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Abstract This paper reports on a two-phase flow Direct Numerical Simulation (DNS)
aimed at analyzing the resuspension of solid particles from a surface hit by a transonic jet
inside a low pressure container. Conditions similar to those occurring in a fusion reactor
vacuum vessel during a Loss of Vacuum Accident (LOVA) have been considered. Indeed, a
deep understanding of the resuspension phenomenon is essential to make those reactors safe
and suitable for a large-scale sustainable energy production. The jet Reynolds and Mach
numbers are respectively set to 3300 and 1. The Thornton and Ning impact/adhesion model
is adopted and improved. An advanced resuspension model, which takes into account the
dynamics (rolling and slipping) of particles at the wall, is implemented. The use of this
model combined with a DNS represents a great novelty in simulating the particle resuspen-
sion process. The particles initially deposited at the wall have constant density, whereas their
diameters are drawn according to a log-normal distribution, with parameters obtained from
experimental data. It has been found that the flow induced motion of wall deposited particles
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is highly linked with the instantaneous fluid structures and the resuspension phenomenon
predominantly affects particles with the largest diameters. Moreover, the jet-deposit interac-
tion is mostly confined within a circumference around the jet of radius approximately equal
to the jet diameter.

Keywords Particle-laden flow · Dust particle · Resuspension · Impact · DNS ·
Turbulence · Impinging jet · Nuclear fusion plants

1 Introduction

In fluid dynamics, resuspension refers to the process by which particles, previously airborne
and then deposited on a surface, are removed and picked up under the action of a flow. This
phenomenon occurs widely both in nature and industry: it is a matter of concern in envi-
ronment, soil and forensic science, filtration technology, chemistry, biology, sedimentology
and energy industry [1].

Although early studies assumed that the balance between adhesion and lift forces was the
main resuspension trigger [2], it is now well established that a deposited particle is firstly
set in motion on the surface under the action of aerodynamic forces (mainly drag). Sub-
sequently, it is assumed that the lift force is sufficient to break the particle-wall adhesion
when a moving particle crashes into an asperity. From this perspective a first class of mod-
els [3] regards a particle as being resuspended as the static balance of forces (and torques)
acting on it becomes non-zero. Among them, the most advanced studies include the surface
roughness influence on the adhesion force, which has been demonstrated to play a deci-
sive role on the resuspension phenomenon. Nevertheless, the key issue of the static force
balance approach is assuming all the forces at play known, and notably they consider aver-
age aerodynamic forces originating from the average flow field [4]. These models are then
approximate, since the influence of turbulent bursts is not directly taken into account. A sec-
ond type of model, based on the energy accumulation approach, compares the vibrational
energy of a deposited particle with the work required to break the adhesive contact with the
surface [5]. This approach, also referred to as quasi-static approach, represents an improve-
ment with respect to the static one, since the energy transfer from the turbulent structures
to the deposited particles is now considered. Recently a new class of models, which take
into account the entire dynamics of the particles at the wall (rolling and slipping), has been
introduced [6]. Whereas the former models are based on the conservative approximation by
which the resuspension event is confused with the first detachment occurence, the dynamic
models see the resuspension as the consequence of the interaction between the particle
motion on the surface and the surface asperities.

In this paper the resuspension phenomenon is investigated addressing its relevance in
ensuring the fusion reactors safety, which constitutes one of the major obstacles to make
them operative and provide us with abundant, clean and CO2 free energy. Specifically, one
of the main safety issue of those reactors is related to the plasma which is highly aggressive
and erodes the containing vessel such that radioactive metal dust particles continuously pile
up at the bottom. Since the reactor operates at a pressure of about 50 mbar, if a leak in the
vessel occurs, a transonic turbulent jet stirs up the dust and a radioactive hazard, so called
Loss of Vacuum Accident (LOVA), is imminent [7]. Therefore, we present the interaction of
a transonic jet with heavy dust particles deposited at the wall using a dynamic resuspension
model combined with an improved Thornton and Ning impact/adhesion model. In this con-
text few RANS and LES studies, primarily aimed at reconstructing the flow field during the
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course of a LOVA, exist [8, 9]. Thus, it is expected that the present Direct Numerical Simu-
lation will bring a great advance in understanding the physics of the phenomenon under the
underlined operative conditions.

2 Mathematical Modeling

In the present work, particles (i.e. the dispersed phase) are modeled as solid spheres and
described in the Lagrangian specification, whilst the flow field (i.e. the continuous phase)
is solved using the Eulerian specification. A two-way coupling method is used, so that both
the dispersed-to-continuous and continuous-to-dispersed phase force transfer is considered.
A 1st order polynomial interpolation is employed to compute the fluid proprieties at the
particle positions. In the next sections, the adopted models are presented as concerns both
the simulated phases.

2.1 Fluid transport

The compressible Navier-Stokes equations are solved in a characteristic pressure-velocity-
entropy formulation introduced by Sesterhenn [10]. This formulation offers several advan-
tages in the implementation of boundary conditions and provides additional numerical
stability by allowing the use of upwind schemes without losing accuracy.

As concerns the space discretization, a 6th order compact central scheme is used for
the diffusive term, whereas a 5th order upwind scheme is employed for the convective
term. The time integration is performed through a 4th order Runge-Kutta method. Because
of the occurrence of weak shocks in the flow, a 2nd order shock-capturing filter is also
implemented in order to prevent numerical instabilities [11].

2.2 Particle transport

The particle transport equation is derived from the general one presented by Elghobashi
[12], under the assumption that the ratio fluid density to particle density is much smaller
than one, i.e. ρf /ρp � 1. One obtains for a generic particle:

dv

dt
= u − v

τp

+ FL

ρp

+ 3

2

ρf

ρp

Du

Dt
+ g (1)

with v and u respectively the particle and fluid velocity vectors, FL the particle lift force
and g the gravity force per unit mass. The quantity τp , known as particle relaxation time,
represents the exponential time constant of the particle velocity decay in a quiescent fluid.
It is given by:

τp = 4

3

ρpd2
p

μf CDRep

(2)

with μf the dynamic viscosity of the fluid, CD the particle drag coefficient, dp the particle
diameter and Rep the particle Reynolds number, which is defined as:

Rep = dpVrel

νf

(3)

with νf = μf /ρf the kinematic viscosity of the fluid and Vrel the magnitude of the particle-
fluid relative velocity vector, i.e.:

Vrel = ‖u − v‖. (4)
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Fig. 1 Drag coefficient for flow around a sphere as a function of the Reynolds number [13]

In Fig. 1 the drag coefficient for spherical particles as a function of the particle Reynolds
number is shown [13]. Since typical particle Reynolds numbers are much less than 800 the
Schiller-Naumann correlation [14] can be used:

CD = 24

Rep

(
1 + 0.15Re0.687p

)
Rep ≤ 800. (5)

As regards the lift force FL, the one-dimensional formulation by Cherukat and
McLaughlin [15] for spherical particles near a wall is considered:

FL = 1

4
ρf d2

pVrelIL n̂ (6)

where n̂ is the unit normal vector to the wall and IL is equal to:

IL =
(
1.7631 + 0.3561κ − 1.1837κ2 + 0.845163κ3

)

−
(
3.24139

κ
+ 2.6760 + 0.8248κ − 0.4616κ2

)
�g

+
(
1.8081 + 0.879585κ − 1.9009κ2 + 0.98149κ3

)
�2

g. (7)

The parameter κ and the non-dimensional shear rate �g are given by:

κ = dp

2y
and �g = dp

2Vrel

G (8)

with y the distance of the particle center from the wall and G the shear rate in the main
direction of the flow.

The two-way coupling is accomplished by distributing the force acting on every particle
to the surrounding fluid, according to the weighting functions used for the interpolation of
the flow field in the particle positions. To this end, the traditional right-hand side RHS of the
Navier-Stokes momentum equations in the n-th grid point and i-th direction is updated into:

RHS′
n,i = RHSn,i +

Np∑
k=1

Gn,kFk,i (9)
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with Np the total number of computed particles, Fk,i the total force exerted by the k-th
particle on the fluid and Gn,k the corresponding weighting function, i.e. the fraction of the
force ascribed to the n-th grid point.

2.3 Particle-wall impact

Regarding the particle-wall impact model, a generalized version of the Thornton and Ning
model [16] is implemented to reproduce the elasto-plastic behavior of an airborne particle
when it impacts the wall. The upgraded model here presented removes the Thornton and
Ning’s original hypothesis that a particle may stick on the wall only when the collision is
elastic.

Let us examine a first stage of the collision where only plastic deformation effects are
taken into account. A restitution coefficient e0 considering uniquely the energy loss due to
the plastic deformation may be then defined as [16]:

e0 =
√

2E0

mpv2i

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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(
6
√
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5
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(
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)2
]1/2

×

⎡
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vy

vi

vy

vi

+ 2

√
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5
− 1

5

(
vy

vi

)2

⎤
⎥⎥⎥⎥⎦

1/4

vi > vy

(10)

with E0 the particle remaining kinetic energy after the impact, mp the particle mass, vi

the normal impact velocity and vy (yield velocity) the minimum velocity above which the
plastic deformations take place. It is given by:

vy =
( π

2E∗
)2 (

2

5ρp

)1/2

p
5/2
y (11)

where py is the particle yield pressure,1 which can be estimated as 1.6 times the yield
strength of the material, [17] and E∗ the equivalent Young’s modulus which depends on the
properties of the two bodies in contact (particle and wall), namely:

E∗ =
(
1 − ν21

E1
+ 1 − ν22

E2

)−1

(12)

with Ei the Young’s moduli and νi the Poisson’s ratios (i = 1, 2).
At a second stage the particle bounces provided that its remaining kinetic energy is

greater than the work needed to break the contact. The latter is given by Thornton and Ning
for a sphere of radius Rp impacting a flat surface as:

Ws = 7.09

(
�5R4

p

E∗2

)1/3

(13)

1In the process of collision the yield pressure is reached at the center of the two bodies contact area when the
plastic deformation attains the contact surface at its perimeter.



252 Flow Turbulence Combust (2018) 101:247–267

with � the adhesion energy of the interface. The bounce occurrence condition can be written
as:

E0 = 1

2
mp (e0vi)

2 > Ws (14)

which leads to the definition of the sticking velocity, i.e. the minimum normal impact
velocity necessary for a bounce to happen, namely:

vs = 1

e0

(
2Ws

mp

)1/2

= 1.84

e0

[(
�/Rp

)5
ρ3

pE∗2

]1/6

. (15)

If Eq. 14 holds, the residual particle kinetic energy is:

1

2
mpv2f = 1

2
mp (e0vi)

2 − Ws = 1

2
mpe20

(
v2i − v2s

)
(16)

with vf the normal velocity of the particle after the impact. Hence the final expression of
the restitution coefficient (e = vf /vi) is provided by:

e =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0 vi ≤ vs,

e0

[
1 −

(
vs

vi

)2
]1/2

vi > vs.

(17)

In Fig. 2 the restitution coefficient is plotted against the normalized normal impact veloc-

ity (vi/vy) for different values of v′
s/vy , being v′

s = (
2Ws/mp

)1/2 the sticking velocity in
case of elastic collision. One may observe that the maximum of the restitution coefficient,
as well as the minimum impact velocity necessary for the bounce to happen, increases as
v′
s does. Indeed the higher v′

s the greater the kinetic energy that the particle loses to break
the surface contact. Therefore, for the same values of e0, which depends only on vi/vy , the
final restitution coefficient e decreases as v′

s/vy increases. On the other hand, keeping vy

constant and for high values of vi the influence of the adhesion forces disappears and the
restitution coefficient becomes independent from v′

s .
It is now important to emphasize that both the present and original Thornton and Ning

models are based upon the Johnson-Kendall-Roberts (JKR) theory [18] and strictly valid
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only for interactions occurring between solid particles and a smooth surface. Taking into
account the adhesion force reduction due to the surface roughness is essential, not only
for an accurate calculation of the sticking velocity but also for ensuring the effectiveness
of the resuspension model [19]. Many authors, among whom Reeks et al. [20] deserve
a mention, introduced stochastic models aiming at reproducing a random distribution of
asperities on the surface linked with the actual rough surface adhesion energy distribution.
In the present work a comprehensive reduction factor is utilized as proposed by Cheng et
al. [21]. Accordingly, the reduction factor is assumed to be dependent on the statistical
distribution in heights of the asperities and on the physical properties of the interface (e.g.
equivalent Young’s modulus and smooth-surface interface energy). That reduction can be
easily seen as a reduction of the interface energy, introducing an equivalent interface energy
for rough surfaces, given by:

� = Ca �s (18)

being Ca the reduction factor and �s the interface energy for smooth surfaces.
Finally it is necessary to dwell on the evaluation of the interface energy and adhesion

force for smooth surfaces. Since the first is not easily determinable unless by means of
dedicated experiments, an estimate has been made following from the surface energies of
the single materials in contact as suggested by Fuller and Tabor [22]:

�s = γ1 + γ2 − (√
γ1 − √

γ2
)2

. (19)

2.4 Particle resuspension

Concerning the particle resuspension, a dynamic model is implemented. Dynamic models
provide a description of particle motion on the wall with particular regard to the interaction
between the particle motion and the wall asperities. As a matter of fact, although early
models relied just on the balance between lift and adhesion forces exerted on the particles,
it is now believed that particles preferentially start rolling or slipping on the wall [23] and
then resuspend after crashing into an asperity with a proper energy. Tracking the motion of
every particle (on the wall and within the fluid) brings a great improvement in the accuracy
of the resuspension model, since it influences the coupling with the fluid and a particle may
encounter a succession of resuspensions and depositions.

In order to properly characterize the resuspension phenomenon, the choice of the surface
roughness description is essential. In the present model two scales of asperity heights are
considered as shown in Fig. 3. The largest scale, of the same order of magnitude as the
typical particle diameter (here micrometers), is considered as resuspension trigger, whereas
the smallest scale, of the order of nanometers, is taken into account for the calculation of

Fig. 3 Representation of the
surface roughness, consisting in
hemispherical asperities of two
different scales
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the rough-surface adhesion force, as shown in the following. The asperities are modeled as
hemispherical and the large-scale ones have all the same height Hl . Provided that they are
randomly distributed on the surface, it is assumed that the longitudinal distance between the
asperities has a random distribution as well. It is also assumed that it may be approximated
with a Poisson’s law distribution, as random points uniformly distributed on an interval [24].
Namely the probability of finding n asperities traveling a distance of x on the wall is given
by:

P (x, n) = 1

n!
(

x

Ll

)n

exp

(
− x

Ll

)
(20)

with Ll the mean distance between the asperities.
In order to derive the equation for the particle motion on the wall, evaluating the efforts

exerted on them is needed. As sketched in Fig. 4, they are aerodynamic (drag and lift),
adhesion and friction forces. The adhesion force Fa is computed in agreement with the JKR
theory [18], taking into account the aforementioned correction for rough surfaces:

Fa = 3

4
π�dp (21)

with � the particle-wall interface energy. The contact radius a is given by:

a =
(
3π�sd

2
p

8K

)1/3

(22)

with K the composite Young’s modulus, which depends on the Young’s moduli E1 and E2
and on the Poisson’s ratios ν1 and ν2 of particle and wall, respectively:

K = 4

3

(
1 − ν21

E1
+ 1 − ν22

E2

)−1

. (23)

The drag force FD is modeled as Stokesian, considering both the slip [25] and the wall [26]
effects:

FD = (
3πμf dpVrel

)
f/Cs (24)

with f = 1.7009 the wall correction factor,Cs the slip correction factor andμf the dynamic
viscosity of the fluid. The slip correction factor Cs is given by:

Cs = 1 + 2l

dp

(
A1 + A2 exp

−A3dp

l

)
(25)

Fig. 4 Sketch of the forces
acting on a particle deposited at
the wall and embedded within a
flowing fluid
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where A1 = 1.275, A2 = 0.400 and A3 = 0.55 are constants and l is the mean free path of
the fluid, given to a good approximation by:

l = νf

√
π

2RTf

(26)

with νf the kinematic viscosity of the fluid, Tf the absolute temperature and R the specific
gas constant.

As for the particle transport within the fluid, the lift force FL is computed by means of
Eq. 6 where IL takes the form of

IL = 1.7438 − 5.5628�g + 1.9811�2
g (27)

for non-rotating particles and of

IL = 1.780663 − 6.28059�g + 1.768275�2
g (28)

otherwise.
The friction force Ff is computed by means of the static and dynamic friction coeffi-

cients ks and kd . Where the particle-wall contact point velocity is greater than zero, Ff is
given by:

Ff = kd (Fa − FL) (29)

otherwise:
Ff = min [ks (Fa − FL) , FD] . (30)

For a motionless particle attached to the wall, three detachment methods or conditions
are individuated [3]:

– Direct lift-off, where the lift overcomes the adhesion force:

FL > Fa. (31)

– Slipping, where the drag is greater than the friction force:

FD > ks (Fa − FL) . (32)

– Rolling, where the moment of aerodynamic forces at pointO is greater than the moment
of the adhesion force: (

0.7dp

)
FD + aFL > aFa. (33)

After a particle starts slipping or rolling on the wall, its position and velocity is computed
by integrating the following equations, derived from the Newton’s second law of motion:

mp

dv

dt
= FD + FL + F a + F f + ω × OC

Ip

dω

dt
= MO (FD) + MO (FL) + MO (F a)

(34)

with mp and Ip the mass and moment of inertia of the particle, v and ω the linear and
angular velocity.MO (F ) indicates the moment of a generic force F at pointO. If a particle
is directly lifted-off, Eq. 1 applies.

The adopted resuspension scheme assumes that a particle moving on the wall resuspends
either by direct lift-off or when it crashes into a large-scale asperity, having a kinetic energy
greater than the potential of adhesive forces. The particle-asperity collision condition is met
where a drawn random number ξ is lower than the probability for a particle of finding at
least one asperity during its travel. That probability is computed at each time step according
to Eq. 20 as follows:

ξ < 1 − exp

(
−�s

Ll

)
(35)
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where Ll is the average distance between asperities and �s the distance traveled by the
particle on the wall during a generic time step. The energy condition is satisfied where:

Ek = 1

2
mpv2 > VA (36)

with Ek the kinetic energy of the particle and VA the Van der Waals interaction potential
between the particle and the struck asperity, which is given by:

VA = 3

4
π�dpz0 (37)

where z0 � 0.3 nm is the contact distance, which corresponds to an atomic diameter. In case
the resuspension occurs, a particle is re-entrained within the fluid with a velocity tangent
to the particle-asperity contact point and whose projection on the xz plane is parallel to the
particle velocity before the collision (Fig. 5). The new velocity magnitude v1 is computed
as:

v1 = v0 −
√
2VA

mp

(38)

being v0 the particle velocity magnitude before the resuspension. In case the asperity is
struck with insufficient kinetic energy to trigger a resuspension, the particle continues its
motion on the wall where its energy is sufficient to climb over the asperity, namely:

Ek > mpgHl (39)

with g the gravitational acceleration in the direction normal to the wall and Hl the asperity
height. If the condition in Eq. 39 is not met, the particle is considered attached again to the
wall, and its velocity is set to zero.

It is worth noting that the resuspension algorithm here introduced benefits of a lower
computational cost in comparison with the one presented by Guingo and Minier [6] because
of the stronger stochastic approach adopted in modeling the asperity-particle interactions.

3 Computational Details

A round jet originating from a perforated wall and impinging on a second wall parallel
to the first one is here computed by means of the in-house finite differences Fortran code
developed at the CFD Group of TU Berlin. The orifice has a diameter D of 3 mm, whereas
the computational domain has a size of 12D×5D×12D. A sketch of the domain containing

Fig. 5 Velocity before and after
the particle-asperity contact,
when a resuspension occurs
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Fig. 6 Computational domain with the adopted Cartesian (x, y, z) and cylindrical (r, θ, y) coordinate sys-
tems. The latter is defined by the origin O, the polar axis A and the longitudinal axis L, which corresponds
to the jet axis

the definition of the coordinate systems adopted in this paper is shown in Fig. 6. Since the
dimensionless wall distance y+ and the Kolmogorov length scale are not believed to be
strongly influenced by the particles, the validity of the present DNS study is provided by
adopting the same grid of 512 points in each direction utilized byWilke and Sesterhenn [27]
who successfully simulated the analogous flow in the absence of particles. Accordingly, the
grid is refined in order to ensure a maximum value of y+ at the closest grid points to the
walls less than one. A grid stretching is also applied in the x and z directions to refine the
mesh around the jet axis. The stretching functions, derived from the sine function for the y

direction and from the hyperbolic tangent otherwise, lead to a maximum spacing variation
respectively of 0.87% and 0.42% in the region with r/D < 5, with r the distance from the
jet axis.

The main direction of the flow, whose definition is required for the computation of the
lift force acting on the particles, is assumed to be radial (see Section 2). This is possible
because the motion of particles, as shown in the following, is entirely confined within a
small region (y/D < 0.5) near the lower wall.

In addition to the particle-wall interaction scheme described in the previous section,
the adopted initial and boundary conditions are illustrated in the following for both the
continuous and dispersed phases.

3.1 Continuous phase

The initial pressure and temperature of the fluid are set to 49.5 mbar and 373 K respectively.
The temperature of the walls is kept constant to 373 K, whereas the jet bulk temperature is
set to 293 K. The jet bulk velocity Ub is chosen to ensure, along with the temperature, a bulk
Mach number equal to 1 so that a Reynolds number (based on the bulk velocity Ub and the
inlet diameter D) of 3300 is computed. The velocity profile of the jet at the inlet is laminar
and shaped in order to obtain a higher velocity at the edges than at the center of the jet, so
that the vena contracta effect, which occurs when a fluid is forced through a sharp-edged
orifice, is taken into account (see Fig. 7). Moreover the stationary velocity profile at the inlet
is reached after a transient time ts , approximately equal to half the time taken by the jet to
reach the wall. The transient is realized with a scaling function, represented in Fig. 7, which
multiplies the steady-state inlet velocity. The inlet temperature follows the same trend of the
velocity profile with the prescribed bulk value. The velocity and temperature profiles also
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Fig. 7 Inlet velocity profile and scaling function of the inlet velocity profile against the dimensionless time
t/ts , with ts the transient duration

implement a disturbed thin laminar annular shear layer in order to accelerate the turbulent
transition.

The four x- and z-normal boundaries are set to be non-reflective. Furthermore, in order to
destroy and absorb the vortices which are leaving the domain at the outlet, a sponge region
is set for r/D > 5. That is realized by adding forcing terms, proportional to the difference
between the computed quantities and reference values, to the right-hand side of the fluid
transport equations. The reference values are taken from a previous LES carried out on a
wider domain, extended in the x and z directions. It is worth underlining that the fluid and
particle data in the sponge region are not taken into account nor showed as a result. To gain
a better insight into the definition of the boundary conditions, reference is made to Wilke
and Sesterhenn [28].

3.2 Dispersed phase

With regard to the particle initial conditions, the deposit is initialized on the lower wall by
uniformly distributing particles within a circular area of radius 5D. The particle diameters
are assumed to be underlain by a log-normal distribution and randomly initialized using the
inverse transform sampling method. The location and scale parameters of the distribution
are respectively given by:

μ = ln (CMD) and σ = ln (GSD) (40)

where CMD indicates the count median diameter and GSD the geometric standard deviation
of the diameters. Those parameters are chosen in accordance with the experimental evidence
of Sharpe et al. [7] for the material eroded in the vacuum vessel of a representative prototype
of fusion reactor (ASDEX-Upgrade facility, lower regions), i.e. CMD and GSD are set equal
to 2.21 μm and 2.93 respectively. Furthermore, the distribution is slightly bounded above
and below, in order to keep the typical particle diameter to asperity height ratio around 1
(see Section 2.4). The resulting probability density function (unbounded) is shown in Fig. 8.

The other particle properties (i.e. density, Young’s module, Poisson’s ratio, yield strength
and surface energy) are constant for every particle and equal to the mass weighted averaged
properties of the materials characterized in the same facility [29]. Accordingly, the compo-
sition 67.6 wt% Cu, 23.7 wt% Fe, 5.1 wt% Cr, and 3.6 wt% Ni is assumed. The resulting
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Fig. 8 Probability density function of the particle diameters

averaged properties are summarized in Table 1. The properties of copper are chosen for the
wall, as its alloys are commonly used as vessel internal shield materials. Therefore the wall
surface energy, Young’s module and Poisson’s ratio are set equal to 2.2 J/m2, 117 GPa and
0.34 respectively, whereas 0.6 and 0.4 are chosen as static and dynamic friction coefficients.
The large-scale asperities are assumed to have an height of 6.3 μm and an average distance
of 30 μm. The smooth to rough adhesion force ratio Ca is set to 0.01 [21]. In consequence
of the above assumptions and imposing an initial surface density of 12.3 g/m2, a total num-
ber of about 107 particles corresponding to a total mass of 11.2 mg are initially dispersed
on the wall.

4 Results and Discussion

In this section the simulation results are presented and discussed with reference to fluid and
particles. An overall time of 0.88 ms (which corresponds to about 20 times as long as the jet
takes to cover the space between the nozzle and the wall) has been simulated. The presented
data are referred either by a Cartesian (x, y, z) or a cylindrical coordinate system (r, θ, y)

as shown in Fig. 6.

Table 1 Properties and mass weighted average properties of the metal dust collected from ASDEX-Upgrade
facility [29]

Mass
Density

Young’s Poisson’s Yield Surface

fraction module ratio strength energy

(%) (kg/m3) (GPa) (MPa) (J/m2)

Copper (Cu) 67.6 8890 117 0.34 70 1.83

Iron (Fe) 23.7 7780 210 0.23 130 2.48

Chrome (Cr) 5.1 7140 140 0.21 225 2.3

Nickel (Ni) 3.6 8600 170 0.31 245 2.45

Average 8527 142 0.31 98 2.03
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Fig. 9 Fluid velocity magnitude
contours on a plane passing
through the jet axis at
t = 0.768ms. Time animation of
this figure is available in Online
Resource 1

Given the transient nature of the phenomenon, two characteristic time instants have been
individuated by analyzing the velocity magnitude of the flow. A representative snapshot on
a plane passing through the jet axis is shown in Fig. 9. Notably, the jet impacts on the wall
at t � 0.124ms and the flow symmetry is broken at t � 0.313ms. Figure 10 shows the
temperature contours on the same plane and the Nusselt number2 Nu on the wall at two
different time instants. It can be seen that the flow is highly unsteady and Nu varies from
negative to positive, even thought its time average, taken in similar cases by Wilke and
Sesterhenn [27], is positive all over the wall. Wilke and Sesterhenn additionally observed
an inflection point of the average Nu curve at r/D = 1.2, where, according to the authors,
secondary vortices originate, as inheritance of the Kelvin-Helmholtz instabilities (primary
vortices) which appear in the shear layer of the free jet region. Figure 11 shows the time
signal of the wall Nusselt number averaged over a circumference of radius 1.2D; the two
dashed vertical lines represent the jet impact and symmetry break instants, respectively. It
is worth noting that the oscillations of the represented signal appear to be damped after the
symmetry break. We mention this behavior as it becomes clear later that the same vortices
which cause the elevated Nusselt number give rise to the particle resuspension.

The number and total mass of resuspended and detached particles (as detached are indi-
cated the particles in motion on the wall, but not resuspended) is shown in Figs. 12 and
13 as a function of time. One may see that the number of resuspended particles increases
mostly in t < 0.3, whilst subsequently it grows almost linearly. In the same way, the total
mass of resuspended particles grows mostly after the jet impact, but it does not any longer
significantly increase for t > 0.6. Hence, it may be concluded that the large particles are
resuspended faster than the small ones. It may be also observed that, unlike the mass and
number of resuspended particles, both the mass and number of detached particles oscillate.
This indicates that particles repeatedly attach to the wall and detach from it. Taking the FFT
of the total detached mass and of the average Nusselt number at r/D = 1.2 (Fig. 14), it
may be seen that, excluding the lowest frequencies, a peak occurs at St � 0.35 (the Strouhal
number St is defined as f D/Ub, with f the frequency) in both the transforms. That behav-
ior can be explained considering that the secondary vortices repeatedly brush the wall with a
characteristic frequency, conditioning both the heat exchange (Nusselt number) and particle
motion.

2Being computed as the non-dimensional wall normal derivative of the temperature, the Nusselt number
quantifies the heat transfer at the impinging plate.
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Fig. 10 Temperature contours on a plane passing through the jet axis and Nusselt number contours at the
lower wall. The black circumference on the wall represents r/D = 1.2. Time animation of this figure is
available in Online Resource 2

Figure 15 shows the deposit surface density and local CMD at t = 0.88ms. It may be
observed that the jet interaction with the deposit becomes negligible for r/D > 1. Major
effects occur in r/D < 0.5, where the density reaches minimum values lower than 1 g/m2.
Also the local CMD becomes about one third of the initial value in the area where the
majority of resuspensions occurs.

Figure 16 reports the positions of 10% of the resuspended particles, randomly sampled
and colored by their diameter and velocity (note that the y scale ranges between 0 and 0.5D);
on the background the fluid velocity magnitude is contoured using a grayscale color map.
It may be seen that at first the large particles tend to resuspend quicker than the small ones.
Subsequently, the former stratify and trail the vortex rising upwards, whereas the latter,
which are increasingly accelerated, travel faster to the outlet following a radial direction. By
comparing the figures, it may be observed that the particle velocity is roughly independent
on their diameter, whereas a strong influence should be ascribed to the carrier fluid velocity
and, thus, to the particle positions within the flow.

Three typologies of particle-fluid-wall interactions have been statistically investigated:
resuspensions, detachment from the wall (excluding resuspensions) and particle-wall
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Fig. 15 Local deposit properties at t = 0.88ms. Time animation of this figure is available in Online
Resource 3

impacts occurring to the particles which have been already resuspended. By analyzing
Table 2, it may be noted that the CMD of resuspended particles is about 5.88 μm (whereas
the deposit initial CMD is 2.21 μm) and 93% of the deposited particle mass is resuspended
in r/D < 1.5. Moreover, it may be noted that each detached particle is typically re-attached

Fig. 16 Position of 10% of the resuspended particles at different times. The particles shown are randomly
sampled and colored by their diameter and velocity. It should be noted that the aspect ratio of the plot is
deliberately distorted to improve the readability of the results. Time animation of this figure is available in
Online Resources 4 and 5
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Table 2 Summary of the particle-fluid-wall interaction statistics

Resuspensions CMD 5.88 μm

Number 291,110

Total mass 1.49 mg

Fraction of resuspended particles

whole domain 2.8%

r/D < 1.5 37.8%

Mass fraction of resuspended particles

whole domain 13.3%

r/D < 1.5 93.1%

Detachments CMD 5.79 μm

Number 7,731,508

Number of particles that detach at least once 840,569

Average number of detachments per detached particle 9.2

Impacts CMD 3.78 μm

Number 18,137

whereof deposits 43

Average normal impact velocity 1.28 m/s

Average restitution coefficient 0.196

and then re-detached on the average for 9.2 times during the simulation. It has also been
found that the average travel on the wall of a generic particle before being resuspended is
about 3.31 times its own diameter and 3.85 times the deposit initial CMD. The vast majority
of the particle motions on the wall is simple rolling.

Figure 17 shows the probability density functions of the interactions. The distribution of
detachments has a greater variance than the distribution of resuspensions, since detachments
occur more uniformly and in a wider region around the jet axis. The large majority of the
resuspensions and detachments take place within r/D < 1, even though they are mostly
condensed in an annulus with 0.3 < r/D < 0.8. The PDF of the impacts shows that impact
occurrences are more irregularly scattered and the distribution does not appear to follow a
marked pattern.

Fig. 17 Probability density functions of the resuspension, detachment and impact occurrences
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Finally, it should be noted that particle mass and volume fraction in the fluid are always
lower than 1.4 · 10−4 and 8 · 10−10, respectively. Since those are much lower than the
commonly accepted threshold values above which particle-particle collisions should be
considered (for instance, see [12]), the validity of the two-way coupling approach can be
ensured.

5 Conclusions

In this paper a DNS of a multiphase transonic impinging jet flow has been presented, plac-
ing particular emphasis on the interaction between jet and micrometer scale solid spherical
particles deposited on the impingement wall, i.e. resuspensions, detachments and impacts.
Being those phenomena of crucial interest in the safety assessment of nuclear fusion power
plants, the flow occurring during a Loss Of Vacuum Accident (LOVA) has been reproduced.
The main achievements can be summarized as follows:

– Resuspensions and detachments mostly occur in a circular region of radius approxi-
mately equal to 1 jet diameter. Particularly, the majority of resuspensions takes place in
an annulus of radii from 0.3 to 0.8 diameters, since the interactions reduce in the stag-
nation region. Impact occurrences do not appear to condense in any particular region or
to follow a distinct pattern.

– The vast majority of the particle motions on the wall is simple rolling, in other words
detachments for slipping are negligible. On the other hand, although most of the resus-
pensions take place as a consequence of the particle-wall asperity collision, 6.5% of
them are direct resuspensions, i.e. the lift force alone suffices to break the particle-wall
contact.

– The probability of a generic particle to be resuspended after its detachment is only
3.77%.

– The larger a particle, the higher is the probability to find it detached and later resus-
pended. Hence, the larger particles resuspend faster. As a consequence, it has been
observed that during the first instants after the jet impingement, the total resuspended
mass increases more rapidly than the resuspended particle number. At a later stage,
the removed mass remains roughly constant whereas the resuspended particle number
increases approximately linearly.

– The motion of particles on the wall is highly unsteady, as it follows the generation and
destruction of wall vortices. Indeed, it has been found that particles repeatedly detach,
roll and reattach with a period compatible with that of the secondary vorticity formation
at the wall.

Despite the remarkable modeling effort made for this work, further advances in the
present resuspension model remain to be achieved. For instance, particle-particle interac-
tions, such as cohesion, break-up and collision, as well as electrostatic effects shall be
addressed in the future (using the same approach, for example, presented in the recent work
by Almohammed and Breuer [30]). Of interest and deserving of being additionally investi-
gated is also the role played by strong shocks in the phenomenon. As a matter of fact, strong
shocks are expected to occur for higher Mach numbers, which might presumably appear, for
instance, during a LOVA in a fusion reactor. Additionally, the assumption by which some
particle properties are kept constant is worth to be removed, since most of the particulate
that can be found in nature or industry is likely composed of several materials.
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