Numerical Investigation of Single Bubble Dynamics in a Two-Phase
Bubbly Medium. J. Fluids Eng.-Trans. ASME 2011, 133, 121305. [CrossRef]

Wei, Y.P; Wang, YW.; Fang, X.; Huang, C.G.; Duan, Z.P. A Scaled Underwater Launch System Accomplished by Stress Wave
Propagation Technique. Chin. Phys. Lett. 2011, 28, 024601. [CrossRef]

Lu, H.T,; Li, W.B.; Cui, B. The Performance of Pneumatic Gun Launching Spherical Projectile. In Proceedings of the 32nd
International Symposium on Ballistics, Reno, NV, USA, 8-13 May 2022.

Yuan, R.B.; Sun, C.G; Lee, Q.; Yang, H.F. Dynamic Simulation of Position Servo System of Pneumatic Manipulator Based on
AMESim and Simulink. In Proceedings of the International Conference on Manufacturing Science and Engineering (ICMSE 2009),
Zhuhai, China, 26-28 December 2009; pp. 2580-2584.

Bing, T. Optimization of Structure Parameters for Hydraulic Energy Accumulated Torpedo Launching Device. Mater. Sci. Forum
2011, 704-705, 612-618.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

198



2 M inventions

Article

From Sparse to Dense Representations in Open Channel Flow
Images with Convolutional Neural Networks

Filippos Sofos "*, George Sofiadis 2, Efstathios Chatzoglou 2, Apostolos Palasis 1/,
Theodoros E. Karakasidis ! and Antonios Liakopoulos 2

Condensed Matter Physics Laboratory, Department of Physics, University of Thessaly, 35100 Lamia, Greece;
appalasis@uth.gr (A.P.); thkarak@uth.gr (T.E.K.)

Hydromechanics and Environmental Engineering Laboratory, Department of Civil Engineering, University of
Thessaly, Pedion Areos, 38334 Volos, Greece; sofiadis@uth.gr (G.S.); efchatzoglou@uth.gr (E.C.);
aliakop@uth.gr (A.L.)

Correspondence: fsofos@uth.gr

Abstract: Convolutional neural networks (CNN) have been widely adopted in fluid dynamics
investigations over the past few years due to their ability to extract and process fluid flow field
characteristics. Both in sparse-grid simulations and sensor-based experimental data, the establishment
of a dense flow field that embeds all spatial and temporal flow information is an open question,
especially in the case of turbulent flows. In this paper, a deep learning (DL) method based on
computational CNN layers is presented, focusing on reconstructing turbulent open channel flow
fields of various resolutions. Starting from couples of images with low /high resolution, we train our
DL model to efficiently reconstruct the velocity field of consecutive low-resolution data, which comes
from a sparse-grid Direct Numerical Simulation (DNS), and focus on obtaining the accuracy of a
respective dense-grid DNS. The reconstruction is assessed on the peak signal-to-noise ratio (PSNR),
which is found to be high even in cases where the ground truth input is scaled down to 25 times.

Keywords: convolutional neural networks; flow reconstruction; super resolution; deep learning;
open channel flows

1. Introduction

The term open channel flow describes a free surface flow where a liquid-air contact
surface exists and atmospheric pressure is applied. Therefore, free-surface flows include
all flows in natural and man-made ducts, and most of the time, these are turbulent flows.
The exceptions are few and concern very low-depth flows [1,2]. Turbulence causes the
occurrence of vortices within a wide range of length and time scales that interact in a
dynamically complex way. In general, in engineering applications, the investigation focuses
either on experiments or numerical simulations (or both). Additional problems may arise,
though, and experiments may end up with limited or noisy measurements, while numerical
simulations for complex and large systems oftentimes demand high computational times
and computer power [3].

Experiments on open channel flows have reported inherent difficulties in measure-
ments very close to the free surface, where fluctuations of the root-mean-square (rms)
velocity in the vertical direction are observed [4-7]. Moreover, it was found that the fluctu-
ations in the vertical direction were damped in contrast to those in the tangential direction,
which were amplified close to the free surface. It is therefore not surprising that a signifi-
cant part of the scientific community has devoted itself to the development of numerical
models to study the effects of turbulence, since its inclusion in engineering applications is
significant. The methods, depending on the level of precision they offer, are classified in
the following categories: (a) RANS (Reynolds Averaged Navier-Stokes), (b) LES (Large
Eddy Simulations), and (c) DNS (Direct Numerical Simulations) [8-10].
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More specifically, in the turbulence models for RANS equations, the objective is fo-
cused on the mean flow and the way the turbulence affects its properties. Before applying
any numerical method, the Navier-Stokes (N-S) equations are written in the form of time-
averages. In the RANS flow equations, additional terms appear due to the interactions
between the turbulent fluctuations, so these terms have to be modeled in turn with turbu-
lence models. It is worth noticing that the computational resources required for reasonably
accurate results related to the flow field are relatively simple, which is why RANS ranks at
the bottom of the hierarchy in terms of computational power requirements for common en-
gineering problems [11]. The principal concept of the LES method is based on the detection
of the behavior and development of Large Eddies. The method involves spatial filtering
of the unsteady N-S before the calculations, which aims to keep the largest scales and
discard the smallest ones. The equations of non-steady flow have to be solved, where the
computational cost requirements in terms of storage and volume of calculations are higher
compared to the RANS method, and, for this reason, LES is an intermediate computation
form for turbulent flows [12,13].

On the other hand, DNS has been the method of choice when accuracy is the question
and has contributed remarkably to turbulence research in the last decades [14]. The
continuity and the N-S equations for incompressible constant viscosity turbulent flow
constitute a closed system of four equations with the following four unknown variables:
velocity components u, v, and w (in Xx-, y-, and z-directions, respectively), and pressure,
p. This set of equations is taken as the starting point in DNS, and a transition solution is
developed in a sufficiently dense spatial mesh (in order to resolve the Kolmogorov length
scales in which the energy dissipation takes place) with sufficiently short time steps to
capture even the smallest eddies and the “fastest” fluctuations. The advantages of DNS
include the fact that no empirical turbulence model is required, whereas one of the main
disadvantages of the method, which makes it not widely used in industry, is that the
calculations are very demanding in terms of computational resources [15].

Nevertheless, the increased computational effort inherent in DNS and other numerical
formulations, both in terms of time and hardware needs, has opened the way to adopt novel
computational techniques stemming from machine learning (ML) [16]. Aerodynamic coeffi-
cient prediction, turbulence modeling, transitional flow modeling, and flow reconstruction
are just a few fields of application [17,18]. More specifically, deep learning (DL) techniques
have attracted a lot of interest, especially for their use as surrogate models in computational
fluid dynamics (CFD). DL models can deal with complex mathematical concepts through a
layered network of interconnected nodes, and they can be easily applied to applications
involving data in 2D and 3D dimensions, where the computational domain is discretized
using meshes. In CFD, a dense grid leads to higher accuracy, and this corresponds to a
deeper network in the DL method. Therefore, the alternative solution of employing DL
methods can improve flow estimation and diminish computational time.

A constantly evolving field of research lately with ever-increasing accuracy, super
resolution (SR), utilizes high-resolution (HR) data reconstruction using sparse measure-
ments with DL approaches [19,20]. To achieve this, convolutional neural networks (CNNs),
Variational Autoencoders (VAEs), and generative adversarial networks (GANSs) [21-24]
are among the most common architectures utilized. A relevant example has utilized
a U-Net type architecture with CNN layers achieving satisfying results in flow image
reconstruction [25]. Even with lightweight networks, performance is fine, suggesting a
fast and practical solution for handling turbulent flow data. Real-time reconstruction has
also been achieved within a spatio-temporal high-resolution (HR) flow field from low-
resolution (LR) data using CNNs and MST-UNet [26]. In this model, the HR images of the
previous frame and the LR images of the current frame pose as the model input in a multi-
scale manner. The U-Net architecture has been widely employed in image segmentation
tasks [27]. Another successful implementation, ResNet, has been introduced to address the
vanishing gradient problem [28]. The NuNet architecture has also achieved remarkable
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performance when compared with the OpenFoam AMR solver [29], presenting impressive
discriminative capabilities.

A comparison of SR model performance is usually made based on the value of the
peak signal-to-noise ratio (PSNR). Common values for successful models range between
PSNR = 30-40 dB. Nevertheless, higher values have been reported by the multiple path
super-resolution convolutional neural network (MPSRC) [30], which has given a value of
PSNR > 50.0 dB, while the recent deep learning flow image (DELFI) has also achieved high
accuracy and architecture simplicity, with PSNR = 39 dB [31].

In the present paper, open channel flow image data derived from DNS simulations
are employed to train a super-resolution model, the Upscaling CNN (UpCNN), making it
capable of upscaling sparse/coarse data onto a high-resolution (HR) field. The architecture
of UpCNN is based on consecutive CNN layers in an encoding/decoding manner, with
residual connections to ensure proper information exchange. The proposed architecture
achieves high performance on fluid image reconstruction tasks, with PSNR = 51.5 dB,
in short training time, without the need to occupy complex computer architectures and
memory, as it can just run on common computer hardware. To achieve efficient network
training, HR images are first scaled down to a factor of 5-25 and enter the network along
with their respective HR images in pairs, so as to create an upscaling mechanism able to
reconstruct coarse fields into their fine analog. The reconstruction results on our open
channel flow DNS data are very close to the HR images, suggesting that the method can be
employed in relevant fluid mechanics applications as a complimentary method to time-
and resource-intensive DNS simulations.

2. Materials and Methods
2.1. Super-Resolution Components
2.1.1. Convolutional Neural Networks

Convolutional neural networks are the core components of an SR architecture. In a
CNN architecture, input data (typically 2D image data) goes through convolutional layers,
which transform spatial information into a series of filters to identify local patterns. The
network uses a combination of pooling layers, convolutions, and non-linear activation
functions to learn hierarchical representations. In order to efficiently deal with big data,
spatial dimensions can be reduced through pooling, while global patterns are captured
by fully connected layers. Training CNNs involves the minimization of a loss function by
modifying network weights through backpropagation [32]. Such architectures are excellent
at imaging applications, automatically picking up characteristics and patterns.

2.1.2. Generative Models VAEs-GANs

A type of generative model in the fields of machine learning (ML) and Al are Vari-
ational Autoencoders (VAEs). VAEs consist of an encoder, which takes input data and
maps it to a probabilistic latent space, and a decoder, which generates output data and
reconstructs the input data as accurately as possible [33]. VAEs work on the fundamental
premise of acquiring a mapping between a straightforward and constant distribution and
the probability distribution of the data [34]. On the other hand, GANSs are an alternative
class of Al algorithms used in unsupervised learning (UL) and consist of two parts. The
first part (the generator) generates new data, and the second part (the discriminator) as-
sesses the generated data, classifying it as real or fake data [35]. Great reconstruction results
have also been obtained by an innovative sub-filter modeling method utilizing GANs for
reactive turbulent flows [36].

2.1.3. Physics-Informed Neural Networks (PINNs)

To connect ML with physics principles by means of partial differential equations
(PDEs), the Physics-Informed Neural Networks (PINNS) have emerged. They are a class of
ML that incorporates knowledge from physics equations into the ML training process [37].
They include an additional physics-informed loss term in addition to the standard loss
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function used for training, adhering to physical laws [38]. Therefore, during the training
process, the NN learns from both the input/output data and the physics-informed loss
term [39]. A new method of scaling up PINNSs to solve arbitrary high-dimensional PDEs is
presented in [40]. The performance of the PINN/Resnet block has been investigated by
employing Burger’s equation with a discontinuous solution and the Navier—Stokes (N-5)
equation with a continuous solution [41]. The findings have clearly shown that Res-PINN
exhibits greater predictive power when compared to traditional DL methods.

2.1.4. LSTM Networks

In scientific and engineering practice, there are often scenarios where modeling tem-
poral dependencies, handling sequential data, and capturing long-term information need
to be confronted at the same time. To this end, Long Short-Term Memory (LSTM) net-
works are suggested [42]. These networks are a special type of recurrent neural network
(RNN), containing memory cells to store information over a long period of time. These
cells have an internal structure that allows them to decide whether to forget, keep, or write
the information. The flow of information is controlled through gates, which dynamically
adjust [43].

2.2. Simulation and Data Augmentation
2.2.1. Open Channel Flow Data

In order to obtain accurate data for training and validation of an SR imaging network,
DNS of an open-channel turbulent flow has been conducted. The selection of this geometry
has been based on the premise that the open channel serves as a test bed case for many
turbulent flow models, due to the interesting flow physics phenomena that arise and its
wide application in engineering and environmental space.

The focus of this paper has been on testing an SR algorithm in the turbulent regime,
where the bulk Reynolds number is Re;, = 11,200. For the numerical modeling of the flow,
the OpenFoam finite volume algorithm has been used. OpenFoam is an open-source algo-
rithmic suite that has been previously validated in cases of turbulent open-channel Newto-
nian and non-Newtonian flows [44,45]. The governing equations that have been solved by
the finite volume algorithm are the ones that describe the incompressible turbulent flow
and are mathematically expressed in the non-dimensional form of Equations (1) and (2).

Vou=0 1)

ou B 1,
E—l—(u-V)u——VP—i-EVu ()

Equations (1) and (2) represent the continuity and momentum equations for incom-
pressible flow. The variables in these equations represent the non-dimensional velocity
vector (#) and the non-dimensional pressure (P). Time is denoted by t, while Re stands for
the non-dimensional Reynolds number. In order to arrive at the non-dimensional form of
Equations (1) and (2), characteristic variables have been chosen. The characteristic length
of the channel has been represented by J, while its total height is set as i = 2. Finally, for
the characteristic velocity, the symbol Uy has been used, with the zero-subscript indicating

cross-sectional average quantities. Accordingly, the bulk Reynolds number is equal to
Reb — pUOZh
4

, where p and y represent the fluid density and dynamic viscosity, respectively.

OpenFoam features a large variety of available numerical models that can be utilized
for flow modeling. Since the goal of the present research has been to conduct DNS to obtain
our dataset, coupling of momentum and pressure through the pressure-implicit split-
operator (PISO) method is the choice. The PISO algorithm has already been extensively
tested by previous studies and has been proven to require less CPU time [46,47]. At the
same time, the algorithm is robust and accurate as well. As far as the numerical schemes
are concerned, third-order space-aware and second-order implicit backward-time-aware
schemes have been selected.
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The flow setup consists of a simple model that incorporates flow between a free
surface and a bottom plate with slip and no-slip boundary conditions, respectively. The
total height between the free surface and the bottom plate is /1 = 26, while the size in the
other two directions has been set to 3776 and 2716 (see Figure 1). In the streamwise and
spanwise directions, periodic boundary conditions are imposed.

(2h)

(2md)
.><
<
Figure 1. Schematic of the geometry that has been used in the present study.

Finally, regarding the spatial grid resolution of the flow field, two different cases have
been studied. The first one (case 2), which serves as the high-resolution grid case, has a grid
size of 128 x 132 x 128 elements in the streamwise, wall-normal, and spanwise directions,
respectively. Resolution, as well as domain size, have been chosen appropriately in order
to ensure that the dynamics and flow physics are captured correctly by the present setup.
The chosen values have been previously proven to accurately describe dynamics and flow
physics, as early as the original work of Kim et al. [48]. More recently, the implied DNS code
has been validated against experimental and well-established DNS results with excellent
agreement [44,45]. The second case (case 2), which serves as the coarse grid resolution case,
has a grid size of 64 x 64 x 64 elements in the same respective directions. In addition to
the difference in result accuracy between the two different spatial grid resolution cases,
computational times differ naturally as well. A direct comparison between the two cases
could yield approximately double the computational time for the finer grid case to obtain
the correct results. An increased burden of computational resources for the finer grid case
is also directly connected to the above observation.

After the simulations have reached a statistically steady state, data and results have
been exported. For the purpose of the present study, two-dimensional (2D) instanta-
neous velocity fields have been exported along the x-y plane (mid-vertical plane) for
50 consecutive time steps in both HR and LR.

2.2.2. Data Curation

The DNS-extracted high-resolution (HR) dataset consists of 50 RGB (red, green, and
blue) images, 40 of which are fed to the training network and the rest are kept for validation
purposes (80-20%, respectively). At first, a data augmentation step is considered [20,49],
where the HR images are employed to create a richer dataset to effectively train the model
(Figure 2). Images are scaled down by a factor of 5, 10, 15, 20, and 25, which results in
blurred instances of the HR, from slight blurring (scale = 5) to extra sparse grids and
practically tiny images (scale = 25). Details are given in Table 1.
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LR5-LR25

Data augmentation

Figure 2. Data augmentation stage, where LR images are created with various resolutions from the
HR dataset to create the training set.

Table 1. Input data for model training and validation, with number of training images (N;), number
of validation images (Ny), and image dimensions (height x width). The total training set contains
200 images, and the validation set contains 50 images.

Ni Ny (H x W)
HR 40 10 262 x 1176
LR5 40 10 52 x 235
LR10 40 10 26 x 118
LR15 40 10 17 x 78
LR20 40 10 13 x 59
LR25 40 10 10 x 47

The creation of such an artificial training dataset is common practice in the field of
super-resolution applications [25,50,51]. The procedure that follows takes an HR image
and its LR counterpart, feeds the model with this couple, and finds correlations between
them so as to be able to make this upscaling from an unseen LR image in the future. For
example, when sparse-grid simulation (e.g., from RANS) images are fed, the model will
be able to provide their HR counterpart. This is why it is crucial to effectively train the
network in the first place.

A more detailed view of the dataset is given in Figure 3. Figure 3a shows the produced
images for all scales considered, while Figure 3b shows the flow at some representative
timesteps between 1 and 50. Furthermore, a new coarse dataset, which is the result of
another DNS simulation that runs for the same input conditions but with a sparser grid
(64° elements), is shown in Figure 3c. The sparser grid contains much less information,
but it has the advantage of running in substantially shorter times. Thus, even though the
resolution of images in both cases is the same, the ones stemming from the coarser grid
dataset offer less information. There is no direct correspondence between these images and
an HR set, so we will keep them after the model is trained to reconstruct the HR dataset
from scratch.
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Figure 3. Open channel flow images used for training and validation. (a) Fine images (ground truth)
and the respective scaled, low-resolution images; (b) examples of a sequence of DNS and HR images
(case 1) in various timesteps; and (c) examples of a sequence of a second set of sparse-grid DNS
images (case 2) used for prediction in a post-processing step.

3. Results
3.1. UpCNN Architecture

To implement the super-resolution method for DNS image data, a U-net type [27]
up-scaling model (UpCNN) is proposed (Figure 4). In this architecture, an encoder and
a decoder branch are created, with several convolutional layers. In the encoder branch,
a convolutional kernel, k, applies to an input image, X, and outputs a series of images
(filters), each one featuring image characteristics that correspond to different frequencies.
In UpCNN, image dimensions in internal layers are maintained as the input dimensions,
avoiding max- and average-pooling layers that would make the model more complex and
might lead to information loss [25]. At each convolution layer, a ReLU activation function
applies to induce non-linearity. After a series of convolution operations, information passes
onto the decoder branch. Here, an inverse operation is performed (deconvolution), and
the filters are joined again in a final RGB image. To minimize information loss, a num-
ber of residual connections are formed between opposite encoder/decoder components,
transferring input information to the output layers [28].

The output image is the reconstructed version of the input, i.e., the LR image. In such
models, it is important to have the HR counterpart available to argue its accuracy. The
PSNR is given by the following equation:

1
PSNR; = 20 I 3
Og( VMSE(HR;, RLRi)> ©)

where RLR is the reconstructed couple of LR for the ith image and MSE is the mean square

error calculated. Typical PSNR values for accurate reconstruction are between 30 and
40 [52], while greater values have also been reported in computer vision applications [53].
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Figure 4. The CNN model constructed, i.e., UpCNN. The left branch is the encoding section, where
LR images are fed, with three consecutive convolutional layers, and the right branch is the decoding
section, with deconvolutional layers that output the reconstructed images. Residual connections
connect information from the encoder to the decoder. Arrows denote the direction of data flow.

The training is performed sequentially, meaning that LR-type images of various scales
enter the UpCNN, and full training is achieved after all available scales have been fed.

3.2. Reconstruction Metrics

The next step includes the assessment of the model’s accuracy by comparing the
HR validation set with the reconstructed result. Figure 5 presents all cases for a random
validation image; the images on the left are the LR inputs, and the respective image on the
right is the reconstructed (RLR) image. For an LR of scale = 5, where image degradation is
only slight, the reconstruction result is excellent, with PSNR = 51.504. Nevertheless, high
PSNR is obtained even at greater scales. For scale = 10, there is an obvious effect of image
coarsening, and PSNR = 39.052. Of importance is that even in the case of scale = 25, where
the image is strongly affected by initial degradation, the PSNR = 33.455 is still satisfactory,
and the optical result shows that all main velocity field variations have been recovered. The
reconstruction result is worse at the boundary layer (i.e., close to the wall), where velocity
values are small.

These first results reveal that UpCNN has the ability to reproduce the velocity field in
this type of flow. The question is, however, if one could employ this model to upscale a
sparse-grid simulation result. In Figure 6, sparse-grid DNS images are fed to the model, and
the reconstruction result is presented. These sparse images are also taken by the same DNS
simulation setup, but for a sparser grid. We note that here we do not have the respective
HR images to check the accuracy, and the model is asked to predict the output only by
accepting a coarse simulation image. The PSNR is calculated between the reconstructed
and the respective HR image after averaging all values in all instances. As can be observed,
there is a slight improvement from blurred input.

The reconstruction result is better seen in the magnified images of Figure 7, in the
region near the boundary layer. The reconstructed results present sharper edges when
colors and velocity shapes change and seem to achieve a slight improvement compared to
the input image.
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scale=5 Predicted, PSNR = 51.504

scale=10 Predicted, PSNR = 39.052

scale=15 Predicted, PSNR = 37.861

scale=20 Predicted, PSNR = 35.873

scale=25 Predicted, PSNR = 33.455

Figure 5. The reconstructed images for each input resolution range from 5 to 25. The obtained PSNR
values are also shown.

Sparse grid Predicted, PSNR = 22.831

R

Figure 6. The reconstructed images when the sparse-grid DNS input images are given as inputs. The
obtained PSNR value (average) is also shown.

N
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Sparse grid (zoom) Predicted (zoom)

Figure 7. A magnified version of Figure 6. The region shown is close to the fluid—solid boundary.

3.3. Velocity Profiles

One useful and computationally important feature of DL processing is the fact that
image pixels represent real values that can be further processed and analyzed. To this
end, next we extract velocity profiles across the open channels as average values in time
and space (y is the vertical distance from the bottom wall and x is measured along the
horizontal). A velocity profile stems from time averaging, followed by a spatial average
along the x-direction. Additionally, since a color image consists of three channels (RGB), a
final averaging applies to them to end up with one velocity value per pixel. In such a way,
the HR velocity profiles refer to all ground truth validation images and the RLR profile to
all the predicted (reconstructed) images, which are averaged both in time and space.

A comparison is made between the RLR and the respective HR image sets. Figure 8a
presents a close boundary layer view of the velocity profile, where differences are mostly
observed. For LR5 reconstruction, no significant differences are observed. This is further
verified by the value of the coefficient of determination, R?> — 1, in the identity plot of
Figure 8b.

The reconstructed velocity profile for LR10 is similar to the respective HR in the
region outside the boundary layer formed near the bottom wall, while it deviates inside
it (Figure 9a). Nevertheless, this happens only for a small region and R? is still close
to 1 (Figure 9b). Deviations from the respective HR profiles are also observed for LR15
(Figure 10), LR20 (Figure 11), and LR25 (Figure 12).

N
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Figure 8. (a) Average streamwise velocity (i), vertical profile, and (b) identity scatter plot, where the
average velocity of HR images, lijjR, is compared to the average predicted velocity, i;,¢4, for LR5.
Points that lie on the 45° line denote perfect matching.
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Figure 9. (a) Average streamwise velocity (i), vertical profile, and (b) identity scatter plot, where the
average velocity of HR images, iy, is compared to the average predicted velocity, #,,.4, for LR10.
Points that lie on the 45° line denote perfect matching.
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Figure 10. (a) Average streamwise velocity (i), vertical profile, and (b) identity scatter plot, where the
average velocity of HR images, /R, is compared to the average predicted velocity, Upred, for LR15.
Points that lie on the 45° line denote perfect matching.
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Figure 11. (a) Average streamwise velocity (i), vertical profile, and (b) identity scatter plot, where the
average velocity of HR images, liyg, is compared to the average predicted velocity, 7,4, for LR20.
Points that lie on the 45° line denote perfect matching.
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Figure 12. (a) Average streamwise velocity (i), vertical profile, and (b) identity scatter plot, where the
average velocity of HR images, /R, is compared to the average predicted velocity, Hpred, for LR25.
Points that lie on the 45° line denote perfect matching.

4. Discussion

The results obtained from image SR have shown a promising potential for enhancing
turbulence simulation through DL methods. The case at hand is a turbulent, open channel
flow. During training, coarse-grained images taken from their HR and DNS counterparts
are fed to the model, building feature correspondence, while, to move on to the prediction
process, an unseen set of coarse features is used and the reconstructed result is obtained.
It is important to note that the model has to predict features from unseen data accurately.
This is the critical point in such methods because image characteristics may depend on new,
hidden features that have not been incorporated during the preceding training process. For
example, this is the case in RANS simulations, where the employed quantities that extract
length and time scales do not present a point-to-point correspondence with the respective
DNS quantities [54].

Apart from velocity values, UpCNN can also be incorporated to investigate other flow
properties in both internal and external flow applications. An extension of this algorithm
could be used to investigate vorticity data or pressure field changes, which are crucial in
external aerodynamics. Usually, in this type of flow field simulation, a large spatial grid
resolution is required, which in turn translates into a considerable amount of computational
resources and time consumption. Thus, the application of UpCNN could provide a fast
alternative, producing a sufficiently accurate representation of flow field physics while at
the same time cutting down in terms of computational cost. The same applies in the case of
internal flow simulations, where complex geometries can lead to extensive computational
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costs. The application of the UpCNN algorithm in these cases could produce faster and
more accurate results in real-life applications and industrial problems.

To achieve generalizability, consistent training is required. The concept of transfer
learning, where a model is trained with a specific dataset and can continue training when
new data is fed, could also apply here [29]. Most of the time, DL platforms for transfer
learning have been implemented, which are based on rather complex applications that take
a long time to run, mostly on high-performance computers (HPCs) [55]. Nevertheless, a
practical and fast application, such as UpCNN, could be employed to run independently on
small and medium-sized datasets without the need to have been trained on other datasets.
For example, in a Mac M2 with an embedded GPU, it takes less than 30 min to train UpCNN
with 50 RGB images of (W x H) = (1176 x 262). This is important when dealing with scarce
datasets, taken either from simulations or experimental measurements. However, complex
architectures have been found to be well-suited for demanding applications, and GANs are
usually the computational choice for flow reconstruction [56-58].

Therefore, ML and DL techniques should be regarded as computational tools that
could aid modeling and diminish processing times in fluid dynamics, especially in de-
manding turbulence applications. Here we have employed two datasets for two similar
but independent DNS simulations. As shown in Section 3 (Results Section), the dense-grid
simulation (case 1) that gave images of high resolution has been successfully employed in
UpCNN training and validation. The challenge, though, is to ensure that the model works
efficiently even when fed with coarse data.

The second DNS run (case 2) involved a sparser grid of 643 total grid elements.
Comparing the computational time that the two cases require in order to reach a statistically
steady state, we observe that this number is approximately doubled for the finer grid
case. Of course, this case would provide much more accurate results in terms of flow
field physics. Of outmost importance is the fact that a sparse-grid simulation that works
synergistically with an UpCNN scheme would improve computational effort by up to 150%
with sufficiently accurate results.

Future work should be focused on gradually embedding DL methods in various
flow areas previously approached with numerical simulations, such as the flow close to
the solid wall where the boundary layers are formed in high Reynolds number flow and
require special treatment [59-61]. These would also include applications that require a
great deal of computational effort, such as turbulent flows, complex geometries, or external
aerodynamics applications. The above-mentioned examples are typically found in many
real-life industrial applications, where efficient and accurately produced results are of
foremost importance. Moreover, reduced costs will be an additional asset in this case
as well.

5. Conclusions

We have performed a two-fold reconstruction process in this paper. First, we have em-
ployed high-resolution simulation data and created their lower-resolution counterparts so
that a deep learning model can be effectively trained. Towards this direction, convolutional
neural networks have been exploited, suggesting a properly tuned U-Net architecture, the
UpCNN. The case under investigation is a turbulent open channel flow. The model learns
how to make connections between the blurred images and the ground truth images and
can function in reconstructing unseen images of the same dataset.

Of interest is examining how the proposed model functions in similar situations for
extrapolation tasks. This is one of the main questions in fluid mechanics lately, as successive
models that can achieve extrapolation in sparse fields can also be used as direct alternatives
to costly simulations. Moreover, these super-resolution methods are employed to create
full fields from sparse sensors in various fluid experiments.

Here, we have presented a second reconstruction example, where a coarse fluid
velocity grid enters the pre-trained UpCNN model. These coarse images do not have
counterparts; they are extracted from a different simulation run on a coarser grid. The
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qualitative assessment of the reconstructed result translates to a slight enhancement
of the coarse images. Nonetheless, we cannot obtain a quantitative metric to assess
the reconstructed result. This approach is based only on the fact that the model per-
formed well in the previous training process, where both high- and low-resolution couples
were available.

It is a fact that such computational methods have much to offer; however, they have
not matured to the degree necessary to replace fluid mechanics experiments. Interpretable,
explainable, and trustworthy artificial intelligence methods must evolve and be directed
towards capturing complex fluid behavior without violating physical laws.
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