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Abstract

In particle-laden flows, a turbulent field can be produced in the carrier phase by the move-
ment of the particle/spray cloud. In this study, the intensity and the integral length scale of
the particle-induced turbulence are studied using a simple mechanistic model with com-
parison to experimental data and numerical simulations for large-scale numerical appli-
cations. The experimental results of DynAsp are investigated with numerical simulation
results. Out of the spray nozzle, two regions can be distinguished for the spray dynamics:
an inertial zone and an equilibrium zone. It is found that the initial injection velocity of the
cloud has little effect on the terminal slip-velocity of the particles in the equilibrium zone
far from the injection region. The turbulent kinetic energy is closely related to the parti-
cle slip-velocity and shows a maximal value when particles reach their terminal velocity
inside the equilibrium zone. The integral length scale depends mainly on three parameters:
particle slip-velocity, particle size and volume fraction. Combined with the terminal slip-
velocity correlation, the reduced-order mechanistic model can give a reasonable estimation
of the turbulent kinetic energy as well as the integral length scale of the particle-laden flow
in large-scale configurations.

Keywords Particle cloud - Turbulence modulation - Reduced-order model

1 Introduction

Spray systems can be used as emergency devices in gas processing plants or in offshore
platforms. The systems are essential for the prevention of unwanted accidental scenar-
ios, such as hydrogen explosions. In the case of combustion ignition, various regimes
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can occur depending on the local concentration of hydrogen, air and water steam, as
well as pressure and temperature distributions. In most circumstances, spray devices are
installed inside industrial buildings and off-shore platforms, mainly for fire mitigation
purposes. A number of experimental investigations have demonstrated that spray sys-
tems can have a mitigating effect on flame propagation Wingerden and Wilkins (1995);
Thomas (2000). The attenuation relies on the evaporation of small-size water droplets
inside the flame Gai et al. (2019). On the contrary, a certain number of experiments
Wingerden and Wilkins (1995) resulted in explosion enhancement in the presence of
water sprays. It has been established that the main reason for explosion enhancement is
the turbulence generated by water sprays in the gas mixture. Depending on the evolution
of accident scenarios, ignition might occur before or after the activation of the spray
system. Thus, an understanding of the dynamics of water spray in generating turbulence
is needed to evaluate its mitigation or enhancement ability during accidental explosions.

Spray- or particle-induced turbulence has been investigated for several decades
Hetsroni and Sokolov (1971); Hetsroni (1989); Gore and Crowe (1991); Elghobashi
(1994); Sadiki et al. (2005); Xu and Subramaniam (2010); Mallouppas et al. (2017). The
presence of particles or a second phase in a continuous flow could change the intrinsic
turbulence topology of the carrier flow, which is known as turbulence modulation Crowe
et al. (2012). Several key factors arise from various experimental studies that contribute
to the turbulence modulation due to the presence of particles Crowe et al. (2012); Gai
et al. (2020): surface, inertial, response, loading and interaction effects. Some physical
parameters are taken as criteria to distinguish between the attenuation and the enhance-
ment effects of the particle cloud on the carrier flow such as the length scale ratio Gore
and Crowe (1989), the particle momentum number PaTanaka and Eaton (2010), etc.

Several difficulties arise in modelling of phenomenon of turbulence generation by
water sprays: a) Many factors are involved in the modelling process such as the water
flow rate, droplet size, and initial velocity of the droplets. These factors depend on the
nozzle type and, in general, are related to each other. Therefore, it is hard to vary each
parameter independently. b) The industrial sprays have a polydisperse nature. The con-
sequence is that the equilibrium between the gravity and drag forces is reached at differ-
ent distances from the nozzle, depending on droplet diameter. These distances are short
for small-diameter ones, while they could be relatively large for large-diameter droplets.
¢) The nozzles are often placed in linear or circular rows, which leads to an interaction
between sprays. This might change not only the droplet size distributions but also the
turbulent parameters in the interaction zone.

Ideally, one could imagine an experiment where tracer particles are introduced in the
gas affected by the water spray and the turbulence statistics is gathered via, for exam-
ple Particle Image Velocimetry (PIV) techniques. Unfortunately, to our knowledge, such
experimental data are scarcely available in the open literature. Instead, a large amount
of experimental data exist on turbulence modulation in the carrier phase by using solid
particles. Measurements of air and particle velocities of the two-phase flow in a verti-
cal pipe were made by means of a Laser Doppler Velocimetry (LDV) technique Tsuji
et al. (1984). It was noted that the large particles increase the air turbulence throughout
the pipe section, while small particles reduce it. In case of turbulence enhancement, the
fluctuations were amplified near the pipe centerline and get reduced when approaching
the wall Hosokawa and Tomiyama (1998); Hetsroni (1989). Kulick et al.Kulick et al.
(1994) studied the effects of particles on the fully developed turbulent pipe flow for dif-
ferent particles having smaller sizes compared to the Kolmogorov scale #. The small
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particles were found to attenuate the turbulence, with the increase of the Stokes number,
the mass loading and the distance from the wall.

A comprehensive research program called DynAsp (Dynamique de 1I’Aspersion) was
carried out in 1996 at CEA in France with aim to build up a series of experiments deal-
ing with exchange of momentum between water spray and ambient gas Patigniez (1996);
Herlin et al. (1996). To simplify the problem, the water spray was replaced by solid glass
particles. Thus, the deformation, break-up or coalescence of the particles is not taken into
account. Laser Doppler Velocimeter (LDV) technique was employed to allow direct meas-
urements of gas velocities in the presence of particles. A standard LDV uses very small
particles like tracers to measure the carrier phase movement. Larger dispersed particles
produce a stronger signal, which can be discriminated from the carrier phase. For the gase-
ous carrier phase, the tracers typically have diameters of O(1) um, while the dispersed par-
ticles have a larger range of diameters of (10 — 1000) umBalachandar and Eaton (2010).
The gas flow velocity was measured by PIV.

Several theoretical and modelling approaches have been developed to understand the
turbulence modulation associated with dilute particle-laden flows Yuan and Michaelides
(1992); Yarin and Hetsroni (1994); Wacks and Chakraborty (2016); Crowe (2000); Mandg
(2009); Mandg et al. (2009). Yuan et al. Yuan and Michaelides (1992) developed a simple
mechanistic model for turbulence modulation in particle-laden flows based on the inter-
action of a single particle with turbulent eddies. Kenning et al. proposed another simple
mechanistic model on turbulence modulation Kenning (1996); Kenning and Crowe (1997).
Two sources of turbulent energy of the carrier phase are considered: inherent turbulence of
the carrier phase and turbulent energy induced by the relative velocity of the two phases.
The turbulent statistics has been presented for mono-dispersed solid particles, which reach
terminal velocity inside liquid. For a fully developed dilute particle-laden flow in a vertical
pipe, Crowe et al. Crowe (2000) simplified the volume averaged turbulent kinetic energy
equation by taking into account the turbulence generation via velocity gradients by particle
drag and viscous dissipation. However, there is still a lack of a general formulation that can
account for most important related factors as stated in Eaton (2006); Saber et al. (2015);
Elghobashi (2018).

Given the complexity of the flow, the particle-induced turbulence is difficult to inves-
tigate and the direct measurements of the turbulence characteristics are scarcely available
in the literature. For the simulations of large-scale configurations in industrial structures,
the current existing turbulence models, such as RANS or LES, require an extensive vali-
dation and assessment through a series of highly-resolved numerical simulations that are
difficult to meet nowadays. These large-scale simulations can be hydrogen explosions in
a nuclear confinement building (volume V = 10* ~ 10° m?), or offshore facilities (volume
V = 10° ~ 10% m®) Thomas (2000). The smallest grid sizes for these problems, for practi-
cal reasons, cannot be smaller than Ax ~ (10 c¢m), and the direct application of turbu-
lence models such as RANS, involving action of spray and spray-flame interaction, can
give erroneous results. The description of spray-induced turbulence in current engineer-
ing applications is mostly based on empirical correlations using a set of experimental data
and are strongly case-dependent [33]. In general cases, the validity of models for turbulent
characteristics of a spray is questionable. In this study, we propose another methodology
to provide input parameters for large-scale turbulence modelling Velikorodny et al. (2015).
This methodology does not aim to develop a novel RANS model, but aims to use a differ-
ent closure. The objective is to assess the performance of a simple mechanistic model for
the estimation of turbulence characteristics such as turbulent kinetic energy (TKE) &, as
well as the turbulent length scale L, in a large-scale particle-laden flow.
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The current study is organized as follows: Section 2 describes the methodology applied
in this study; Section 3 describes briefly the experiments setup DynAsp; Section 4 shows
the validation of the numerical simulations using the experimental results of DynAsp; Sec-
tion 5 discusses the assessment of the mechanistic model of Kenning Kenning (1996) in
the DynAsp configuration using the validated numerical results. Conclusions are given in
Sect. 6.

2 Methodology

The turbulence parameters resulting from a spray-gas interaction, such as the turbulence
intensity «’ and the integral length scale L,, have to be determined as they can be used,
for example, (a) for characterization of spray efficiency in breaking up of stratified light
flammable gases/steam/air atmospheres Malet et al. (2011), or (b) can serve as inputs for
the flame burning velocity in the large-scale simulations involving flame-spray interactions
Velikorodny et al. (2015).

Having a geometry, we can loosely define two zones affected by water spray as shown
in Fig. 1. One we shall call, in what follows, the “inertial zone”. In this zone, the steady
terminal settling velocity is not reached for the majority of the spray droplets. The second
zone, further called the “equilibrium zone”, where the terminal settling velocity is reached
for the majority of the droplets. The geometrical characteristics of the two zones depend on
the nozzle characteristics and the geometry of the building where the nozzles are installed.
In this paper, a methodology for the estimation of turbulent characteristics in the equilib-
rium zone using simple models is introduced in the following steps:

1. As afirst step, we shall validate the two-phase CFD code Neptune Mimouni et al. (2008)
using the DynAsp experimental data. The computed flow variables are compared with

Fig. 1 Industrial spray system
containing two regions: inertial
zone close to the nozzles and
equilibrium zone far from the
nozzles

Inertial zone

AAAAAA

Equilibrium zone
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their experimental counterparts. Turbulent characteristics extracted from the computed
results are presented and analyzed. Thus validated numerical models can be used later
in order to find the turbulence parameters inside the inertial zone.

2. Model of Kenning Kenning (1996) is adapted in order to find the turbulence character-
istics inside equilibrium zone of the spray-affected volume. The main input parameter,
the slip-velocity, which can be calculated analytically using the Schiller-Naumann drag
coefficient correlation Schiller and Naumann (1935).

3. Kenning’s model coupled with the slip-velocity correlation is assessed with numerical
simulations. The prediction abilities of the simple model on numerical 3D turbulence
characteristics are evaluated and discussed.

3 Experimental Setup of DynAsp

A plexiglas box of dimensions of (0.4 x 0.4 x 2.0) m> was used in the experiment as
depicted in Fig. 2a. A device for injecting glass beads was set on the top of the box. The
coordinates system (x, y, z) is defined as shown in Fig. 2b and Fig. 2c, where z is ori-
ented from top to bottom. As shown in Fig. 2a and Fig. 2b, the injection slot has a size of
(88 x 400) mm?. The injection has different flow rates of uniform-size particles which are
released without initial velocities. Under the effect of gravity, the particles accelerate dur-
ing the free fall. After the injection, the measurements are performed during 30 seconds
after a waiting time of 15 seconds.

Yy
T Glass beads
» Exciter |

air ||~

Top view

l Side view
(a) (b) (c)

Fig.2 Dimensions and coordinate system of the experimental setup; a main geometry, b top view, ¢ side
view of the setup, with L =2 m, [ = 0.4 m and e = 88 mm
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In this study, we consider particles of diameter, dp = 500 pum. The numerical results are
firstly validated against experimental data and then used to assess the predictive behavior of
the mechanistic model of Kenning Kenning (1996). Particles characteristics are given in the
Table 1.

4 Numerical Modelling

The NEPTUNE_CFD code used in this study, is a three-dimensional multi-fluid Navier-Stokes
solver developed jointly by EDF (Electricité de France) and CEA (Commissariat 2 I’Energie
Atomique et aux Energies Alternatives) Mimouni et al. (2008),[38]. The solver relies on a
finite volume discretization and allows the use of various mesh types (tetra or hexahedral ele-
ment) for different flow regimes: compressible/incompressible, steady/unsteady, laminar and
turbulent.

4.1 Average Field Equations

In various monographs, the derivations and detailed discussions of the conservation equations
for two-phase flow are introduced for Eulerian-Eulerian approaches Ishii and Hibiki (2006);
Yeoh and Tu (2010). In this section, a brief summary is given on the two-fluid model used in
Neptune_CFD, which is based on mass, momentum and energy conservation laws. The mass
conservation equation is given as:

a _ ——
E("k/’k)"‘v‘(ak/’k Vi =Ty, k=f,p, (1

where «, is the volume fraction, p, the mass density, \_/k the local mean velocity of the
phase k, I'; is the interphase mass transfer rate, the subscripts f and p denote the gas phase
and the liquid droplets, respectively.

The momentum balance equation gives:

0, - = ) _ _ _
E(ak V) + V- (p V) =—-Vp, + M, + o pkfg + V.l + T]{)], k=f,p,
(2)

where p, is the gas pressure for phase k, f, is the gravity acceleration. In this Eulerian-
Eulerian modeling, the gravity of fluid is resolved as well as the particle gravity in the
governing equation. The buoyancy force on the particles is neglected compared to the par-
ticle gravity. 7, ?: denote the viscous and Reynolds stress tensors, respectively and M, is
the interphase momentum transfer term Pironneau and Mohammadi (1994) containing four
components: drag force, lift force, added mass term and turbulent dispersion force. For
heavy particles, with respect to gas density p, > p;, the momentum transfer term reduces
to the drag force contribution:

Table 1 Characteristics of the

spray particles d, (um) Py (kg/m?  Mass flow rate (g/s) Measurement time (s)

200,500 2450-2550 16-60 30
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3Cp = -~ -
M;) = —M[? = _apprd_D”Vp —ue||(v, — uyp). 3)
P

The momentum transfert term Mf comes from the definition of the drag force F, and Cj,
is the drag coefficient depending on the particle Reynolds number Re,,. These two quanti-
ties are discussed in various studies Gai et al. (2020); Mimouni et al. (2008), one can have
generally:

xd, 24
MP ; Cp= R—(l +0.15Reg‘687>. &)

F,=—L
d p
6ap e,

4.2 Gas and Dispersed Phase Turbulence
4.2.1 Gas Turbulence Model

The second-order R;; — € model is used for the description of the gas phase turbulence Spezi-
ale et al. (1991). For each component of the Reynolds stress tensor R ;;, one solves:

-y
Dyl o

/ / !
YD T o, (agoytut . 1,0r)
- ~- -
transport

R Y R &
X Pp\Up Uy 0p ox, QX Pply Uy 0p ox,
o 7

M (&)

production

+afpf<<u}iiu,f7k>fcf’ik + <u;,ku},i>foJk) + afpr0£f5U
. J
d;i,fl

’ !
+app(A, gty A, gt ) -
. J/

~
interphase exchange

D, — - .

where E/z = % + ”f;f%’ (-); operator stands for the mass statistic average; On the right-
AN

hand-side of the equation, we have the transport and production terms of Reynolds stress.

The pressure fluctuation terms are neglected in this modeling, since the gas flow is consid-

ered to be incompressible. The drift term is a closure to the sum of the pressure-deforma-

tion correlation term (Df,ii and the dissipation term —%eféij, which satisfies:

2
275 (6)

o ro _
Qg ' ) G+ (a1t 2y G + Cofpby = Ppj = 3

where C;, = 2.11is the constant of Kolmogorov, and the drift coefficient G; ; is supposed to
be isotropic with an expression:

1 1, 3G\ ¢
i 7 ij <2 4 kr ij @)
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with rf the Lagrangian time integral scale of the fluid. The interphase coupling term
(Ap_,f lu +A, Juf )f represents the Reynolds stress exchange due to the presence of par-
ticles or droplets in the fluid, defined as Neiss (2006):
1 = - _
<Ap—>f ifi +AP—>fJ”j,‘,i>f - )(T_[de/(uf}i — Vi)t u Ui fJ>f v, Vpi fd> %)
P (

+ Vot =, ) + (g g ) = (v) g 1)),

where y = % and \_/d denotes the drift velocity. The drag acceleration term A, ;
fEf

describes the inverse coupling of the particle on the fluid, of which the average can be
expressed as Minier and Peirano (2001):

Vs,i

v,
Sy =A@+ V-0, ©9)
T T

<Ap—>f,i>f = <_X

where v ; is the velocity of fluid seen par the particles Simonin (1991) and 7, is the particle
characteristic response time. It needs to be clarified that the drag acceleration term A,,_,¢; is
used to characterize the two-phase coupling in the turbulence model. It is different from the
momentum transfer term MP in the former section, which is an important term in the aver-
age field momentum conservation law. A rigorous treatment of the inverse coupling would
imply a multi-point (or multi-particle) probability density function description of the dis-
persed phase, a choice which was not retained because it is outside the scope of this study.
The advection/diffusion equation for the dissipation rate ¢ in the R; — £ model is:

Drep 9
P Dr T o < %pyCe < Ui /,/>f ox, )
- /
diffusion
_ 2 (10)
% Csl"‘fl’f< i fk>f a ~Cathry tiC, <Ap+f,i”},i>f
- ~ £ H_J %,_/
production dissipation interphase coupling

where C, =0.18, C, = 1.44, C =1.92 and C = 1.2 are model constants, and the cou-
pling term (A, ,u >f can be defined as Oesterlé (2006):
(Ap*f,i”},)f = _XT_[Vd’i(Ef’i - ‘_}p,i) + 2kt2 - qu]' 1D
P

where k, is the turbulent kinetic energy, g, is the fluid-particle covariance. The expression
of this coupling term can be deduced using Eq. (9).

4.2.2 Dispersed Phase Turbulence Model

The dispersed phase turbulence model used in this study is the R, — Q, model Simonin

(1991), which contains of the transport equations of the particle Reynolds stress tensor
R, ; and the fluid-particle covariance gg,. The particle stress equation is written as:
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Dp<vplvpd>p 3

2
—_— / / / — —_ / 4 —_ .
%pPp Dt - ox, (appp<vp,ivaVp,k>P> pPp T, [(vp,iva>P pr,u
o S/ . )
~
transport interphase coupling (12)
Y J V.
! pit
-« pP< i pk>P a appp(vp‘ivp,k>P
- ~~ /
production
D,
where -2 o = o + Vpiso a . The first term on the right is the transport of the particle Reynolds

stress tensor. The last two terms are production terms containing velocity gradients. In the
interaction coupling term, Ry, ; is the symmetrical part of the correlation tensor between
the velocities of the fluid and particles:

Ry = 5[0 000 + 0513, (13)
The fluid-particle covariance equation can be written as:
D,(qyz,) 4y
p\dp) 0 lfp
*Pp Dt __()x ( ppp< b iVp.i pk> )+pr _appp;
o ~ / \ )
transport destruction
oup; OV, 1
’o > oL
—,p, 1 i p,k> = @0V, Vo idp ox, ax;
. ~ S/
production

On the right hand side of Eq. (14) one can find the terms of transport, interphase coupling,
production and a destruction term for the fluid-particle covariance. The (')p operator stands
for the mass statistic average, 7 is the time scale of the gas phase movement, £, denotes
the coupling between two phases:

ap ap
pr = X%(qu - 261,2,) + %(2]@ - Q/p)- (15)
P P

The first term in €2, is related to the particle turbulent kinetic energy and the second term
is dependent on the fluid turbulent kinetic energy. The term —qu represents a source of

energy due to the coupling of the fluctuating movement of the two phases. Inversely pro-
portional to 7, this term becomes strong as the drops are small, which is consistent with
the fact that the smaller the drops, the more sensitive they are to the turbulent fluctuations
of the surrounding gas.

The variation of the fluid turbulent kinetic energy k, with the presence of particles can be
expressed as:
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Ok L 10 () -
UPrDr T T2 o \ PN ititalr ) T Py
N y N——
v dissipation
transport
_ 16)
du,; a,p ap, (
1 pFp pFp _ —
—"’.f/’f<”},i”},k>fa_& + 2k gp) + Va0 — )]
S ~- -\ r ~ N ~ v
production interphase coupling drift

It is important to know the reverse coupling of the fluid turbulent kinetic energy k, since it
is required in several coupling terms mentioned above, such as Egs. (7), (11) and (15), etc.
The drift term represents the modification of the turbulent kinetic energy of the gas due
to the transport of the drops by the fluid turbulence. This term can be positive or negative
depending on the relative velocity between the two phases.

More details about the model validation and the different interphase coupling terms,
such as Egs. (8), (11) and (15), can be found in Neiss (2006); Simonin (1991); Mimouni
et al. (2008); Mimouni (2006).

4.3 Geometry and Mesh

The geometry used in this study is shown in Fig. 2a. The mesh is generated using the
SALOME platform Ribes and Caremoli (2007). Two different meshes are used with an
averaged cell size Al; = 1 cm and Al, = 0.5 cm. Figure 3 shows the axial gas and droplet
velocity evolution for the two considered meshes. We can see that the change of the mesh
size has a relatively small effect, especially on the droplet velocity evolution. The numeri-
cal solution can therefore be considered to be mesh-independent.

The bottom boundary condition is an outlet for the solid particles and a wall condition
for the gas phase. The accumulation of the particles on the bottom is considered to have lit-
tle influence on the gas velocities. All boundaries are considered as no-slip for the gas. The

0 0 pr—r
L 1K .
—0.57 - [ ]
2 i | = —2F -
~ L ] ~ r ]
E -1F 1 & i ]
= A 1 =3F -
—15F - ; ]
r 1 —4r -
ol Y S W D B
0 0.5 1 1.5 2 0 0.5 1 1.5 2

z [m] z [m]

() (b)

Fig.3 Spacial distribution of gas and droplet velocities for two different mesh sizes: A/, = lem (—),
Al, = 0.5cm (—); a axial air velocity, b axial droplet velocity
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collisions between particles as well as the particle-wall interactions are neglected in the
current study. The particle-wall interactions are assumed to have small effects on the gas/
droplet velocities on the central axis. The walls are considered as adiabatic, with no heat
exchange with the fluid.

4.4 RANS Turbulence Modelling for Gas and Particles

A number of comparative numerical studies are performed using the configuration of the
experiment DynAsp with different turbulent models. Initial small values for turbulent
kinetic energy ko = 10~* m*s™* and dissipation rate £, = 10~ m*s are used. And the
turbulence is naturally generated by the coupling between particles and fluids. The injec-
tion rate of the particles of d, = 500 um is taken as 35 g/s. The numerical results are sys-
tematically compared with the experimental measurements. For the measurement of the
gas velocity, 10° trace particles were taken into account for the calculation of vertical
component, and 5 X 10* particles for the horizontal component Patigniez (1996); Herlin
et al. (1996). The tracer particle distribution has a Gaussian shape. The program selects
the velocity of most counted tracers which is located in the center of the velocity distribu-
tion. This velocity is defined as the instantaneous gas velocity. The mean gas velocity is
obtained by superposition of several measurements. The experimental standard deviations
which represents the validity interval of the measurement are given through error bars (see
Fig. 3a).

Figure 4a shows the gas velocity field on the central x-z section for an injection rate
of 35 g/s. Two symmetric convective loops can be observed: the gas moves downwards
in the central biphasic region and rises up at the pure gas zone. The distributions of the
turbulent kinetic energy (TKE) and turbulent dissipation are depicted in Figs. 4b and

(b)

Fig.4 Numerical simulation showing mean flow quantities: a gas velocity (m/s), b turbulent kinetic energy
(m?/s?), ¢ turbulent dissipation (m?/s%)
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4c. It can be seen that the TKE has a maximal value at the lower middle of the biphasic
region while the region of high turbulent dissipation rate is located at the bottom of the
box. In fact, at the lower middle part of the particle-laden region, the particle velocity
gradient becomes small and the production and dissipation of the TKE have very close
values.

4.5 Numerical Validation with Reynolds Stress Model

Figure 5a shows the axial velocity of air on the centerline of the box as a function of
distance from the injection slot, for two different loading rates: 16 g/s and 60 g/s. The
simulation results of Neptune_CFD are compared to the corresponding experimental
data. For all mass injection rates, the particles accelerate along the vertical direction,
which through drag forces create the air motion. The larger the mass injection rate is,
the faster the axial air velocity becomes. The gas velocity reduces to a small value at the
bottom of the domain.

The behavior of the particle velocity as a function of distance from injection slot is
given in Fig. 5b. The particles accelerate along the vertical direction. We can see that
the height of the experimental set-up is not sufficient for the particles to reach a terminal
velocity. The experiments show that the particle velocity evolution is not significantly
affected by the change of the mass injection rate. However, the numerical simulation
highlights the effects of different mass injection rate. Intuitively, the more particles
appear in the flows, the easier the air accelerates.

Generally, we have a good agreement between the numerical and experimental
results. The R; — & model shows a good performance for the validation of the DynAsp
experiments, especially for the predictions of the axial velocities of the air inside the
particle/air two-phase flow.

0j 0
—0.5 * -
] _1_,
= 14 = ]
~ ] ~ ]
S 1 £ 24
R —1.5 4 BN ]
1 -3
-2 ]
-2.5 —4 4+
0 0.5 1 15 2 0 0.5 1 15 2
z [m] z [m]
(a) (b)

Fig.5 Comparison of the axial velocity of gas a and particles b of diameter 500 ym on the centerline for
different loading rates: DynAsp 60 g/s (), 16 g/s (v)and (¢) Model 60 g/s (—), 16 g/s (—)
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4.6 Axial Gas Velocity Near the Wall

The axial gas velocity at the centerline is shown in Fig. 6, with four different injection
mass rates: 23 g/s, 35 g/s, 41 g/s and 60 g/s and compared to the experimental data.
The error bars and the particle-laden flow borders are also added.

We can see that the numerical estimations of the axial gas velocity confirm the exper-
imental trends for all test cases. Some experimental observations can be confirmed by
the numerical simulation, such as the gas velocity increases when approaching the wall.
The vertical gas velocity is negative inside the particle flow, and turns to positive near
the wall. It can be noted that the gas velocities at two vertical position z = 0.74 m and
z = 1.26 m have slight difference. And the numerical results match well the experimen-
tal measurements inside the two-phase region.
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Fig.6 Axial gas velocity distribution as a function of wall distance; experimental results at z = 0.74 m(v),
z = 1.26 m (s)and numerical results at z = 0.74 m (—), z = 1.26 m (—); particle cloud border (- - -); injec-
tion rate a 23 g/s, b 35 g/s, ¢ 41 g/s,d 60 g/s. Note that the wall is located at x = 0
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5 Comparison between Numerical Simulations and the Kenning Model
Kenning (1996)

The turbulence modulation by falling solid beads were investigated by Kenning (1996)
using a one-dimensional energy balance for validation of experimental data. A mechanistic
model was proposed for the estimation of the length scale of the particle-induced turbu-
lence. Initially, the particles are introduced into a still fluid, when the particles reach their
terminal velocity, the motion of the particle cloud is considered to be the only source of
turbulence. The loss of energy of the carrier phase can be divided into two parts: viscous
dissipation and particle velocities fluctuations. When the subsequent particles encounter
the carrier phase with fluctuating components, the turbulent energy can be redistributed to
the particles (see A for more details).

5.1 Mechanistic Model Compared to Numerical Simulations

Five axial probes are used to measure the flow velocities inside the two-phase flow domain.
The probe locations are shown in Fig. 7a. The evolution of different parameters such as
gas/droplet velocity, integral length scale and kinetic turbulence energy are estimated
RANS numerical simulations.

The mechanistic model of Kenning needs to have three input parameters: gas velocity
us, particle velocity v, and particle volume fraction @, to estimate the kinetic turbulence
energy k, and the integral length scale L, (see A for more details). These parameters are
space and time dependent. Figure 7 shows the variation of these three parameters along the
z axis at 5 probe positions.

From Fig. 7c we can see that the volume fraction of the droplets decreases with the ver-
tical distance and reaches a stable value of ¢(10™*) at the bottom of the geometry. Figs. 7b
and 7d show the evolution of the axial gas velocity and the axial slip-velocity. We can see
that the probes 1 and 3 give the same values for gas and slip-velocity since they are sym-
metric relative to the center (the same case for probe 2 and 4).

Given the values of i, v, and a,, at the centerline probe as input parameters, we can use
the Kenning model to predict the kinetic turbulence energy and the integral length scale
as depicted in Fig. 8. The calculation results of Neptune_CFD are also given for compari-
son. The turbulent kinetic energy k, extracted directly from the numerical results and the
integral length scale L, is given by the expression: L, = Cf/ 4k, /€, where C,~0.09is a
constant.

Figure 8 gives the comparison between the numerical simulations and the mechanistic
model in the centerline of the lower-part of the DynAsp experimental setup. It is assumed
that in this region, the turbulence is homogeneous and isotropic. From Fig. 8a, we can see
that the mechanistic model using the input parameters of the central probe can give a good
tendency for the kinetic turbulence energy. The values of k, for different vertical distances
have the same order of magnitude as Neptune_CFD. Generally, the mechanistic model can
be used to estimate the turbulence intensity if the input values for the volume fraction a;,,
gas velocity u; and especially the slip-velocity v, — u, are well estimated.

Similar results can be obtained for the integral length scale. The mechanistic model can
provide a prediction of L, of correct order of magnitude (see Fig. 8b). The difference of the
model estimation and the numerical simulations can be due to the geometrical configura-
tions used in the DynAsp experiments. From Fig. 2a, we can see that particles are injected
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Fig. 7 Numerical results of Neptune_CFD code. a Positions of the axial probes. Spatial evolutions of physi-
cal properties, b axial gas velocity, ¢ volume fraction, d slip-velocity, for different probes: probe 1 (—),
probe 2 (—), probe 3 (—), probe 4 (——)-, center (—). The numerical results for probes 1, 2 and 3, 4 are
fully super-imposed due to symmetry

in a small section in the middle of the experimental domain. However, the mechanistic
model has been validated for homogeneous particle-laden flows Kenning (1996). Given
a larger inter-particle distance A, the difference between the numerical results and model
estimations can be reduced. For example, the model predictions with 1.14,1.24 or 1.3 are
given in Fig.8b.

The mean volume fraction of the droplets a,, can be referred to the industrial measure-
ments under the particle injection system. In the study of Kenning (1996), u, is the terminal
velocity of the free-fall particles, which plays a minor role on the determination of the
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Fig.8 Kenning’s model prediction (—) v.s. numerical results of Neptune_CFD in the centerline (—); the
mechanistic model with 1.14 as inter-particle distance (- - -), with 1.24 (----), with 1.34 (-----); a turbulent
kinetic energy, b integral length scale

kinetic turbulence energy. Thus, the most important parameter to be determined is the slip-
velocity ¥, — ii;. For the configuration of DynAsp, where the initial velocities of the parti-
cles are zero, the terminal slip-velocity can be easily estimated by correlations as discussed
in Sect. 5.3.

5.2 Turbulent Length-scale

It was shown that the turbulence enhancement is mainly driven by the dynamics of large
droplets Wingerden and Wilkins (1995). For instance, in water spray system, the large-
scale turbulence generated from the bulk flow of water from the nozzles is considered to be
the reason for the flame speed increase. To support this idea, Wingerden er al. Wingerden
and Wilkins (1995) designed an experiment involving spray and premixed flame in inter-
action, and used the formula proposed by Hinze (1987), for the estimation of turbulence
parameters of the gas mixture affected by a spray:

Ay = Qrvi)'? (17)

where A, is the Eulerian integral length scale of turbulence, v is the kinematic viscosity,
and ¢, is the time for turbulence decay. The tests in Wingerden and Wilkins (1995) show
that the turbulence exists in the mixture affecting the flame propagation up to 10 s after
switching off the spray system. This decay time indicates that the length scale of the spray-
generated-turbulence would be of the order of A, = 3 cm.

According to the experimental data given in Wingerden and Wilkins (1995), we take, for
example, the case of spray with average droplet size of 500 pm, with flow rate of 99 l/min.
The kinetic viscosity is taken v = 1.43 x 107> m?/s. Since the volume fraction of spray
droplets was not given in Wingerden and Wilkins (1995), we assume that a, = 1 X 1074,
We can therefore calculate the inter-particle spacing 4 = 0.00818 m. Taking the width of
the experimental box as the integral dissipation length scale L, = 1 m, equation (34) gives
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L, = 1.62 c¢m, which matches the order of magnitude of A, =3 cm. Both estimations
are close to our results as depicted in Fig. 8.

5.3 Terminal Slip-velocity

In a particle-laden flow, the particle terminal velocity in a cloudy bulk flow is related to
the particle volume fraction, which can not be determined analytically. However, the slip-
velocity is independent of the injection rate when the particle reaches its terminal velocity.
Basing on the force balance, the terminal particle slip-velocity can be calculated by:

(18)

where f, is the gravity acceleration, d,, is the particle diameter, p, and p, denote the particle
and gas density, respectively. C, represents the drag coefficient, which can be calculated
using the Schiller-Naumann correlation Schiller and Naumann (1935):

Py, g
C,= 13—4(1 + 0.15Re2‘687> with Re, = Lo (19)

7 Hy

where Re, is the particle Reynolds number and i, denotes the air viscosity. By combining
Egs. (18) and (19), one can solve a nonlinear equation to obtain the slip-velocity u, ..
The terminal slip-velocity is the relative velocity of the solid particles when the viscous
resistance of the carrier phase is equal to the gravity. If the carrier phase is stationary and
infinite, the slip-velocity is equal to the particle terminal velocity.

Using similar geometry as the one used in DynAsp tests but having a much larger height
H = 8 m, the assessment of this correlation using different particle diameters d, and parti-
cle densities p, is studied. A longer geometry is used to calculate the slip-velocity u, ,, in
Neptune_CFD. The comparison between the results for slip-velocity of Neptune_CFD and
the correlation is given in the Table 2. The particles of diameter d, = 500 ym and density
pp = 2550 kg/m? are used in all these simulations.

Table 2 Validation of the
terminal slip-velocity correlation,
injection rate 35 g/s

dp (Mm) pp (kg/m3) u.c,Nep (m/s) Us corr (m/s) Error %

50 2500 0.21 0.18 14
100 2500 0.54 0.55 1.9
200 2500 1.34 1.41 5.2
300 2500 2.12 2.23 5.2
400 2500 2.86 2.98 42
500 2500 3.55 3.69 3.9
50 1000 0.074 0.07 5.4
100 1000 0.25 0.24 4

200 1000 0.70 0.71 1.4
300 1000 1.12 1.17 4.5
400 1000 1.54 1.61 4.5
500 1000 1.95 2.02 35
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We can see that the equation (18) exhibits a good trend of terminal slip-velocity for
particles larger than 50 um. The relative error is less than 10% for most simulation cales of
different droplet diameter and density. Here calculations are done for droplets less than 500
um with particle Reynolds number equal to Re,, &~ 1330. With particles of diameter 100 um
(Re, ~ 266), the correlation (19) can give an estimation having the same order of magni-
tude as the numerical results.

For smaller particles such as d, = 50 um, the difference of the slip-velocity estimated
can be more important (14% for the case d, =50 pm and p, = 2500 kg/m?). First, the
droplets are too small to have a stable terminal slip-velocity while falling down to the bot-
tom of the tube. Moreover, the droplet velocity approaches the air velocity for these small
particles. Therefore, the value of the terminal slip-velocity becomes small which leads to
large relative errors. As a conclusion, the correlation can be used to estimate the terminal
slip-velocity for particles (d,50 pm). The particles of smaller diameter (d, < 50 um) have
a less important influence on the turbulence generation Crowe et al. (1996); Wingerden
and Wilkins (1995). It is noted that the mass flow rate has less influence on the terminal
slip-velocity.

Figure 9 shows the slip-velocity evolutions for different initial injection axial velocities
at the center of the two-phase flow domain. We can see that the difference of the injection
velocity has an influence on the slip-velocity at the first half of the jet. After the stabiliza-
tion, the slip-velocity decrease/increase to a constant value which is close to the case of
spray without initial injection velocity. Thus, if the height of the geometry studied is long
enough, the initial velocity effect on the terminal slip-velocity can be neglected for the far
field region from injection.

6 Summary

The particle-induced turbulence in a large-scale geometry is investigated numerically by
means of 3D RANS calculations and a simple predictive model based on Kenning modelling
approach. The obtained results are in good agreements with the experimental data of DynAsp
on the particle velocity and air velocity evolutions. The model is compared to the numerical
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simulation results and it shows a good capacity to estimate the kinetic turbulence energy and
the integral length scale inside the equilibrium zone.

The slip-velocity between the particle and the gas flow is proved to be an important param-
eter for the estimation of the turbulence intensity. An empirical correlation is compared to the
numerical simulations, which can be used to provide the terminal slip-velocity for particles of
diameters of the order of £(100) um. According to the numerical results, the initial velocity
of the injection particles is noted to have very small influence on the terminal particle slip-
velocity in the equilibrium zone far from the injection region.

Using the Kenning model and the terminal slip velocity equation, we can estimate the tur-
bulent kinetic energy and the turbulent length scale inside the equilibrium zone generated by
falling particles with a sufficient accuracy for large-scale numerical simulations. The simple
mechanistic model is proved to be capable of providing reasonable estimations of the turbu-
lent characteristics which can be implemented in large-scale modelling in future studies. This
method can be applied to the simulation of slow flame-spray interaction in industrial scenarios
such as nuclear containment building, offshore facilities, etc. The future work will consist of
estimation of the turbulence parameters inside the inertial zone. This will be done through
extensive validation of the numerical simulations using available experimental data on the
near field of the industrial nozzles.

Appendix

A Mechanistic Model of Kenning et al. Kenning (1996)

For simplicity, the distribution of the dispersed phase is considered as uniform and the fluctua-
tions induced in the carrier phase by the particles are assumed to be isotropic, even though the
fluctuation in the streamwise direction is almost twice the fluctuation in the transverse direc-
tion Parthasarathy and Faeth (1990).

Since both the carrier flow and the dispersed phase exhibit fluctuating behavior, the rela-
tive fluctuations are used to investigate the turbulent energy production and dissipation due to
the presence of particles. The relative particle velocity fluctuations were described from the
spherical-particle motion equation as:

av diu' =)
p_ Loy LT
a T T e o

where p;, p, denote the density of the carrier fluid and the dispersed particle, respec-
tively and «’ and v; are the fluid and the particle velocity fluctuations respectively, 7, is the
response time of the particle.

Assuming that the fluctuating velocity components of the fluid and the particle velocity
behave as:

l/t/ =u, em}t’ V;} =u, JZ{E"HH—(I), (2])

where 1, </, are the amplitudes of the fluid and the particle velocity fluctuations, respec-
tively and w is the characteristic frequency of the fluid defined as:
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w=—" (22)

where v,,; and 4 denote the relative velocity between the two phases and the mean inter-
particle distance of the dispersed phase, respectively.
By introducing (21) into Equation (20), we can have:
1
2

olcosp — S, sing M( 17

{

Lo (23)
,Q{sinq,’)+Stc0s¢4zf<1+——f> —f>,
P
where S, = wr, is the Stokes number.
From Equation (23), we can obtain ¢ and .o/ as:
28,
¢ =arctan, s 24)
SL(1+12)+2
Py 2 p,
B 1 + tan?¢
h 2’ 25
[1—$nm¢(1+lﬁ>] ()
2p,

Kenning et al. Kenning (1996) propose a simple expression of the fluctuation amplitude .o/’
using the Stokes number, such as:

0
$§+4
of = (26)
MM4§”+§”+4

p

We can notice from Equation (26) that 7 is smaller than unity, which indicates that the
particles oscillation magnitude is smaller than that of the fluid fluctuations.

A.1 Turbulence generation by particles

Considering the main flow direction, the kinetic energy transfer rate from particles to fluid per
unit particle mass due to the velocity difference can be estimated by:

(=,
P, =—"" 27)

™

where u and v, are fluid and particle instantaneous velocity, respectively. 7, is the mean

particle response time. The velocities can be divided into mean and fluctuating parts as:

u=u+u,
—= . (28)
vp—vp+vp,
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Considering the expression of Equation (21), we can calculate the averaged energy produc-
tion rate as:

)

_ 1 l2(ﬁ—§p)2+ﬂfué—2ué;zfcos¢+ué] 29

™

Even though the kinetic energy transfer is mainly due to the velocity in the main flow direc-
tion, the fluctuation of the fluid and the particles are basically three-dimensional. Thus,
the turbulent energy production from the particle to the fluid should be three-dimensional,
leading to a more general formulation of the turbulent production term:

) (30)

T

5 _1 lz(ﬁ—vp)Z+3@¢2ug—6ug£{cos¢+3ug]
P__ .
P

A.2 Energy redistributing to particles

Particle fluctuations are mainly due to the fluid flow fluctuations. The presence of dispersed
particles dissipates part of the turbulent energy of the carrier phase. The dissipation rate per
unit mass of particles is derived from the following particle equation:

142 / /
e :M: l(u/_v’)+lp_fw v 31
P dt 7, Pe2p, ot P

Using Equation (21), a mean dissipation rate over a complete oscillation period results in:

2cosp — 2.+ S, sinqﬁz—f
»

) =3%ug i (32)

where the factor 3 indicates that the dissipation of the fluctuations account for three dimen-
sional effect, similar to the turbulence generation.

A.3 Viscous flow dissipation

The presence of particles in the carrier phase will not generate only turbulence, but also mod-
ify the viscous dissipation rate of the fluid. The rate of turbulent dissipation proposed by Ken-
ning is:

e
. (33)

£=—,
L,
where L, is the hybrid length scale which combines the inherent integral length scale L;
and the mean inter-particle distance of the dispersed particles A.

2 2L;A

L, = = :
" 1L+ (34)
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The factor 2 comes from the harmonic average of these two length scales.
Combining (30) and (32), the turbulent kinetic energy rate can be expressed as:

TSR (I ¥ ()
O I

where a, denotes the volume fraction of the dispersed phase, and P; is the inherent turbu-
lence in the carrier fluid for no-stagnant initial conditions.
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