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a b s t r a c t

Dense high speed non-compacted multiphase flows exist in variable phase turbines, explosions, and ejec-
tor nozzles, where the particle volume fraction is in the range 0:001 < ad < 0:5. A canonical problem that
can be used to study modeling issues related to these types of flows is a shock wave impacting a planar
particle cloud. Thus far, prior work has modeled the flow using a 1-D volume-averaged point particle
approach and developed momentum and energy coupling terms that reproduce accurately the trajectory
of particles in the experiments. Although these early results are promising, it is appropriate to question
whether all aspects of the experimental flow can be captured using a one-dimensional model that is tra-
ditionally only used for dilute flows. Thus the objective of this work is to set-up a two-dimensional con-
figuration that captures qualitatively the multidimensional behavior of a real three-dimensional particle
cloud, but can be used as an exact solution to compare with an equivalent volume-averaged model. The
2-D data is phase-averaged to reduce it to one dimension, and x–t diagrams are used to characterize the
flow behavior. These results show the importance of the Reynolds stress term inside the particle cloud
and in its turbulent wake. A one-dimensional (1-D) model is developed for direct comparison with the
2-D simulation. While the 1-D model characterizes the overall steady-state flow behavior well, it fails
to capture aspects of the unsteady behavior inside and behind the particle cloud because it neglects
important unclosed terms.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Dense high speed multiphase flows can be found in a variety of
practical applications such as variable phase turbines, explosions,
liquid rocket motors, and ejectors. In these applications, particles
can be spaced far apart or close together. The range of scales
encompassed by these applications precludes direct numerical
simulation in the design process. Thus, sub-grid scale models are
necessary in order to model these flows at practical scales.

There are different regimes of multiphase flow based on the dis-
perse phase volume fraction ad. In the dilute regime ad � 1, there
are no collisions because the particles are far apart and the parti-
cles do not interact with each other. In the limit of the granular re-
gime ad � 1, the particles are in constant contact with each other;
their motion is controlled primarily by particle collisions, with
small contributions from the continuous phase. The regime of
interest in this paper is the dense non-granular regime
(0:001 < ad < 0:5) between these two limiting extremes (Zhang
et al., 2001).

Experiments and simulations used to study these regimes often
rely on an initial shock wave to set up a high-speed flow through a
particle cloud. In the dilute regime, these flows are well character-
ized (Carrier, 1958; Miura and Glass, 1982, 1983; Miura, 1990; Sai-
to, 2002). Similarly, in the granular regime where the particles are
densely packed, continuum mixture theories exist to describe
these flows (Baer and Nunziato, 1986; Powers et al., 1990). How-
ever, little information exists for particle flow interactions where
the volume fraction is in the range 0:001 < ad < 0:5. Recently, a
multiphase shock tube experiment has been developed at Sandia
National Labs (Wagner et al., 2011, 2012) to explore dense high
speed particle-laden flow. This experiment improves upon other
configurations by isolating the dense non-compacted regime with
a gravity fed curtain of nearly constant volume fraction in the
stream-wise direction.

In the dilute regime, for both low Mach number (incompress-
ible) and compressible flows, volume-averaged models combined
with a point-particle approach have been used successfully to
model multiphase flows (Clemins, 1988; Drew, 1983; Drew and
Passman, 1999; Magnaudet and Eames, 2000; Crowe et al., 2012).
These models rely on the assumption that the particle diameters
are much smaller than the inter-particle distance. Under these con-
ditions, the particles interact with the continuous phases indepen-
dent from other particles and the coupling terms between the
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continuum and disperse phases can be modeled as independent
single particle interactions (Crowe et al., 2012).

The point-particle approach, which assumes the individual par-
ticles are independent, is not valid for the granular regime where
the flow is collision dominated. In other words, granular flow
may not be modeled using information for only a single particle.
However, in the dense non-compacted regime (ad < 0:5), this dis-
tinction is not so clear because the collisions are less frequent and
the continuous phase contributes significantly to the particle
dynamics. Simultaneously, the particles are sufficiently far apart
that their effect on the continuum phase might be represented
accurately enough using the same source terms as for the dilute
regime.

Recently Ling et al. (2012) combines the experimental data of
Wagner et al. (2012) with a one-dimensional volume-averaged
point-particle model including unsteady momentum coupling
forces. The leading and trailing edges of the particle cloud and
transmitted and reflected shock locations predicted by the numer-
ical model accurately match the experimental data. This was done
by incorporating correction functions for finite particle Mach num-
ber and volume fraction. The correction function for Mach number
is developed for a single sphere (Parmar et al., 2010) and the cor-
rection function for finite volume fraction is developed assuming
the fluid has only minor acoustic waves (Sangani et al., 1991). In
the current work, it will be demonstrated that volume-averaged
models can reproduce accurately the reflected and transmitted
shock locations, but that this approach incorrectly accounts for
the large amount of energy that is contained in turbulent
structures.

The goal of the present paper is to investigate the interactions
between disperse and continuum phases in the dense non-com-
pacted regime. More specifically, the objectives are threefold: (1)
assess the validity of the volume-averaged models combined with
a point-particle approach to model compressible multiphase flows;
(2) identify the limitations/shortcomings of this technique; and (3)
propose modifications to this approach that will better capture the
physical phenomena that occur in these types of flows. To stream-
line the discussion, we ignore heat and mass transfer so that the re-
sults are restricted to a disperse phase of solid, adiabatic particles.

Towards this goal, the canonical problem of a shock wave
impacting a planar particle cloud is considered. This configuration
is intended to mimic the physics encountered in the aforemen-
tioned investigation of Wagner et al. (2012): namely compressible
flow, dense non-compacted disperse phase, and nearly planar con-
figuration (on average). While the coupling between the two
phases is in reality two-way, the present work focuses only on
the early stages of the experiments where the particles can be as-
sumed, with good accuracy, to remain fixed in space. This should
be considered as a necessary first step towards understanding
the physics of the fluid-particle interaction.

The paper is organized as follows. In the following section, a 2-D
configuration is presented that will model a planar shock wave
impacting a particle cloud alongside the numerical framework
used to solve the governing equations. Then, in Section 3, the
numerical results of the 2-D simulations are presented. In Section 4,
the phase-averaged equations for the present configuration are re-
derived and commonly made assumptions are summarized and
discussed. Finally, in Section 5, the solution of the 1-D phase-aver-
aged equations are compared with the phase-averaged results of
the 2-D exact flow field.

2. Detailed simulation of shock-particle interaction

In this section, a numerical simulation that captures the fluid-
particle interactions for a dense multiphase flow is developed.

2.1. Assumptions

In the experiment of Wagner et al. (2012), the Reynolds number
based on the velocity behind the reflected shock and the particle
diameter is approximately Re � 2000. At this Reynolds number,
the drag coefficient of a single individual particle is nearly constant
and the flow is considered to be in the inertial range (Clift et al.,
1978). Within the inertial range, viscous forces on the particles
are negligible, and the drag force on a particle is predominantly
from pressure drag. Nevertheless, it is important to note that
molecular viscosity (albeit very small) is the reason for the separa-
tion of the boundary layer, which is why the drag coefficient is con-
stant. In the present work, the Euler equations are used to model
the flow through the particle cloud. As will be shown later, the arti-
ficial viscosity associated with the numerical discretization is suf-
ficient to induce boundary layer separation and a realistic flow
around the particles.

A two-dimensional simulation will be used to characterize the
flow behavior. Although true multiphase flow is three-dimen-
sional, two-dimensional simulations are an efficient first step in
extracting the qualitative physical behavior. The flow around a
sphere (3-D) and a cylinder (2-D), particularly the boundary layer
separation point and transition Reynolds numbers, is different.
However, the 2-D simulations are sufficient to investigate the
fundamental differences between direct simulation and a
volume-averaged point-particle model. A full three-dimensional
demonstration will be the subject of future work.

The final major assumption in this work is that the particles
have infinite inertia and can be considered frozen in place. While
this assumption is perfectly valid for the objectives of this work,
this limits the comparison that can be made with the experimental
data (Wagner et al., 2012). Fig. 1 shows three different Schlieren

Fig. 1. Selected Schlieren images at times �18, 35, and 136 ls from Wagner et al.
(2012).
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