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Abstract: Jet is known as a maintenance-free stirring teglenfor nuclear wastewater treatment
and demonstrates great potential in transport dioaztive particles. Removal processes of
horizontal sediment beds driven by impinging jeesavexperimentally investigated using image
capture and processing technique. The beds werpasad of heavy fine particles with particle
density ranging from 3700 to 12600 ki’ and particle diameter from 5 to 1Q@n. The jet
Reynolds number varied between 4300 and 9600. Tiglesphase large eddy simulation

method was used for calculating both jet flow chtsastics and wall shear stresses. The effects
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of jet strength, particle density, particle dianngtend bed thickness on bed mobility in terms of
the critical Shields numbers were considered. Sipally, the critical Shields number was found

to be intricately related to properties of partscland independent of jet intensity. A new Shields
number curve for stainless-steel particles was dpamd a model was proposed to predict the

transport rate of thin beds, witHf R 0.963.
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CFD; Two-phase flow; Transport.
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Highlights:
1. Particle removal processes by jets were invagdexperimentally.
2. Effects of jet and particle on critical Shieldsmber were discussed.
3. A model for predicting the initial transporteatf thin beds was proposed.

4. Wall shear stresses are accurately predicted) lsige eddy simulation.
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1. Introduction.

Jet agitators are widely applied for solids susjgenprocesses in large nuclear waste storage
tanks [1-3]. Generally, the radioactive particles two heavy to be uniformly suspended in tanks.
The key to design these jet agitators lies in mtedj the cleaning efficiency of the jet on the
bottom wall. For noncohesive particles, their motis mainly determined by the competition

between the shear stress of liquid flow and theweight of particles. This competition is

reflected in the dimensionless Shields numberfq4s m, wherert is the shear stress at the

bed surfaceg is the gravitational acceleratign, is the particle density is the liquid density,

andd is the average particle size. Further, the ctit@ld@elds number [5] is used to predict the

Tc

incipient bed motiond. = PrEERYE

wherer, is the critical shear stress. That is, the ciitica

Shields number reflects the ease with which partitiotion is initiated. When the Shields
number reaches its critical value, particles beginexhibit initial motion. This provides a
guantitative basis for predicting key phenomend saagcparticle transport initiation and bed layer
changes. Other dimensionless groups also playfieigni roles in the cleaning process. The jet
Reynolds numbeRe; quantifies the velocity of jet, and the particleyRolds numbeRe,
reflects the ratio of the inertia force to the s force acting on particles.

Extensive experimental studies on cleaning efficyeof jets have been reported. Young et al.
[6] measured the wall shear stress exerted by igipinjets and proposed a correlation between
wall shear stress and removal of sparsely disetdbygarticles. Wilson et al. [7] got a simple
function between the cleaning radius of jets amtiWall shear stress is an important parameter
for calculating the driving force of particles, bexperimental measurement of the wall shear
stress exerted by impinging jets is challenging. @dptical method such as particle image

velocimetry (P1V), is incompetent to resolve thanwall shear flows due to the limits on spatial
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resolution [8]. Phares et al. [9] proposed that élextrochemical method exhibited the highest
accuracy among the common indirect methods for uomegs the wall shear stress.
Electrochemical diffusion techniques have been eygu in recent studies exploring the
characteristic of impinging jet flow [10-12].

Apart from experimental techniques, computatiohatfdynamics (CFD) simulations offer an
alternative means of obtaining wall shear stredsissier [13] used CFD simulations to calculate
the wall shear stresses exerted by impinging g&td, the results of an unpaired, two-tailed t-test
(with a significance level oP<0.05) indicated no statistically significant diéace between
simulated and experimental data.

In this study, an experimental setup for submerggunging jets was established. The first
aim of this study is to validate the CFD simulasidar predicting the single-phase impinging jet
flow characteristics. It is achieved by comparihg simulated velocities and wall shear stresses
with those reported in the literature. The secandia to identify the key factors influencing the
removal process of sediment bed under impinging. jat series of heavy particles made of
metals with densities larger than 8000rkg were used to form beds, which has not been
reported before.

The rest of this study is organized as follows. pheameters of the flow system are detailed in
Section 2, including jet flow rates and propertigsparticles. Then in next section, the CFD
methodology is summarized, and the simulationsvaréied. In the results section (Section 4),
we show the effects of jet intensity, particle dgngarticle diameter and bed thickness on the
removal processes. Along with a corrected coefiicithe model proposed in this study is valid
for the prediction of transport rates of thin betise last section summarizes the key findings of

this study and discusses the direction of futuseaech.
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2. Experimental setup

2.1 Flow system.

The jet flow configuration is sketched in Fig. 1.sduare glass tank is used with a side length
L of 0.22 m and a liquid heiglit of 0.23 m. The jets are from a smooth glass aurctube with
an inner diamete®d of 0.005 m, an outer diametBg of 0.008 m, and a length of 0.3 m. The
distance from tube outlet to bottom wall is const@amd equal to 0.05 m. Deionized water fills
the tank. Its temperature is maintained at 20 # With an estimated densipyof 1000 kgm

and a dynamic viscosity of 0.001 kgm™s™.

The characteristics of jets are determined by tie¢iReynolds numbeie; = ’”LOD, whereu,

is the mean flow velocity within the tube. The Relgs numberRe; varies between 4260, 6530,
and 9570, corresponding to flow rates of 60, 9ar&] 135 Lh™, respectively. The flow rates
were measured by weighing the mass of outlet ligeidunit time, with error within £ 1%.

A LCA1-M910S metering pump (LEWA, Germany) providsthble jet flows, with flow
fluctuations less than + 3%. The circulating pumin &ig. 1 kept the constant liquid height. To
record the temporal evolutions of the cleaned a&0-5000M-USB camera (JAI, Denmark),
of 2592 x 1944 pixefsresolution with pixel size of 66 x 6&m? was placed below the glass
tank, as shown in Fig. 1. Considering lens distartithe error in size measurement was kept
within £ 0.5%.

Before each experiment, a particle bed with armainihicknesss ranging from 0.0003 to 0.007
m was uniformly spread on the bottom wall by usargpecial scraper. The metering pump 5 and
circulating pump 6 were started sequentially, aswshin Fig. 1. Under the action of jet, a

cleaned area appeared, and the evolution of itagayer time was recorded by camera 2.
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Fig. 1. Experimental setup: 1. computer, 2. camera, 3system, 4. water storage tank, 5.

metering pump, 6. circulating pump.

2.2 Particle properties.

The six kinds of particles used to form the bedtha experiments are listed in Table 1. The
particle density, ranges from 3700 to 12600-kg°, and the particle diametdrranges from 5
to 100 um. The particle densities were measured by hydiosteighing method, with error
within + 1%. Among the patrticles, those with a deter of 5um exhibit irregular shapes due to
manufacture limitations, while the other particd®e approximately spherical, with some of them

shown in Fig. 2. The dimensionless submerged spewi¢ight of sediment is defined as

ps/p — 1.

Table 1. Properties of particles used in the experiments

Material Diameter{m) s Shape
Aluminum oxide 100+5 2.70  Spherical
Stainless steel 5 (average) 7.04  Irregular
Stainless steel 265 7.04  Spherical
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Stainless steel 565 7.04  Spherical
Stainless steel 100+5 7.04  Spherical

Tungsten carbide 1Q805 11.6  Spherical

Fig. 2. Morphology of stainless-steel particles with ageraliameter of (a) 100m; (b) 50um;
(c) 20 um; (d) 5um, as captured by a MIT1818072 metallographic nsicope (CNOPTEC,

China).

3. Numerical methods and validation

In this section, we show the large eddy simulaijbBS) method for predicting the single-
phase jet flow first, and then we validate the dations by using the experimental data on
velocities and wall shear strain rates from therditure [12].

3.1 Large eddy simulation.

The fundamental equations guiding LES for incomgit#s fluids are the Navier-Stokes

equations and continuity equations, both of whialihundergone filtering.
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whereu is the velocity component,andj are the coordinate directiortsis the timep is the
pressurey is the kinematic viscosityy is the sub-grid scale stress tensor, and the ax®rb
denote the filtered variable on resolved scales.
After filtering by the resolved scale grid, theesdt of filtering is represented by the sub-grid
scale stress tensor
Oj = Ul — Ul (3)
Based on the eddy-viscosity assumption in mostgsithscale models, the sub-grid scale

stress tensor is modelled as
1 —
0ij = 30ij0kk = —2V¢Si; (4)
whereg;; is the Kronecker deltay, is the eddy viscosity, and the deformation tensfothe

resolved field is

Sij = % Z% + Z—Zf) ®)
The wall-adapting local eddy-viscosity (WALE) mod&#] is designed to predict near-wall
flow characteristics and correctly handle the laamito-turbulent transition processes. The model
produces zero eddy viscosity in the vicinity of almso that no damping function is needed to
compute wall bounded flows. Moreover, the high-heson requirements for wall boundary

layers result in the WALE model being recommendsly ahen near-wall flows are important

[15]. The eddy viscosity is modeled by

3/2
. sded
v, = (min(ky, CyA))>— (51/’2”) —7
(SijSij) +(SijSij)

(6)
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wherex = 0.41 is the von Karman constamtis the distance to the closest wél|, = 0.325 is a
coefficient,A = V/3 is the filter width)V is the cell volume, anﬂg- is the traceless symmetric
part of the square of the velocity gradient tensor.

All parameters and operating conditions in the $ahons are set as they are in the
experiments. A uniform velocity inlet is locatedthe top of the tube, and a uniform pressure
outlet is situated on the top surface of the tdifle wall boundary condition is set as no-slip.

Structured, nonuniformly distributed hexahedratgrare used. Although the WALE model is
a y+-insensitive wall treatment model [14], we gpetthe boundary layer grids on both tube inner

wall and tank bottom wall. The dimensionless wadtahcey* = %Uf remains around 1 for the

cell closest to the walljs = \/7/p is the friction velocity, and is the wall shear stress. In fact,
we cannot know the value off except from the simulation results. yif is greater than
expected, a new and finer boundary layer gridgsired.

The Courant-Friedrichs-Lewy (CFL) number serves asiterion for assessing the stability of
simulations, and is defined %f, where theit is time step of the simulationx is the grid

spacing. With maximum grid spacidg,.x < 0.0004 m and CFK 2.0, the simulated results in
Section 4 are grid independent, see Fig. S1 istipplementary data. These criteria are used for
all the simulations. Data sampling begins whenawerage pressure on the sidewall of the tank
is stable. The total sampling time for each simatais 5 seconds, during which time the jet
traverses the study areg/p < 15) at least 20 times.

The ANSYS Fluent 2022R1 software [15] is used towate the jet flow. The coupling

between pressure and velocity is accomplished éys#mi-implicit method for pressure linked
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equations. For the spatial discretization of themmaotum equations, the central differencing
scheme is employed, while the second-order impbkciheme is utilized for the transient

formulation.

3.2 Smulation validation.

To support the validity of simulations in this spuave cited extensive data from the literature
[12] on velocities and wall shear strain rates ek jfrom three round orifice nozzles. The
impinging jet and the measurement plane are scheatigtshown in Fig. 3a. The velocity
profiles atz/D = 0.3 and wall shear strain rate profilexz AD = 0 were measured by using PIV
and electrochemical diffusion technique, respebtive

Fig. 3b displays a schematic diagram of three mszaked. The numerical model and details
are the same as those in Section 3.1. Three dior@isgeometric parameters and operation
conditions in the simulations are set as theyratbe literature [12], with a jet Reynolds number

Re; of 5620. We started the simulations from statigrsaatus and began to collect time-averaged

velocity field when the jet stabilized.

D=0.0078 m

Nozzle

Free jet 17D 2.0D

Wall jet . .
v Measurement plane for velocity
z -

Measurement plane for wall shear strain rate

(@)

11
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Fig. 3. Schematic description of (a) impinging jet and tbjee nozzles: convergent nozzle

(CONV), round orifice on hemisphere (RO/H), andrmdwrifice on plate (RO/P). [12]

The profiles of simulated and experimental streasewielocityu, are given in Fig. 4a, and
they all exhibit M shapes. Sodjavi et al. [12] iatited this flow deceleration in the core region
to the high static pressure at the impact poifiD(= 0, z/D = 0). [12] Simulations yield results
close to experimental values when predicting trars velocityu,, as shown in Fig. 4b. Given
that the maximum deviation at the core of jetsessIthan 8% in both figures, the simulated
results match well with the experimental data.

Besides the velocity, the profiles of wall sheaaist ratey = t/u are given in Fig. 4c, which
are obtained by using three nozzles. Along thectioe away from the impact point, the shear
strain rates decrease after reaching the peak s/aliee simulated wall shear strain rates are
within +9% of the ones measured. The accuracy oLl ®AES model in calculating impinging
jet flow field has been confirmed. Compared witle WALE LES model, three Reynolds
Averaged Navier-Stokes (RANS) turbulence modeledirestimate the wall shear strain rates

whenr/D > 1.5, as shown in Fig. 4d.

12
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Fig. 4. Velocity profiles /D = 0.3) obtained by LES and PIV along the (a) streasawi
direction, and (b) transverse direction. Wall sreteain rate profilesz(/D = 0) obtained by LES
and electrochemical diffusion technique (c) by gdime three nozzles as shown in Fig. 3b, and

(d) by simulations with four models for the COVNzate.

4. Results and discussion

4.1 Interaction process between jets and particles.

Based on our visual observations, the impingingsyeept particles from the center into the
surrounding region. The photographs of the partiee, captured by the camera below the
bottom wall at the time points when the jet ladtwdlO s, 20 s, and 30 s, are presented in Fig. 5.
By image processing using the circle Hough tramsffir6] method, we recognize and record the
cleaned areas as dashed lines shown in Fig. S5eTd&o particle inside the red circles, and the
radii of circles are called the removal radii.

Fig. 5d shows a steady bed, with its radius cameiias the critical removal radius. To ensure
that the beds reach a stable state, the duratitregéts must be sufficiently long. We selected a
working time of 5000 seconds, balancing the acguigainst the time cost of experiments,
given that the differences between radii at 40@@ids and 5000 seconds were less than 3% for

all beds considered.
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Fig. 5. Photographs of beds from the bottom view at (a3;1®) 20 s; (c)30 s. (d) Photograph of

steady bed from the side view at 5000Re; & 6530,s = 7.04,d = 100um, 5 = 0.0003 m)

4.2 Effect of jet intensity.

In this section, we will discuss the effect of jetensity on the critical Shields numbers of
particles, starting with a description of the jetrf field.

With the diameter of the tube outlet as the chargstic size, the jet Reynolds numbers were
set to 4260, 6530, and 9570. The profiles of dinmeness velocityu, /ug at distance from the
wall z/D = 0.25 andz/D = 9.75 are shown in Fig. 6a. The profiles are neigdytical beyond
the core regionr/D < 0.5) at different jet Reynolds numbers, which réydhe similarity in
flow characteristics.

Shear stress is a significant driving force for thetion of non-cohesive particles in the shear
flow [17]. Given that there were no particles ir ttleaned area and only a few at the removal
radius (see the base of dune in Fig. 5d), the stdar stress from single-phase LES simulation is
a good estimate of the shear stress on particldeeatemoval radius. The profiles of wall shear
strain rates obtained by using the LES method lamevs in Fig. 6b, and some bumps are noticed

aroundr/D = 2. Meslem et al. [18] reviewed relevant studies fmohd that the curves of wall

15
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shear strain rates were smooth whgg) < 2000. Tummers et al. [19] attributed these bumps to
flow reversal. We plot the flow field near the watlthe position of the green dashed line when
Re; = 4260, and confirm the existence of flow reversal.

The temporal evolutions of bed removal radin experiments are given in Fig. 6¢c. Beds
moved fast near the impact point and then gradstdlyilized. The critical removal radii of beds
are recorded at= 5000s, and are positively correlated with the jet Régamumbers.

Fig. 6d is a partial enlargement of Fig. 6b. Taking three /D positions of critical removal
radii in Fig. 6¢c as horizontal coordinates, we mahle three critical shear strain rates
corresponding to three jet Reynolds numbers wideigrdashed lines, and find that they are each

approximately 350 /s. The critical Shields humban ®de calculated using the equatin=

Tc — HYc ~
glps—p)d  g(ps—p)d

0.0509, which is in agreement with the criticalett¢ number of 0.05 for

sand on a horizontal bed estimated by Fredsge 04l It means that the jet intensity has very

little effect on the critical Shields number.
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Fig. 6. (&) Simulated velocity profiles afD = 0.25 andz/D = 9.75; (b) simulated wall shear

strain rate profiles; (c) experimental bed remawdlii as a function of time for differeRte;; (d)

estimation method of critical shear strain rates=(7.04,d = 100um, 6 = 0.0003 m).

4.3 Effect of particle property.

Three materials were selected for the particlespata alumina § = 2.70), stainless steel
(s = 7.04), and tungsten carbide € 11.6). With a jet Reynolds number of 6530, an ayera
particle diameter of 100m, and an initial bed thickness of 0.0003 m, tmeperal evolutions of
bed removal radii in the experiments are presemtddg. 7a. As the particle densities increase,
the critical removal radii of beds decrease.

The particle diameter is another variable whenutatmg the Shields number. Four kinds of

stainless-steel particles were selected as thandsebjects, and their average diameters were 5,
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20, 50, and 10@m, respectively. With an initial bed thickness dd@3 m and a jet Reynolds
number of 6530, the experimental results are showhRig. 7b. In comparison with particle
density, the diameter of particle has less effedhe critical removal radius.

It is interesting to note that smaller density anthller diameter shorten the time the beds take
to reach stability in Fig. 7. This might be thagithrsmaller inertia enables the particles to redpon

more rapidly to shear stresses, especially thogssgs slightly above the critical shear stresses.

+ 5=2.70, &=100 um
O 5=7.04, d=100 um
s=11.6, &=100 um

A 5=7.04, d=5 pum
V 5=7.04, d=20 ym
O 5=7.04, @50 pm

O 5=7.04, d=100 um

. . . . 00O . . . . .
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
t/s t/s

(a) (b)

Fig. 7. Bed removal radii as a function of time for diffat (a) particle density, and (b) particle

diameter. Re; = 6530,0 = 0.0003 m)

To model the relation between particle propertias eritical Shields numbers, Cao et al. [21]

defined the particle Reynolds numiRes, = d,/sgd/v and reported that the critical Shields
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number 6. was negatively correlated with the particle Regsahumber wheRe, < 65, based
on the research results of Yalin et al. [22].

According to our experimental results in Fig. 7g tritical shear strain rates of particles are
estimated in Fig. 8a. Then, the correlation betwéerparticle Reynolds number and the critical
Shields number witlRe, € [0.093, 10.7] in log-log coordinates (base 10sl®wn in Fig. 8b.
For stainless-steel particles, there is a decre@asbe critical Shields number as the patrticle

Reynolds number increases, and the correlatiorbeatescribed as follows, wit? = 0.998.

0. = 0.242Re, "% (8)
The slope of -0.728 we obtained is different frdra slope of -0.2306 reported by Yalin et al.
[22] in log-log coordinates. Given that Yalin et Bhs focused on sangl € 1.65), this deviation
may be due to the high densities of stainless-gaglicles. Furthermore, we observe that the
critical Shields numbers of low-density particles<2.7) are close to the Shields curve for sand
reported by Yalin et al. [22]. Besides, with thergase oRe,, the critical Shields numbers of

particles are gradually approaching 0.05, in agesgrwith the findings of research [20-22].

19



317
318

319

320

321

322

323

324

325

326

327

328

329

330

y/s'] 0

800
A 5s=7.04, d=5 pm
V 5=7.04, d=20 ym
700 | O s=7.04, d=50 um
O 5=7.04, d=100 um
N s=11.6, d=100 pm
600 \ + $=2.70, d=100 um
10°F AR - = =Slope= -0.72228
. «
o N e Yalin et al.*(s=1.63
500 N alin et al.™"(s )
A Y
AY
A Y
400 ‘Y
~ \
- 'N.N N
NNNNN A Y
e, \
300 ~354 /s N .
A $=7.04, d=5 ym # Q| TN T
V 5=7.04, @=20 um Y= 292 /s 107! ';i .
200 5=7.04, =50 um N
O s=7.04, &=100 um \Q\
s=11.6, d=100 um I W e
1001+ §=2.70, &=100 pm e
-0~ Re;~6530
0 L L L L L A
7 8 9 10 11 107! 10° 10! 107 Re
p
r/D
(a) (b)

Fig. 8. (a) Estimated values of critical shear straingdte different particles. (b) Correlation

between particle Reynolds numbers and critical IBhieumbers.Re; = 6530,0 = 0.0003 m)

4.4 Effect of bed thickness.

The temporal evolutions of bed removal radii atedént bed thicknesses in our experiments
are given in Fig. 9a. It is obvious that the caticemoval radius of bed is negatively correlated
with the bed thickness, and it takes less time&zh a stable state for a thicker bed.

The critical Shields numbers are collected at dsifie bed thicknesses, see Fig. 9b. The critical
Shields number for the "near zero thickness" casdout 0.05, which is in good agreement with
data from published studies [20-22]. A linear clatien between the critical Shields number and
the bed thickness can be described as follows, Rfith 0.981 and in meter.

0. = 1058 + 0.05 (9)

20



331

332
333

334

335

336

337

338

339

340

341

342

343

344

0=0.0003 m
0=0.001 m
0=0.002 m
0=0.003 m
0 6=0.004 m

% %0+

§=0.005 m
A §=0.006 m
V 6=0.007 m

0 1000 2000 3000

(@)

4000 5000

t/s

D>oox* O +

0.15
= = =Slope=10.5
O Experiment %
0.1} e @' ’
005 @ @ R? = 0981
0 .
0 1 2 8 4 5 6 7 8
o/m %107
(b)

Fig. 9. (a) Bed removal radii as a function of time afetént bed thicknesses. (b) Correlation

between critical Shields numbers and bed thicksef®e = 6530,s = 7.04,d = 100um)

In Fig. 9b, a slight deviation from the fitted lican be seen aroumdd= 0.004 m. To figure out

the reason for this deviation, we display stable patterns for different bed thicknesses in Fig.

10. The circular bed formed by the jet, called édgn&", is very smooth wheh= 0.001 m. The

peak boundary of the dune become fuzzy at 0.002 m, accompanied by a reduction in its

diameter, because a second dune is forming. Agbaiunes can be clearly seen for the case of

= 0.003 m. Aftero reaches 0.004 m, the two peak boundaries of tleedunes become quite

clear. With increasing from 0.004 to 0.006 m, the diameter of the peakndauy of the outer

dune is almost constant, but the diameter of thee Haoundary of the inner dune quickly
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decreases from Ibto 1D. Therefore, we consider the deviation in Fig. Sbdue to the

dynamic generation process of the inner dune.

0=0.001 m 0=0.002 m [ ( 3 0=0.003 m
%

— 0.0l m

0=0.004 m 0=0.006 m

} ‘ 7

— 0.0l m

Fig. 10. Stable bed patterns at bed thickness of (a) 0n@0(b) 0.002 m; (c) 0.003 m; (d) 0.004

m; (€) 0.005 m; (f) 0.006 MR¢; = 6530, = 7.04,d = 100um)

4.5 Bed load transport rate.

In shear flows, the transported bed on a horizaudhce consists of two main parts: the bed
load (particles moving by rolling, sliding, or i@t jumps) and the suspended load (particles
entrained in the flow closely above the bed) [Z8]cording to the review of Nielsen [24], even
under high shear condition® & 1), the proportion of suspended load transporthim tbtal
sediment transport is not more than 20%. Baseduorvisual observations, almost all particles
in this study moved as bed load whers 0.0003 m, and only cases with initial bed thesses
of 0.0003 m are included in this section.

Fig. 11 shows a schematic diagram of the bed lcaukport, and the transported bed during
unit timeAt is marked in blue. WheryD is in the range [3, 8] and initial bed thicknésis

0.0003 m, our experimental results show that theristacking angle of the dune in jet flows is
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about 7°, and the bed stacking heifgh$ approximately equal to 0.001 m. Then the trarteg

volumeV, can be estimated based on the change of remadialszar per unit timeAt and the
lateral surface are® of the frustum of cone. And the mass transpoeqgtof bed load per unit
width at characteristic radius+ Ar/2 is calculated by dividing the transported massthzy

characteristic perimeter. The calculation equaisces follows:

. h h
Arxsin(79)xSe Arxsin(7 )><1t—Sin (7c,)(r+(r+—tam (709)

Im = Pb yronarar/2) - PP arxonrrarjz) PP Atx2m(r+Ar/2)

(11)

wherep,, is the packing density of bed and be known asd).&8cording to the random close
packing [25], and\t = 1 s is the sampling interval of the camera in sistion.

V. in 3D view

j Transported volume V. in Az

Fig. 11. Schematic diagram of bed load transport in an mgipg jet on a horizontal surface.

(The bed and jet are scaled non-proportionally.)

The measured bed load transport rgigsare shown in Fig. 12. Each set of data contaias th
results of three repeated experiments, and theprasented with the same mark. Because the
bed removal process was random and rapid (took bidy2 seconds) during the interval when
r/D increased from O to 3, we collected data stafftiogn the locationr/D = 3.

For all the cases in Fig. 12, the transport ragdime with the increase of D ranging from 3

to 8. Fig. 12a shows that the jet Reynolds numbsrdignificant effect on the transport rate. For
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example g, with Reynolds number of 4260 and 9570-AP=5 is 0.001 and 0.024 kgy*-s’,
respectively. This indicates that the particle motexhibits a sensitive response to the increase
in agitating power resulting from enhanced jetmsigy. The curves resembling Fig. 6d suggest a
correlation between transport rate and shear sffégseffect of particle density is shown in Fig.
12b, and particles with lower density are transgbrat a higher rate at the same location.
Compared with the first two factors, the particlandeter has a limited effect on the mass

transport rate.
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Fig. 12. Measured bed load transport rates for differepjefaintensity; (b) particle density; (c)

particle diameter. (Default values without menti@e; = 6530,s = 7.04,d = 100 um, ¢ =

0.0003 m)

To our knowledge, no model for particle transpates in vertical wall jets has been reported
in the literature. We have therefore drawn inspratrom models for particle transport in river
channels [26-28], specifically the one reportedkiisinhans et al. [29] for initial transport along
coastlines. Our experimental data guided the nacgsslaptations to this model.

For the prediction of bed load transport on a twrial surface, many empirical models [26-29]
were developed, and the general equation of thes tmassport rate per unit of width can be

written as follows:
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a6 —6.)F x d/ﬂ d 6>0
qm: (o} pS p g C (12)

0 , 0 <6,
wherea andf are empirical dimensionless constants. For sing&aticle motion starting from
rest in this study, Kleinhans et al. [29] have mgd one correlation for the incipient motion of

particles on the coastline, with= 1 andg = 1.5.

The measured dimensionless transport Iﬂ{e\# (denoted as MEA& (A — 6,)P) in
psd+/(ps—p)gd/p

our experiments as a function éf £ 6.) are shown in Fig. 13. We consider the coefficjeats
1.5, following most existing models [26-29], an@ha fitted value of 1.5 is obtained torwith

R? = 0.963. A revised model is proposed as follows:

_ 15 PsP >
g = 1.56 — 6.) > pd ’ p gd, 6 =6, (13)

0 , 0 < 6,

MEAS a(ﬂ—ﬁc)ﬁ

=—=Fitting curve (a=1.5)
===Kleinhans et al.>’(a=1)

10°

0-0
c
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Fig. 13. Correlation between measured dimensionless transatesa(6 — 6.)? andd — 6..

(Default values without mentioke; = 6530,s = 7.04,d = 100um, 6 = 0.0003 m)

5. Conclusion

We studied the removal processes of horizontal ,bedissisting of micron-sized spherical
metal particles, driven by vertical submerged wges. Various factors such as jet intensity,
particle density, particle diameter, and bed thedsnwere considered, and single-phase large
eddy simulations were used to predict the sheasstacting on particles. The main conclusions
are summarized as follows:

1. The critical Shields number was found to bedately related to properties of particles, and
independent of jet intensity. As particle Reynofidsnber increased, we observed that the
critical Shields numbers of particles gradually m@ghed 0.05, which was consistent with
the published results on sediment transport. A 8évelds number curve for stainless-steel
particles with diameted < 100um is proposed.

2. To verify the simulations, the velocity profileseasured using the PIV technique and the
wall shear stain rate profiles measured using teetrechemical diffusion technique were
cited. The simulated results matched well with #eerimental data reported in the
literature.

3. Based on the bed load transport models andquerinent results, we proposed a revised
transport rate model. With the simulated wall shstegss profiles, the revised model could
accurately predict the bed load transport ratekethin beds under the impinging jet.

This research could be extended in at least twoswstydying the bed motion under the jet

with incident angles, and carrying out larger saatperiments. They aim at the prediction of
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transport in side-entry jets and larger contain€he numerical simulations of solid-liquid two-
phase flow, as well as hybrid LES and RANS apprpagt be our future research directions.

The experimental results in this study can alseidereference for numerical model validation.
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473
474 NOMENCLATURE

Cow a coefficient in the simulation, -

D, D, inner and outer diameter of nozzle outlet, m
d average particle diametem

g gravitational acceleration, -8

H liquid height in the square glass tank, m

stacking height of bed, m

29



L side length of the square glass tank, m

p the pressure in the simulation;nh

Im mass transport rate of bed load per unit widthpKgs®

Re; jet Reynolds numbeRe; = pDu/p, -

Re, particle Reynolds numbeRe, = d\/sg_d/v, -

r radius of the lower edge of the impact pit, m

S lateral surface area of the frustum of cong, m

Sij deformation tensor of the resolved field in theuation,

S{‘} traceless symmetric part of the square of thecitglgradient tensor; %
s submerged specific weight of sediments ps/p — 1, -

t duration ofjet, ¢

Us, U, frictional velocity andflow velocity aroundparticles, m-s™*

Ug mean flow velocity within the tube, BT

W, Uj the velocity component in different coordinate direns in the simulation, rs*
Uy, Uy transverse velocity, rs*

u, streamwise velocity, et

% volume of a computational ¢, m*

|74 transportecwvolumein unit time, m°

y distance to the closest wall, m

yt dimensionless distance to the closest wdll= pyU;/u, -

475

476 Greek letters

a,f empirical constant for the bed load transport model
V) Ye shear strain rate and critical shear strain réte, s

o) initial bed thickness, m

A filter width in the simulation, m

Ar change of the removal radii, m



At time step or interval, s

AXinax maximum grid spacing in the simulation, m

6,6, Shields number and critical Shields numiex t/(g(ps — p)d), -
K von Karman constant, -

u dynamic viscosity of water, Nva™

v, v, kinematic viscosity of the liquid and the eddy wasity, nf-s*

2, Pb» Ps density of liquid, packing density of particlesdattensity of particles, kg-th
o the sub-grid scale stress tensor in the simulahonj”
T, T shear stress and critical shear stress,N-m

477

478 Abbreviations

j jet

MEAS measure values b experiment

PIV measured values tusingparticle image velocimet
p particle

SIM simulated value

S sedimer
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