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ABSTRACT

Models for prediction of drag forces within a particle cloud following shock-acceleration are evaluated
with the aid of results from particle-resolved simulations in order to quantify how much the disturbances
introduced by the proximity of nearby particles affect the drag forces. The drag models evaluated here
consist of quasi-steady forces, undisturbed flow forces, inviscid unsteady forces, and viscous unsteady
forces. Two dense particle curtain correction schemes to these forces, based on volume fraction and input
velocity, are also evaluated. The models are tested in two ways; first they are evaluated based on volume-
averaged flow fields from particle-resolved simulations; secondly, they are applied in Eulerian-Lagrangian
simulations, and the results are compared to the particle-resolved simulations.

The results show that both correction schemes significantly improve the particle force predictions, but
the average total impulse on the particles is still underpredicted by both correction schemes in both
tests. With the volume averaged flow fields as input, the volume fraction correction gives the best results.
However, in the Eulerian-Lagrangian simulations it is demonstrated that the velocity fluctuation model,
associated with the velocity correction scheme, is crucial for obtaining accurate predictions of the mean

flow fields.

© 2021 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Simulations of particle motion require accurate models for the
interaction forces between particles and the surrounding fluid flow.
While particle-resolved simulations give accurate predictions of
drag and particle movement, they are in most cases too compu-
tationally demanding to be applicable to full-scale systems of in-
terest. Therefore, it is necessary to use less computationally ex-
pensive methods, such as Eulerian-Eulerian (EE) simulations or
Eulerian-Lagrangian (EL) simulations. The simplifications made by
these models introduce new modeling challenges, since the meth-
ods must be supplied with models for the physical processes that
occur at scales smaller than the computational grid, such as parti-
cle drag. For isolated particles, there exists a number of drag cor-
relations that are very accurate, and can model the forces reliably
over a large range of Mach numbers, Reynolds numbers etc. How-
ever, in the presence of other particles, it is questionable how well
these models are able to capture the particle drag, since they do
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not account for the fluid mediated particle-particle forces. Addi-
tionally, the classical drag models require values for undisturbed
fluid properties at the particle location, i.e. the fluid properties that
would be observed there in absence of the particle. These prop-
erties are generally not available in problems with dense particle
suspensions. Therefore, it is nontrivial to compute particle forces
in such problems, and while many studies have performed sim-
ulations of this kind, e.g. (Gai et al, 2020; Osnes et al., 2018;
Sugiyama et al., 2019; Utkin, 2017), it is unclear whether the phys-
ical processes at particle scale are well represented, and therefore
whether or not the results are reliable. This motivates a detailed
assessment of the performance of classical drag laws in problems
featuring dense particle suspensions. The purpose of this work is to
assess how well classical drag laws can represent the particle drag
in the setting of shock-accelerated flow through a layer of station-
ary particles at 10% volume fraction.

To characterize how well the drag laws can predict the drag
forces, we use data from particle-resolved Large Eddy Simulations
of a Mach 2.6 shock wave propagating through a stationary par-
ticle layer with an initial particle Reynolds number of 2000. The
data from these simulations were analyzed in Osnes et al. (2020).
In that work, it was demonstrated that direct application of stan-
dard drag-laws underpredicted the late-time particle forces by up
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to 50%, and performed worse with increasing particle Reynolds
number. Here, we take two different approaches to identify the ap-
plicability of the drag laws. First, we use the flow data and parti-
cle forces from the particle-resolved simulations directly, and com-
pare how well the particle forces are predicted by classical models
based on the volume-averaged flow properties. Secondly, we per-
form EL simulations of the same problem, and again compare how
well the particle forces are represented. In this second approach,
we also compare the volume-averaged flow properties to those ob-
served in the particle-resolved simulations. Since there is a strong
two-way coupling between the particles and the fluid flow, the
particle force model has a strong influence on the mean fluid flow.

Particle-resolved simulations of flow through dense particle
suspensions have proven to be a valuable approach for understand-
ing the physical processes occurring in the interior of particle sus-
pensions. Such simulations give access to finely resolved temporal
and spatial data in regions that are very challenging to probe in
experimental studies. Particle-resolved simulations have therefore
become popular in recent years. For shock-accelerated flows, three-
dimensional simulations were used in Mehta et al., 2016, 2018,
2019, 2020; Theofanous et al. (2018); Vartdal and Osnes (2018);
Osnes et al., 2019, 2020. Several two-dimensional particle-resolved
simulations have also been conducted, e.g. Regele et al. (2014);
Hosseinzadeh-Nik et al. (2018).

The particle-resolved studies have shown that the local parti-
cle configuration has a large influence on the particle drag forces
(Akiki et al., 2016; Mehta et al., 2018, 2019). This is the case both
for the inviscid shock-related forces and for the later quasi-steady
drag forces. The forces imposed by the shock wave can be ampli-
fied or weakened due to shock wave diffraction. Later, after de-
velopment of particle wakes, there are strong velocity gradients
oriented in all directions within the suspension. Therefore, parti-
cles can be located in regions of both very high and very low flow
speeds, with correspondingly strong or weak drag forces. An addi-
tional complicating factor is the possibility of local transonic flow
regions, where larger voids in the particle suspension can act as
expanding nozzles that accelerate the flow from subsonic to su-
personic in a limited region. Shocklet formation around particles
in such regions is also possible.

Forces during the initial, primarily inviscid, shock-accelerated
flow in dense particle suspensions have been analyzed in Mehta
et al. (2018, 2019). Peak drag decays with downstream distance, as
would be expected due to shock wave attenuation, but the magni-
tude was also found to depend drastically on statistical properties
of the particle configuration; face-centered cubic or simple cubic
packings had larger peak drag coefficients than a random distribu-
tion on average. Similar configuration effects are also likely to be
the case for the quasi-steady drag coefficients, although to the au-
thors knowledge this has not yet been investigated for high-speed
flows.

High-speed flow through particle clouds has also been shown
to be highly unsteady, and flow fluctuations can be signifi-
cant in many configurations. These fluctuations consist of both
pseudo-turbulent fluctuations and classical turbulent fluctuations.
While there is not a clear-cut distinction between these, pseudo-
turbulent fluctuations are related to the disturbance flow around
a particle, which does not need to be turbulent, but still acts
as a Reynolds-stress term under statistical averaging. The ki-
netic energy contained in such fluctuations can be significant
Regele et al. (2014); Vartdal and Osnes (2018); Osnes et al. (2019a);
Mehta et al. (2020), and this is important for modeling. For ex-
ample, the pressure in EL simulations are often computed by sub-
tracting the mean kinetic energy from the total energy and sub-
sequently employing the equation of state, while the correct ap-
proach would be to subtract the total kinetic energy. Flow fluctu-
ations also affect the drag-forces, and recent works have charac-
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terized the distribution of peak forces, temporal drag-fluctuations,
and the temporally averaged forces (Mehta et al, 2019; Osnes
et al., 2020).

There are several properties of the particle cloud that have ef-
fects on the drag forces. These properties include, but are not lim-
ited to, the particle volume fraction, the volume fraction gradients,
and the local particle configuration. In total, this complicated de-
pendence represents a formidable modeling challenge. However,
fluid-mediated particle-particle interaction models are currently
actively researched and are able to capture some of these phe-
nomena. Notable studies in this direction are Akiki et al. (2017b,a);
Sen et al. (2018); Moore and Balachandar (2019); Balachandar et al.
(2020).

In this work, we aim to characterize models that are readily im-
plemented in common EL codes in use today, such as the model by
Parmar et al. (2010). We also characterize a physics-based correc-
tion to the input to the drag models, which was recently proposed
by Osnes et al., 2019, 2020. Fluid-mediated particle-particle inter-
action models require significantly more effort to implement, of-
ten by relying on available particle resolved DNS data, and have
yet to be extended to the higher flow speeds of interest in this
work. Thus they fall outside the scope of the current work. The
drag models considered here are also of interest for EE simulation
strategies, where detailed particle configuration data is not avail-
able. A recent discussion of the properties of such simulations is
found in (Fox et al., 2020).

Improved simulation capabilities for high-speed, dense, multi-
phase flows are advantageous for a wide range of problems. A few
examples are volcanic eruptions (Zwick and Balachandar, 2019),
meteoroid breakup McMullan and Collins (2019), needle-free drug
delivery systems (Truong et al., 2006), solid and liquid fuel en-
gines (Cai et al.,, 2003; Shimada et al., 2006; Bravo et al., 2015),
explosion mitigation or explosive dispersal Zhang et al. (2001);
Milne et al. (2010); Gottiparthi et al. (2014), and noise attenuation
on rocket launch pads (Ignatius et al., 2008).

This article is structured as follows. In Section 2, the particle-
resolved simulation data is used as input to the particle force
models and the results are compared to the forces obtained in
the particle-resolved simulations. Section 2.1 briefly describes the
particle-resolved simulations, Section 2.2 introduces the different
force models. In Section 2.3, particle-resolved simulations and the
force models are applied to two single-sphere problems, while
Section 2.4 compares the forces of the shock-wave particle-cloud
simulations with the force predictions. Next, the force models are
evaluated as part of EL simulations in Section 3. The EL simulation
method is presented in Section 3.1, while the simulation results
and comparison to the particle-resolved simulations are contained
in Section 3.2. Finally, Section 4 contains concluding remarks and
a discussion of possible improvements of the force models.

2. Force estimation from particle-resolved fluid data
2.1. Particle-resolved simulations

The particle-resolved simulations that are used as reference
data in this work were described and analyzed in Osnes et al.,
2020. For the readers convenience, we repeat the most important
details here. The problem considered is that of the propagation of
an initially Mach 2.6 shock wave through a random array of parti-
cles at 10% volume fraction. The simulations are three-dimensional
and include viscous terms, and the particles are assumed to be sta-
tionary and inert. The particle Reynolds number is

D
Rep s = 25578 _ 2000, (1)
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Fig. 1. Sketch of the problem setup and the computational domain. A particle layer with particle volume fraction 0.1 is located between 0 < x < L. A shock wave with Mach
number 2.6 is initially located at —0.1L and propagating towards the particle layer. The particle Reynolds number based on post-incident shock values is 2000.

where subscript IS denotes a flow variable behind the incident
shock wave, p is the fluid density, u is the fluid velocity in the
downstream direction, D;, is the particle diameter, and p is the
fluid viscosity. Fig. 1 shows a sketch of the problem setup. The par-
ticle layer is located between 0 < x < L, where x is the streamwise
coordinate and L is the particle layer length, which is IZWDD.
The spanwise extents of the domain are SE/ZDP. The spanwise do-
main boundaries are periodic, while the upstream boundary is set
to the post-shock state and the downstream boundary is a zero-
gradient outlet. Ten simulations with different random distribu-
tion realizations were performed, and the results were volume-
averaged as well as averaged over this simulation ensemble. The
initial position of the shock wave was set to —0.1L, and each sim-
ulation was run until t = 3.757;, where

L
- Ma]5C0 ’

(2)

is the time it takes for the initial shock wave to travel a distance
equal to the particle layer length. Here, ¢y is the ambient speed
of sound. The fluid equation of state is set to an ideal gas with
adiabatic index y = 1.4.

The computational mesh consists of an unstructured Voronoi-
based grid with a control volume length scale of approximately
0.036D,, for regions closer than D,/2 to any particle. In the rest
of the domain, the control volume length scale is doubled, except
from part of the upstream and downstream regions, where it is
doubled again. The total number of control volumes is approxi-
mately 108. This resolution was able to accurately capture the drag
on an isolated particle and the viscous length scales were reason-
ably resolved at Rep g~ 5000 (Osnes et al., 2019a). The simula-
tions were also close to converged in terms of the velocity fluctu-
ation levels (Osnes et al., 2019b). Since the current study consid-
ers Rep ;s = 2000, the grid-requirements are less strict, and thus
the flow field is better resolved in the current study than that for
which the grid-resolution was tested. Additionally, we conduct two
single-sphere simulations here in order to verify the ability of the
particle-resolved simulations to capture the particle forces. These
simulations are presented in Section 2.3. For further details about
the governing equations, the computational method, and other de-
tails about the simulations, the reader is referred to Osnes et al.,
2020.

The particle-resolved simulation data contains the force histo-
ries for 9310 particles. The flow field data was recorded by volume-
averaging over bins with a streamwise extent of L/60 ~ 0.5D, and
spanning the y and z directions. The averaged flow field is thus
only a function of the streamwise spatial coordinate x and time. All
terms in the volume-averaged flow equations (see Osnes (2019))
were stored. The volume-averaged results thus contain the data
that would be available in an EL or EE simulation with a stream-
wise grid-spacing equal to the bin-width. In addition, the particle-
resolved results include terms such as the correlations between
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Fig. 2. Example force histories at different locations. These are taken from the par-
ticles in the ensemble that have streamwise coordinates closest to the six locations
x/L=0, 0.2, 04, 06, 0.8, 1.

velocity fluctuations, the correlation between pressure-fluctuations
and velocity fluctuation, etc., that cannot be directly computed in
an EL simulation. These additional terms give information about
the disturbance fields induced by the particles. In Osnes et al.
(2019, 2020), a simple model for the average velocity disturbance
field (or velocity component of the pseudo-turbulent fluctuations)
was proposed. This model accounts for the fluctuations that are
due to particle wakes, and was calibrated using the velocity fluc-
tuation correlations. This model will be used below to approximate
the undisturbed flow field, which is needed in the drag force mod-
els.

2.2. Particle force models

Examples of the force histories that are to be approximated by
the drag model is shown in Fig. 2. The figure shows the drag coef-
ficient in the streamwise direction for the six particles in the en-
semble that are the closest to the six streamwise locations x/L =
0, 0.2, 04, 0.6, 0.8, and 1, as a function of time. Here, time is
normalized by the time it takes for the incident shock wave to
travel one particle diameter, labeled 7, and given by

Dy
= 3
Tp l\/[815C07 ( )
while the drag coefficient is given by
fS pny — 0qjn; ds
Cpis == ( ) (4)

055075 03
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where S, is the particle surface, p is the pressure, n is the normal
vector at the particle surface, repeated subscripts imply summation
over components 1-3, where component 1 is in the streamwise
direction, and dS is a surface element. For each particle, the force
history starts with a very sharp peak when the shock wave impacts
on the particle. Subsequently, the force decays rapidly as the shock
wave moves further downstream. After about 10 — 207, the force
attains a more stable value, but there are still significant variations
about the slowly varying mean force.

In Parmar et al. (2012), the following force decomposition is
used to split the forces into different physical effects,

Fp:Fqs +Fun +F1u +Fvu7 (5)

where F, is the total force acting on the particle, while the
four components are the quasi-steady drag, the undisturbed fluid
(stress divergence) force, the inviscid unsteady force, and the vis-
cous unsteady force. Annamalai and Balachandar (2017) derived
the expressions for these based on a generalized Faxén’s theorem.
These are

— s
Fys = 3Dprv (pu)" @ (Rep, Map, orp), (6)

where v is the kinematic viscosity of the fluid, overline denote av-
eraging over the particle surface (superscript S) or volume (super-
script V), superscript “un” denotes undisturbed fluid properties, ®
is a drag correlation factor, typically given by an empirical correla-
tion, and Map = (HV - up)/EV is the particle Mach number, where
up is the particle velocity and c is the local speed of sound, and
ap is the particle volume fraction. Quasi-steady drag correlations
are often given in terms of the drag coefficient, which is a function
of far-field flow properties. In the case of a uniform flow field, the
relation between ® and the drag coefficient is

Re
d= 2—4DCD.q5. (7)
The undisturbed fluid force is given by
JR—
Dll un
Fin = Vppunﬁ ) (8)

where V}, is the particle volume and D/Dt is the material derivative
based on the undisturbed fluid velocity. The inviscid unsteady force
is

t Diuns
Fu=Vp /é _ Ku(t-§& May)(t - é)[;wur) Léds, (9)

where K;, is the inviscid unsteady kernel, while the viscous un-
steady forces are

t
Fpu = 18R§«/7rv/ KV, (t — &, Rep, May) %(pur)unS ds
§=—00 t=£
2 ‘ S d ——5S
+6RP“/7[U/E Ky, (t — &, Rep, Mayp) E(,ou) dg,
§=—00 t=£
(10)

where K§, is the viscous unsteady kernel for the surface contri-
bution of the viscous unsteady force, KY, is the kernel related to
the volume contribution, u; is the radial component the velocity as
observed by the particle, and % is the material derivative follow-
ing the particle. In these expressions, the flow properties in Rep
and Map should be taken as the averages of the undisturbed fluid
properties over the particle volume.

We use the following models for the different force com-
ponents. For the quasi-steady drag, we use the model by
Parmar et al. (2010), where

Cp qs (Rep, May)
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Cp.sta(Rep) + [Cou, (Rep) — Cosa(Rep) 52 if  May < M
= 1Cp.sub(Rep, Map) if Mqe<Map=<1 .
Cp,sup (Rep, Map) if 1<Map<1.75

(11)

The reader is referred to Parmar et al. (2009) for the expressions
for the various parameters in Eq. (11). The undisturbed fluid force
is predominantly the pressure gradient force, and will thus be
computed as such. However, it is important to notice that it is the
undisturbed flow properties that enter in this force as well.

The inviscid unsteady force is modeled with the Mach-number
dependent kernels obtained by Parmar et al. (2008, 2009) in tab-
ulated form. It should be noted that the tabulated kernels are
based on constant acceleration of a sphere in a fluid at a given
background Mach number, where the fluid acceleration magnitude
is significantly less than that of the incident high Mach number
shock wave considered here. Therefore, it is not obvious that the
kernel captures the relevant flow physics in the present configu-
ration. Indeed, the results of Parmar et al. (2009) indicate that the
accuracy of the force model is highly dependent on the shock wave
Mach number (see Fig. 6 in Parmar et al. (2009)).

For the viscous unsteady kernels, we use the model of Mei and
Adrian (1992), where the surface and volume contributions are not
given separately, but rather a single kernel is used. The viscous un-
steady force is then

t diuns
Fu = 371D, /gz_wxvu(r,s)a(pu) dt, (12)
where
1/4 3 1/2) 2
w1 ={ [0 [ er] )
(13)

where fy =0.75+ 0.105Rep. Like for the inviscid unsteady kernel,
it should be noted that the viscous unsteady kernel is obtained in
a different flow regime than appropriate for the current problem,
with small oscillations of the inflow.

The above force models are derived for isolated particles, where
the particle volume fraction is negligible and the undisturbed flow
velocity can be easily estimated. Neither of these statements are
true for the present case. To account for these differences, two
model corrections are considered. For some of the results pre-
sented below, we will use the model proposed in Osnes et al.
(2019, 2020) to approximate an undisturbed flow velocity at each
particle location. The model introduces a correction factor to the
volume-averaged velocity, which is a function of particle Reynolds
number and particle volume fraction. The model approximates the
undisturbed streamwise flow velocity by

o

"M = (14)
o — asep(ctp, Rep)

where i is the Favre-averaged velocity, and osep represents the vol-

ume fraction of separated flow in particle wakes. Here, the separa-

tion volume fraction will be modeled as

Usep(0tp, Rep) = apC(Rep), (15)

where Osnes (2019) found C(Rep) ~ 1.5 for the current flow con-
figuration. It should be noted that it would be appropriate to
introduce a time-dependency in Eq. (15), since particle wakes
and fluctuations are not generated instantaneously after the shock
wave passes over a particle. One possible approach to this time-
dependency could be to model asep using a history integral over
the relative flow velocity for all particles in the control volume.
However, such a model has not yet been developed, and is out-
side the scope of the current work. Along with the correction to
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the undisturbed flow velocity, the model predicts a velocity fluctu-
ation correlation given by

(u”u”) — az Usep , (16)
o — Olsep

where () denotes phase-averaging. Eq. (16) will be used in the EL

simulations below.

The second correction model consists of volume fraction cor-
rection factors, originally developed by Sangani et al. (1991), and
used in Ling et al. (2012) and Theofanous and Chang (2017) for
the quasi-steady drag forces, the inviscid unsteady forces, and the
viscous unsteady forces. This approach will also be compared with
the particle-resolved forces here. With this approach, we do not
use Eq. (14). Instead, Fys, Fy, and Ky are multiplied by the volume
fraction correction factors

1+ 2 1
Pas(0p) = ﬁ’ Giulop) =1+ 20p,  Puu(ap) = Fr

(17)

respectively. These corrections are based on simulations of oscilla-
tory flow in the linear regime, and their applicability to the present
flow conditions is uncertain. In particular, it is doubtful that the
initial shock-accelerated flow can be well represented, since there
is no time to communicate the geometric information of nearby
particles during the time it takes for the shock wave to interact
with the particle. In fact, there are indications that a reduction,
rather than an amplification, of the inviscid unsteady force is ap-
propriate for shock-particle interaction in random particle arrays
(Koneru and Balachandar, 2020).

In the following, we will take three different approaches for
computing the particle forces. The first approach is to use the force
models directly, as if each particle is isolated in a flow whose av-
erage properties are those of the volume averaged flow properties
from the particle-resolved simulations. This approach will be re-
ferred to as the isolated particle model. Secondly, we will apply the
same force models, but with the undisturbed fluid velocity mod-
eled by Eq. (14). This will be referred to as the velocity-corrected
model. Lastly, we will use the particle volume fraction correction
models, Eq. (17), instead of the velocity-corrected model. This will
be referred to as the volume-fraction corrected model. It is worth
noting that while the volume fraction corrections scale Fys, F
and F,, by constant factors for the current problem, the velocity-
corrected model affects Fgs, Fy and F,y in a non-linear, flow field
dependent, manner. It will therefore be more or less effective at
different times and in different regions.

2.3. Single sphere simulations

In order to verify the ability of the particle-resolved simulations
to accurately capture the particle forces, we simulate the interac-
tion of an isolated particle with both a weak expansion fan and a
shock wave. The inviscid expansion fan was previously considered
in Annamalai and Balachandar (2017), who applied both direct nu-
merical simulations (DNS) and the Faxén force model to compute
the particle force. The shock-particle interaction was studied by
Sun et al. (2005), who presented results from both an experimen-
tal study and a numerical simulation. In both cases, the initial con-
dition for the simulations consist of two constant states separated
by a discontinuity. For the inviscid expansion, we use the following
states

oL =1.2635 kg/m>, u; =0, p; = 107313 Pa, (18)

or = 1.2635 kg/m>, ug =0, pg = 102203 Pa, (19)
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where p;, u;, p; denote the density, velocity and pressure on the
left side of the discontinuity, while pg, ug, pg denote the corre-
sponding values at the right side of the discontinuity. The discon-
tinuity is located at x = 1.25Dp, and the particle at x = 0.

For the shock-particle interaction, the initial condition consists
of the states

o1 = 1.6582 kg/m3, u; = 114.47, p; = 159060 Pa, (20)

Or = 1.2048 kg/m3, ug =0, pg = 101325 Pa, (21)

and the particle diameter and gas viscosity are set by requiring
Re, = 4900. For both cases, results for grids with similar resolution
to that used in the full particle cloud simulations are presented.
Grid convergence studies for similar configurations are found in
Osnes (2019).

The simulation results are shown in Fig. 3 along with the
(digitized) results of Annamalai and Balachandar (2017) and
Sun et al. (2005), and the force model predictions. The force ob-
tained in the particle-resolved simulation of the expansion fan
agrees perfectly with the DNS results of Annamalai and Balachan-
dar (2017). This is also the case for the force model prediction,
which, in this case, is based on the exact solution of the corre-
sponding shock-tube problem without the particle.

In the shock-particle case, the agreement of the cur-
rent particle-resolved simulation and the simulations of
Sun et al. (2005) is excellent up to 2tcs/Dp = 6. At later times,
the current simulation predicts a slightly higher force, which we
attribute to the development of the particle wake, which can
be expected to differ for axisymmetric and three-dimensional
simulations. Compared to the experiments, slightly higher drag
is obtained in the simulation. This is to be expected since the
experiments were conducted at Rep ~ 3 x 10, and thus the vis-
cous force contribution is negligible in the experiments. The force
model prediction is also in good agreement with the simulations,
although not to the same extent as in the inviscid expansion case.
Nevertheless, considering that the force comparisons presented in
Parmar et al. (2009) for shock-particle interactions also showed
differences between the model prediction and the simulations
of Sun et al. (2005), and that the viscous unsteady kernel is
developed for a completely different flow regime, we consider the
force model prediction shown in Fig. 3 to be quite good.

In conclusion, the particle-resolved simulations are able to ac-
curately capture the forces on isolated particles. The force models
also capture these forces very well. The results for forces in dense
particle suspensions are presented next.

2.4. Comparison of force models and particle resolved simulation
results

Individual particle histories are interesting to examine since
these give an impression about the varied behaviour that the drag
models should ideally predict. Fig. 4 shows three particle force his-
tories along with the drag force predictions based on the models
described above. Each particle history is shifted by a time tg,
which is the time when the force on that particle first exceeds
1%o of the maximal particle force magnitude. The particles share a
common general behaviour, with a sharp spike in the force, corre-
sponding to the shock-particle interaction, followed by a rapid de-
cay and then a more gradual slow decay over time. The rapid decay
part is very different for these three particles, where especially the
particle shown in the bottom panel has a behaviour that is sig-
nificantly affected by fluid-mediated particle-particle interactions.
Oscillations with a time-scale of about 27, — 47, are clearly seen,
and their amplitudes take values up to 50% of the average drag,
see e.g. the force around (t —tq ) = 147}, for the particle shown in
the upper panels.
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The initial spike in the force imposed by the shock wave, visi-
ble in the histories, is predicted by the drag models. Its magnitude
is overestimated for all three particles with all three approaches,
except for the particle force shown in the top panel with the iso-
lated particle model. The volume fraction corrected model predicts
up to twice the magnitude observed in the particle resolved simu-
lations, while the two other approaches have more modest overes-
timations. The primary factors responsible for the higher peaks in
the volume-fraction corrected model is the strong amplifications
of Fgs and E; in the volume fraction corrected model, since these
peak at around the same time. This is in line with the comments

made above, and consistent with the behaviour observed in Fig. 6b
of (Parmar et al., 2009) of scaling issues of the kernel with Mach
number.

Some particle force histories are better predicted than others.
For example, the particle force prediction in the upper-most panel
for the isolated particle model fits better with the particle-resolved
force than the one in the middle panel. This is expected due to
the variation related to the particle configuration. This variation
is not modeled with the drag laws evaluated here, and compar-
ison of individual particle histories is therefore not a well-suited
approach for evaluating the applicability of the drag laws to the
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current problem. For this reason, we also consider the average pre-
dictions for the entire cloud.

Overall, none of the three approaches are able to capture the
average drag forces very well. The most significant deficiencies
are found in the average force magnitudes. Fig. 5 shows the force
history averaged over all particles, where the time is shifted by
to,p for each particle, for the particle resolved simulations and the
three modeling approaches. Qualitatively, the initial spike and sub-
sequent decay are captured by all three approaches. The peak force
is too high on average for the velocity corrected and the vol-

ume fraction corrected models, while it is too low for the iso-
lated particle model. The peak force occurs slightly too late, but
this is most likely related to the grid size used in this assess-
ment. At later times, the predicted mean values are lower than the
particle-resolved mean values for all three approaches. The mean
drag is approximately at one standard deviation below the particle-
resolved mean force with the isolated particle model. With the ve-
locity corrected model, this difference is more than halved, while
the volume fraction corrected model is better again.
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The force variations predicted by the drag models are smaller
than the one from the particle-resolved simulations. The variation
is largest for the volume-fraction corrected model and smallest for
the isolated particle model. Underprediction of the force variation
is expected, because the drag model will predict approximately the
same force on all particles that have similar streamwise positions.
The particle-resolved simulations also have a force variation that
is related to the local particle configuration. Considering the entire
particle cloud, slightly more than half the variation of the forces
at most times can be explained by the differences in drag at dif-
ferent positions, and slightly less than half of the variation by the
particle-configuration related drag differences.

The various force components as a function of time are shown
in Fig. 6. The force has non-negligible contributions from all com-
ponents in the decomposition, Eq. (5), but the unsteady forces are
primarily important in a short interval after the shock impact. Over
the time t —to , € [0, 7], the inviscid forces (Fyn and F,) dominate.
The magnitude of the inviscid unsteady force is significantly larger
than the other components during this interval. It should be noted
that the forces that involve gradients (F,, and F,) will be slightly
smoothed due to the coarse spatial sampling of the flow field rel-
ative to the thickness of the shock wave. The viscous contributions
begin to be important at around t — to , = 7p. The viscous unsteady
force has the smallest magnitude overall. The quasi-steady force
dominates the drag after t —t , = 27p.

There are clear differences in the relative importance of the
force components for the three approaches, and the scaling of the
inviscid unsteady force appears to be inappropriate. In the volume-
fraction corrected model, Fys, F, and F, are simply scaled up rela-
tive to the isolated particle model, giving them larger magnitudes
relative to Fy,. First of all, considering that the peak drag force
is higher than the particle-resolved results, this scaling appears
to be inappropriate for the period of time following shortly af-
ter the shock wave passes over each particle. This is not entirely
surprising, since the configuration information is unavailable on
the timescale of the shock interaction, and the flow conditions are
vastly different than for those where the corrections are derived.
Secondly, at the later stages of the process, the drag predictions
are too low and thus a scaling of positive forces appears to be ap-
propriate. However, at this stage F, is negative, and therefore the
scaling of this force acts in a way that brings the drag prediction
further away from the level observed in the particle-resolved sim-
ulations. The velocity correction primarily affects the quasi-steady
drag force, but it also has a small effect on the shape of the invis-
cid unsteady force history. Like the volume fraction correction, the
velocity correction model was obtained for the quasi steady case,
and direct application to the unsteady highly transient components
does not appear to be appropriate.

The force models undershoot the average drag at around (t —
to,p) ~ 2Tp — 67p, which is due to Fy. The inviscid unsteady force
model produces a negative force contribution after (t —tpp) ~ 3,
resulting in underprediction of the total force. This negative force
is predicted by the model because it is based on the flow around
an isolated particle, where the negative force is a result of shock-
wave diffraction and generation of a high-pressure region behind
the particle (Sun et al., 2005). However, in a random particle array,
the particle positions are often such that many particles have other
particles in their immediate proximity, which affects the shock-
particle interaction through fluid-mediated particle-particle forces.
This can potentially cancel out the negative inviscid forces. On av-
erage, it appears that the negative inviscid forces are significantly
dampened by the particle distribution, since no local minimum
is found in the average particle-resolved simulation results. This
effect is likely to be a function of the average inter-particle dis-
tance and/or volume fraction, as well as the local Mach number.
The current results provide evidence that at 10% volume fraction,

International Journal of Multiphase Flow 137 (2021) 103563

100

80

‘end F; (t)dt
[+
(=)

t
Jo
'
S)

3

20

/Dy

Fig. 7. Impulse for all particles over the full simulation time te,q ~ 1137, Circles:
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tion corrected model.

the shock-diffraction patterns are sufficiently disrupted in a man-
ner that removes the negative force on average. However, further
studies are warranted in order to characterize how this depends
on bulk flow properties.

For prediction of particle movement, the impulse is a better
indicator than the force imposed at any specific time. Thus the
impulse is a good quantity to consider when evaluating the over-
all performance of the drag laws. With the particle-resolved sim-
ulation data as input, the volume-fraction corrected model gives
the best prediction of impulse, except in the downstream edge
region, where the velocity corrected model is better. In Fig. 7,
the impulse over the whole simulation time is shown for each
particle, along with the impulses predicted by the drag models.
The particle-resolved data is shown for each individual particle
as well as spatial average over bins with width L/60. The im-
pulses predicted by the drag models are only shown as spatial
averages. The isolated particle model underpredicts the average
impulse by up to 50%. The comparisons with the velocity cor-
rected model and the volume fraction corrected models are bet-
ter, but they still underpredict the impulse. The velocity-corrected
model is better at the downstream edge due to the effect of in-
creased Mach number caused by increased velocity. As shown in
Osnes et al. (2019a), the increased forces at the downstream edge
in the particle-resolved simulations are due to a rapid increase
in the Mach number. The drag forces depend strongly on Mach
number in the transonic regime, see e.g. Nagata et al., 2016, and
the drag law of Parmar et al. (2010) accounts for this dependence.
Thus, the velocity correction is more impactful around the down-
stream edge due to the higher local Mach numbers here. The drag
law of Parmar et al. (2010) captures the increased forces at the
downstream edge, and this has been shown to be particularly im-
portant for simulations of shock-particle cloud interaction, since
accumulation, rather than dispersion, of particles near the down-
stream edge has been shown to be a consistent problem in both EE
and EL simulations (Theofanous and Chang, 2017). Still, the consis-
tent underprediction of impulse even with properly Mach number
dependent drag laws indicates that simulations that use these drag
laws are likely to underpredict particle movement and dispersion
during the shock-particle cloud interaction.

The unsteady forces, and the corresponding impulses, are im-
portant only for a short time after the shock wave passes over each
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particle. Fig. 8 shows the impulse
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for the different force components as a function of time for the
three models. Note that the force magnitude is used to compute
J, and thus J is not directly translatable to particle momentum.
The impulses are normalized by the sum of the four components,
and thus the figure shows the relative importance of the forces in
relation to particle motion, as a function of time. Early on, the
undisturbed fluid force dominates. Around t ~ 0.57p the inviscid
unsteady force is most important. Slightly later, the quasi-steady
force impulse increases, and overtakes both the pressure-gradient
impulse and the inviscid unsteady impulse before t = 4t,. The vis-
cous unsteady force contributes by at most 9% to the impulse,
which occurs around t ~ 31, — 57 (depending on the model). As
time goes on, the impulse due to both unsteady forces becomes
less and less important. The figure shows that only particles that
have response time-scales of less than O(lOtp) will have a mo-
tion that is noticeably affected by the inviscid forces. However, the
response of the gas to these forces can still be such that the inclu-
sion of unsteady forces is important even for particles with large
response time-scales.

There are very small differences in the relative importance of
the force terms for the three models. The most noticeable dif-
ference is that the pressure gradient impulse is more significant
for the isolated particle-model when compared to the velocity-
corrected and the volume-fraction corrected models at the later
stages.

(22)

3. Comparison of particle-resolved and EL simulations
3.1. EL Simulation approach

The governing equations for the EL simulations are the volume-
averaged mass, momentum and energy conservation equations.
Since the problem under consideration is one-dimensional, only
the corresponding one-dimensional volume-averaged equations
will be given here. Additionally, the particles will be assumed iden-
tical, stationary, and inert. In the following, (1) denotes a phase-
averaged quantity, where i is any fluid quantity, and is related
to the volume-averaged value, ¥, through «(y) = . Addition-

ally, ¥ = (p¥)/(p) denotes a Favre-averaged quantity. The devi-

ation from the Favre-averaged quantity will be denoted . With
these definitions, the one-dimensional volume-averaged conserva-
tion equations are

dee(p) + dx(a(p)) =0, (23)

lapt) + de(api® + ap) = 0 (g (i) ) - b alp)ia’)

1
v g(Fqs,i + Fini + Eui + Fui), (24)
~ . ~ 4 K
3 (ct(p)E) + B (e () Edlj + o (p)il}) = 3x<a§(p¢8xu)u)
—0x(a{A0yT)) — 8x<a(p)1717”ﬁi) +é&, (25)

where p is the dynamic viscosity, £ =&+ 12 + %W is the to-
tal energy per unit mass, where e is the internal energy per unit
mass, and A is the heat conductivity, which is assumed to be re-
lated to the viscosity through a constant Prandtl number of 0.7.
Note that the stationary particles do no work in the Eulerian frame,
and thus there are no drag-related terms in the energy conser-
vation equation. In the energy conservation equation, most of the
sub-grid scale terms have been collected in the term &, which will
be set to 0 in this work. The importance of these terms is not well
known for shock-wave particle cloud interaction, and to the au-
thors knowledge, no appropriate models exist for these terms un-
der the current flow conditions. The omitted sub-grid scale terms
can be found in Osnes (2019). Mehta et al. (2020) quantified the
inviscid sub-grid terms using inviscid particle resolved simulations,
and found that both the internal energy-velocity correlation and
the pressure-velocity correlation were negligible. The remaining
sub-grid terms are the third velocity moment and terms involving
the mass-weighted turbulent velocity, which have previously been
modeled with an additional transport equation Schwarzkopf and
Horwitz (2015). The mass-weighted third velocity moment can
be neglected based on the principle of receding influence. In
Vartdal and Osnes (2018), the production of fluctuation kinetic en-
ergy by mass-weighted turbulent velocity terms was found to be
small in comparison to the other production terms. Based on this,
it can be assumed that the mass-weighted turbulent velocity dif-
fusion terms in the total energy equation are also small, and thus
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they will be neglected here. An in-depth assessment of the impor-
tance of these terms is a topic for future studies.

Only the volume-fraction corrected model will have a non-zero
value for u”u”, which is obtained by assuming that QYIRS (u"u’)
and using Eq. (16). This means that the density fluctuation is not
correlated with the magnitude of the velocity fluctuation, which
is unlikely in general, but a more detailed model is necessary to
account for this correlation.

The equation of state for the gas is the ideal gas law, where
internal energy, pressure and density are related by

p=(y —1)pe, (26)

with y =1.4. The temperature, T is related to the internal en-
ergy by a constant heat capacity, and we assume that the viscosity
varies with temperature as

0.76

T
/’L(T) :Mref<m> s

where 1. is the value of the viscosity at the reference tempera-
ture Tief.

The conservation equations Eqs. (23) to (25) are solved with a
control-volume based finite volume method. The fluxes between
control volumes are computed with a modified HLLC Riemann
solver, and MUSCL reconstruction with the minmod limiter is used
to define the Riemann problems. The solution is advanced in time
with a third-order Runge-Kutta scheme. The fluid variables are in-
terpolated linearly to the particle positions. Several interpolation
points are used for each particle. These points are assigned weights
depending on their position relative to the particle center, and
the sum of the interpolated values to each of these points mul-
tiplied by the point’s weight approximates the volume-average of
the fluid property over the particle volume. The force from each
particle on the fluid is transferred with a filter to ensure consis-
tency upon mesh refinement. We use the two-step filtering ap-
proach of Capecelatro and Desjardins (2013), where a mollification
is first used to transfer the Lagrangian data to the Eulerian mesh,
followed by a diffusion step to obtain the desired spatial distri-
bution of the transferred terms. The filter width recommended in
Capecelatro and Desjardins, 2013 was of = 3Dp, which is what we
use here.

We use a four times finer spatial resolution in the EL sim-
ulations than the sampling-resolution of the volume-averaged
particle-resolved data. The spatial resolution for the EL simulations
is therefore approximately Ax = 0.125D;,. The grid resolution does
have an influence on the simulation results, and grid-converged re-
sults can not be expected at least until the filter kernels are well
resolved. The dependence of the simulation results to grid reso-
lution is shown in Appendix A. Since the objective of the current
work is to evaluate the applicability of the drag-laws, we accept
spatial resolution that is likely not achievable in simulations of
many real-world problems. These simulations will often be unable
to resolve any flow at the particle scale. However, only a few fea-
tures in the results are very sensitive to the grid resolution. These
are the speed at which the reflected shock wave is generated, and
the flow expansion at the downstream particle cloud edge.

(27)

3.2. Simulation results

In general, the mean flow fields are quite well captured with
all three approaches, but the velocity corrected model is slightly
better than the others. Fig. 9 shows the mass density at four dif-
ferent times for the EL simulations and the particle resolved sim-
ulations. Early on, the EL simulations agree well with the particle-
resolved simulations. The strength of the reflected shock wave is
well predicted with the velocity-corrected model early on, while
the two other models have a slightly weaker reflected shock. The

10
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volume-fraction corrected model gives a stronger reflected shock
than the isolated particle model, as expected due to the stronger
forces imposed on the flow by the particles. The stronger shock
reflection with the velocity-corrected model can be attributed to
the velocity-fluctuation term, which imposes an extra upstream-
directed force on the flow at the upstream particle cloud edge.
Similarly, an additional force appears at the downstream edge, this
time directed downstream. This leads to a stronger flow expansion
at the downstream edge, which agrees well with the one observed
in the particle-resolved simulations. The isolated-particle model
and the volume-fraction corrected model barely predict any over-
expansion at all, and thus the agreement in the downstream region
becomes poor at the later time points. It should be noted that the
expansion region is particularly sensitive to the grid size, as shown
in Appendix A.

The corresponding pressure and velocity fields are shown in
Figs. 10 and 11. The velocity results of the velocity corrected model
is slightly higher than the particle-resolved velocity field in the ex-
pansion region at t = 607p. In Osnes et al. (2019, 2020), the au-
thors found that the velocity fluctuations decreased rapidly at the
downstream edge, but not to zero, and not as sharply as predicted
by the velocity-corrected model. The too sharp velocity fluctua-
tion decay predicted by the model produces a strong streamwise
force that appears immediately after the shock wave passes. In
the particle-resolved simulations, there is a slight time-delay be-
fore significant velocity fluctuations appear, and it is therefore not
surprising that the flow expansion is stronger early on with the
velocity corrected model.

Fig. 12 shows the average particle forces in the EL simulations
along with the averaged forces in the particle-resolved simulations.
Fig. 13 shows the contribution of the different force components
in the EL simulations. In these simulations, like in the case where
we used volume-averaged particle-resolved data as input, we find
that the peak force is overpredicted by the volume fraction cor-
rected model. Here, this is also the case for the isolated particle
model, but the velocity corrected model underpredicts it instead.
The time of the peak force is also slightly delayed compared to the
one in the particle-resolved simulations. However, since the force
history for each particle is shifted with tg ;. the definition of this
time-point has a direct impact on the location of the peak value,
especially when the computational grid is not very fine, so that
the numerical smoothing of the flow fields leads to an earlier to ,
for the EL simulations. Nevertheless, the shock related transient is
significantly smoothed in time, and the forces do not increase as
quickly following shock impact as for the particle-resolved simula-
tions. Finer Eulerian grids will have an effect on this, and will likely
lead to more rapid force increases. However, this is also likely to
increase the peak value further, and thus bring the peak forces
further away from those observed in the particle-resolved simu-
lations. The volume-fraction corrected force is still the highest, but
the difference is smaller than it was in the results presented in the
previous section.

At late time, the forces with the volume-fraction corrected
model are again those that are closest to the particle-resolved sim-
ulations, but they are in less agreement than when the forces
were evaluated with the volume-averaged particle-resolved flow
fields. This is related to the differences in the mean flow fields,
c.f. Figs. 9, 10, 11. The velocity-corrected model results are simi-
lar at late times as they were with the volume-averaged particle-
resolved data as input, while the results of the isolated particle
model are surprisingly slightly better than they were previously.

Considering the force components, the largest differences be-
tween the three models are found in the quasi-steady forces and
the undisturbed flow force. The quasi-steady force is largest for the
velocity-corrected model early on, but is largest for the volume-
fraction corrected model at late time. It is significantly lower for
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the isolated particle model at all times. The undisturbed flow force
is lower early on for the velocity-corrected model than the isolated
particle model and the volume-fraction corrected model. For the
isolated particle model, this can be explained by the weaker shock
wave attenuation which leads to a stronger shock wave and there-
fore stronger pressure forces. For the volume-fraction corrected

1

model, the increased undisturbed fluid force is more surprising,
since it is the only force component that is not increased by a scal-
ing factor. It is a result of an increased pressure gradient, which
is induced by larger forces and no correction due to velocity fluc-
tuations in the equation of state. The inviscid unsteady force is
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indicate one standard deviation. (a): Isolated particle model, (b): velocity corrected model, (c): volume fraction corrected model.

also slightly higher in the volume-fraction corrected model, which
again can be attributed directly to the scaling factor.

Fig. 14 shows the impulse over the full simulation time for the
particle resolved data and the three EL simulations. The figure also
shows how the total impulse (sum over all particles) develops over
time. Considering first how the impulse at late time varies with
position, we find as expected that the agreement with the particle-
resolved data is worst for the isolated particle model, while the
velocity-corrected and the volume fraction corrected models are

12

the best in the edge regions and the central regions, respectively.
It is worth noting that all three models predict a larger impulse,
and thus higher velocity, for the particles near the downstream
edge than those further in. It was emphasized in Theofanous and
Chang (2017) that this characteristic is crucial to capture in simu-
lations of shock-accelerated particle layers. The Mach-number de-
pendent quasi-steady drag model ensures that this characteristic
is indeed captured by the EL simulations. The impulse is how-
ever about 50% higher for the velocity-corrected model than for
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the two other models at the very downstream edge. Thus, the dis-
persive behaviour will be much stronger with this model than the
two others, and is likely to be in better agreement with the one
that would be observed in both experiments and particle-resolved
simulations with moving particles. The source of this improvement
is the fluctuation term in the momentum equation. As a test, the
velocity-corrected model was run without this term, and the re-
sults (not shown), become very similar to the volume-fraction cor-
rected model results.

For positions near the upstream edge, the impulse prediction is
lower than the one obtained with particle-resolved data as input
to the drag models. This is related to the strength of the reflected
shock wave, which is too weak for all three models.
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The development of the impulse over time shows that all mod-
els consistently predict an impulse that grows too slowly. Even
while the shock-wave is still inside the particle layer (t < 37tp),
all impulses are too low. A part of the reason for this is likely the
negative contribution of the inviscid unsteady force, but it is also
partially due to the lower quasi-steady forces. An important conse-
quence of the growing impulse deficit is that if the particles were
allowed to move, the particle velocities and consequently their po-
sitions will deviate more and more from the correct results with
time. In this configuration, the particle velocity deficit at t = 1007,
would on average be 30%, 15% and 13% for the isolated particle
model, the velocity-corrected model and the volume-fraction cor-
rected model, respectively.
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4. Conclusions and future perspectives

This work has compared particle force predictions from stan-
dard drag laws to particle forces obtained by means of particle-
resolved simulations. Both direct application of the drag laws with
volume-averaged particle-resolved simulation fields as input and
application of the drag laws within an EL simulation was used to
evaluate how well they perform. In addition, two drag law correc-
tion models were evaluated with the same approach. All three ap-
proaches capture the main phenomena occurring in this problem.
These are the reflection of the incident shock wave and a grad-
ual increase in the reflected shock wave strength over time, the
gradual attenuation of the shock wave as it propagates through
the particle layer, and the flow expansion on the downstream
edge.

Without any corrections, the drag laws consistently underpre-
dict forces. With the volume averaged fields as input, the av-
erage isolated particle model prediction is just slightly larger
than half the average value of the particle-resolved forces. In the
EL simulations, the predictions are in slightly better agreement
with the particle-resolved forces, but since the improvement is
caused by differences in the gas-flow fields, we still conclude that
the model is inadequate for use in high-speed dense solid-gas
flows.

The two correction schemes yield improved predictions rela-
tive to the isolated particle model predictions. The first correc-
tion scheme modifies the velocity that is used as input to the
force models, while the second scales three of the force com-
ponents by a volume-fraction dependent factor. With volume-
averaged particle-resolved simulation fields as input, the volume-
fraction corrected approach gives the best force predictions. The
velocity-corrected approach gives slightly lower forces than the
volume-fraction corrected model on average, but is significantly
better than the isolated particle model.

In the EL simulation setting, the situation changes. Here, the
difference between the volume-fraction corrected model and the
velocity-corrected model forces is smaller, again due to differ-
ences in the gas flow fields. The velocity corrected fields are in
better agreement with the particle-resolved simulation fields, and
thus the input to the force models is better with this approach
than with the isolated particle model and the volume-fraction cor-
rected model. The reason for the improvement with the velocity-
corrected model is less related to the particle force models than
to the introduction of the velocity-fluctuation correlation term in
the volume-averaged momentum equation. The velocity-correction
model stems from a simple approximation to the flow field within
a particle cloud, where separated flow in the particle wakes is
assumed to occupy a non-negligible portion of the volume, and
thus a velocity-fluctuation correlation arises that must be used to-
gether with the velocity correction. The velocity-correlation im-
poses extra forces on the gas, and these forces depend strongly
on the volume fraction gradients. Therefore, the dynamics in
the particle-cloud edges are modified, and this improves the EL
simulations.

The velocity fluctuations have clearly been demonstrated to be
important in this work as well as in several previous studies, e.g.
Regele et al. (2014); Hosseinzadeh-Nik et al. (2018); Vartdal and
Osnes (2018); Osnes et al. (2019, 2020); Shallcross et al. (2020).
Here, we have successfully applied a model that assumes instanta-
neous equilibrium between the fluctuations and the flow around
it, as well as fluctuations that are only advected with the par-
ticles and not with the gas. In reality, none of these properties
are present. Particle-wakes are not generated instantaneously, and
once they have been generated, they do not respond immediately
to the changes in the surrounding flow. There is a time-delay that
should be properly modeled, and an appropriate form of the model

14

International Journal of Multiphase Flow 137 (2021) 103563

could be something resembling the history integrals in the invis-
cid and viscous unsteady forces. Alternatively, a formulation where
mass and momentum exchanges between the separation flow and
the surrounding fluid flow are taken into account could be used.
Such a model was proposed within a two-fluid formulation by
Fox et al. (2020), who also showed that such a model can be hy-
perbolic. As shown in Appendix A, the velocity-corrected model
behaves poorly under mesh-refinement, a behaviour that is likely
due to the instantaneous equilibrium assumption, which influences
the model’s hyperbolicity.

In addition to the fluctuations that are “locked” to the parti-
cles, which are for example the separated flow behind the particles
and the stagnated flow in front of them, the particle wakes gen-
erate fluctuations that are advected with the gas. These start out
as vortices that form in the shear layers around the particles, and
over time become classical turbulent fluctuations. An appropriate
model for these fluctuations could resemble k — & models, but with
fluctuation generation and dissipation terms that are derived espe-
cially for high-speed dense gas-solid flows. Such approaches have
in fact been attempted for a setting very close to the one stud-
ied in this work, first by Vartdal and Osnes (2018) and later by
Shallcross et al. (2020). When the fluctuations are advected with
the gas flow, the velocity-correlation does not drop as sharply
over the downstream edge, and the expansion will not be quite
as strong. We believe that the models for the gas-advected and
the particle-advected fluctuations should be used simultaneously
to achieve a combined model that captures the true behaviour of
the fluctuations in the best manner.

With both model evaluation approaches taken here, a consis-
tent property of the force models is that they predict a force that
decays too rapidly following the shock-induced peak force. This
can be attributed to the inviscid unsteady force, whose kernel can
take negative values between 1.6 < 2cst/Dp < 7, where ¢y is the
ambient speed of sound (see Parmar et al. (2009)). The results
of this work indicate that the kernels should either have lower
magnitudes or possibly only positive values for the current vol-
ume fractions and Mach numbers. Since the inviscid kernels in
(Parmar et al., 2009) were computed by accelerating a sphere in a
constant Mach number background flow, their validity in the case
of shock-accelerated flow regimes is by no means guaranteed. In-
deed, the results of that study indicate that the model accuracy
varies significantly with Mach number even for isolated particles.
In the incompressible, low-Reynolds number limit, Sangani et al.
(1991) provided correction factors that scale the inviscid unsteady
force for oscillatory flow, but simple scaling is insufficient for
capturing the behaviour we have found here. Further studies are
needed for establishing inviscid unsteady force kernels for non-
negligible Mach numbers and particle volume fractions. Particle-
resolved simulations are well suited for this purpose.

The current work has only evaluated the streamwise forces,
which, although clearly the most important for the present con-
figuation, are not sufficient for describing the behaviour of shock-
accelerated dense solid-gas flows. Lift-forces, or spanwise forces
due to local differences in the mean flow direction, are also im-
portant in this setting. This is especially true in diverging geome-
tries, such as those found in explosive dispersal problems, where
spherical or cylindrical symmetries are immediately broken, some-
thing which is most clearly visible by the emergence of particle
jets Zhang et al. (2001); Milne et al. (2010). These asymmetries
also introduce volume fraction gradients that are not oriented with
the flow direction, and the behaviour of such gradients is not well
known. Multiphase flow instabilities in general are an interesting
topic in the context of shock-accelerated flow. The relation of mul-
tiphase flow instability to physics at the particle scale, as well as
the connection between particle force models and instability, are
important topics for future studies.
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Appendix A. Effect of grid-refinement
Figs. A1, A2, A3 show the effects of grid-refinement for the
three models, with filter-widths oy =0.5Dp, and oy =3Dp. Here,

AXxg corresponds to the width of the volume averaging bins
used for the particle-resolved simulations, which is approximately
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0.5Dp. These results were computed with F, = Fy =0 since the
computation of these terms are the most expensive part of the
simulation, but are unlikely to affect the manner in which the so-
lution converges as the grid is refined. The results are reasonably
well captured even at the coarsest grids, but there are some minor
changes that occur as the grid is refined. The most important of
these is that the reflected shock forms more quickly, and that the
expansion at the downstream edge is slightly stronger. Addition-
ally, the shock wave(s) sharpen with increasing spatial resolution,
as expected.

The figures also show the differences between different filter
widths for the volume fraction field for the three models. Espe-
cially for the isolated particle model, a smaller filter appears to be
advantageous for capturing the expansion flow at the downstream
particle cloud edge. For all three models, the expansion becomes
stronger with smaller filter widths, which is likely due to a larger
magnitude of the volume fraction gradient.

—0.2 0.0 0.2 0.4 0.6 0.8 1.0
(d) z/L
T T T T T
—0.5 0.0 0.5 1.0 1.5 2.0
x/L

Fig. A.1. Mesh refinement test for the isolated particle model, with F, = Ry = 0 at four different times. (a) t = 151, (b): t = 307, (c): t = 607y, (d): t = 1007,. Black lines
and symbols show the results with oy = 0.5D;, while grey lines and symbols show results for oy = 3D,.
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Fig. A.2. Mesh refinement test for the velocity-corrected model, with F, = F,, = 0 at four different times. (a) t = 157, (b): t = 307y, (c): t = 607, (d): t = 1007,. Black lines
and symbols show the results with o¢ = 0.5D, while grey lines and symbols show results for o = 3D,,.
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Fig. A.3. Mesh refinement test for the volume-fraction corrected model, with F, = Ry = 0 at four different times. (a) t = 157y, (b): t =307, (c): t =607y, (d): t = 1007,.
Black lines and symbols show the results with of = 0.5D, while grey lines and symbols show results for oy = 3D,.
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