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ABSTRACT

We develop a general continuum fluid dynamic model for dust transport in loss of vacuum accidents in
fusion energy systems. The relationship between this general approach and established particle trans-
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port methods is clarified, in particular the relationship between the seemingly disparate treatments of
aerosol dynamics and Lagrangian particle tracking. Constitutive equations for granular flow are found to
be inadequate for prediction of mobilization, as these models essentially impose a condition of flow from
the outset. Experiments confirm that at low shear, settled dust piles behave more like a continuum solid,
and suitable solid models will be required to predict the onset of dust mobilization.

1. Introduction

Erosion of plasma facing surfaces in tokamaks is known to
result in accumulation of dust inside the vacuum vessel. In ITER,
accumulation of large quantities of dust presents several safety haz-
ards; these include dust explosions, hydrogen production through
beryllium-steam reactions, and release of radioactive/toxic parti-
cles. In all cases, the concern is that vessel filling during a loss of
vacuum accident (LOVA) may result in the mobilization of settled
dust as pressures equilibrate. Here, we discuss the applicability of
various dust transport models to this problem, and in particular
seek a model for prediction of the extent of dust mobilization for a
given set of flow conditions.

2. Particle transport regimes

The aforementioned accident scenarios involve large quantities
(kilograms) of dust. This precludes a treatment of individual parti-
cles, so we treat the particles as a continuum fluid. The momentum
of this continuum “particle fluid”, as with any other, is given by the
Navier-Stokes equations:
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Here v is the particle velocity; p is the bulk particle density, p
the particle phase pressure; T is the viscous stress tensor; and A the
acceleration due to body forces. The four terms are due to inertial,
pressure, viscous, and body forces, respectively. First we consider
the limiting case in which interactions between particles are neg-
ligible. This suggests we may safely ignore the particle interaction
(“viscous”) terms, and eliminate the tensor T. Furthermore, as an
ensemble of non-interacting particles, the ideal gas law applies; so
the pressure term may be rewritten as follows:

Dy =—1VnkT+A. (2)
Dt P

Identifying the bulk density as the particle concentration n times

the individual particle mass m, and assuming constant temperature,
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In cases of practical interest, the particle fluid does not exist as
a single phase, but is suspended in another fluid. We treat the two
phases as interpenetrating continua, where the body force term in
the particle momentum equation is due to drag from the suspend-
ing fluid. Now we further restrict ourselves to low Stokes numbers,
where

(18}
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and U and L are the characteristic velocity and length scale of the
flow, and 7 is the spherical particle relaxation time given by

psd?
U= iy (5)



for fluid viscosity i, and particle diameter d, and solid material

density ps. As a ratio of inertial to viscous (drag) forces, low Stokes

numbers imply negligible inertia, and we discard the inertial terms

in Eq. (3) accordingly. The drag force is given by Stokes’ law, and
u-—v

A== (6)
T

for the particle velocity v relative to the fluid velocity u. The momen-
tum equation simplifies to

Lt n(u —v). (7
m

The particle velocity can be solved for explicitly; recognizing the
Einstein diffusion coefficient D [1],

= (8)
the particle flux is given by
ny =nu-—DVn. (9)

Using this expression in the continuity equation,
— +V.(nv)=0, (10)
«

we arrive at the ‘aerosol dynamic equation’ as used in aerosol trans-
port phenomena [2]:
({,))—rrl+V<(m_1)=DV2n. (1)

Thus, the aerosol dynamic equation is a special case of a general
particle fluid described by the Navier-Stokes equations, in which
particle interactions and particle inertia are neglected.

If one neglects diffusion (pressure) rather than inertia (i.e. only
inertia and drag force terms are retained), the resulting system is
hyperbolic, and its characteristics are the Lagrangian equations of
motion [3]. Thus, aerosol dynamics and Lagrangian particle tracking
treat two opposite dilute flow regimes: purely diffusive and purely
inertial, respectively. Any problem in which both effects may be
important (but particles are still non-interacting) should solve the
general case that accounts for both (Eq. (3)).

The problem of dust transport in a loss of vacuum accident can-
not be simplified to either of the two cases above a priori. Here,
flow conditions will vary widely in both space and time. The par-
ticle relaxation time varies as the particle diameter squared, and
this diameter may span several orders of magnitude. Furthermore,
local velocity gradients (U/L) will be high in regions near the breach,
but lower elsewhere, and will everywhere decrease in time as the
vessel fills with air. Rather than selecting a model that may restrict
our ability to consider certain particle sizes, materials, and flow
regimes, we elect to treat the general case.

Furthermore, the initial condition of the vessel filling problem
violates the very first assumption of both previously described
models; here dust will be settled into relatively dense layers and
piles in which particles contact each other; the nature of these par-
ticle interactions will determine the extent of dust mobilization
during loss of vacuum.

3. Constitutive equations for granular materials

Since particle interactions are clearly important, at least in the
initial stages of a LOVA, a constitutive equation is required to
specify the viscous stress tensor T. At intermediate particle vol-
ume fractions, particles undergo binary collisions, and closures are
determined from kinetic theory [4]. At higher particle volume frac-
tions and lower rates of shear, particles develop enduring contacts

and their interaction is best described as frictional. We adopt the
following [5,6]:

T= Ms, (12)
S:S

where S is the deviatoric strain rate tensor,

S = 5(Vy— (V0 - 3(V v, (13)

Pis the particle phase pressure, and ¢ is the yield angle. It is useful
to cast Eq. (12) in terms of a “frictional viscosity”, where

T=usS (14)
and
V2Psing
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P is given now by the empirical expression [6,7,8]
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Eq. (12) captures the zero order dependence of stress on the
strain rate that is observed for granular materials, and assumes a
state of incipient yield; i.e. the shear stress is at a critical fraction
of the normal stress, determined by the Coulomb yield criterion
for cohesionless materials. For shear stress 7, normal stress o, and
yield angle ¢,

T=otand. (17)

The empirical expression for pressure (Eq. (16)) reflects the fact
that the pressure becomes large (i.e. diverges) as the particle vol-
ume fraction (v) approaches a maximum limit, typically taken to
be “random close packing”, which for spheres is ~0.63. Frictional
effects are assumed to be zero below a minimum particle volume
fraction, typically taken to be 0.5.

4. Fluent modeling of dust mobilization

The frictional viscosity model described in the previous sec-
tion has been implemented in the commercial computational fluid
dynamics code Fluent to model dust mobilization in a horizontal
pipe. Here, we examine laminar pipe flows in an attempt to estab-
lish a threshold for mobilization, and to eliminate characterization
of complex flow patterns and turbulence as confounding variables
in determining that threshold. In the model, a fully developed pro-
file enters a 19 mm diameter pipe and interacts with a settled dust
pile at some point downstream.

The mobilization fraction is defined as the fraction of the total
dust thatremainsin the initially defined volume of the dust pile, and
is monitored as a function of time. The frictional viscosity model is
compared with a base case in which no particle interactions are
modeled, i.e. the particle stress tensor is zero. While the details
vary according to the initial conditions and particle properties,
results fall into one of two categories: (1) the rate of mobilization
decreases, but only slightly, with the addition of frictional viscosity,
and (2) the code fails due to divergence of the frictional pressure
or viscosity. In the first case (see Fig. 1), we suspect that the rapid
mobilization is unphysical. The second (Fig. 2) is not a numerical
problem, but reflects the nature of the constitutive model. The vis-
cosity diverges both as the particle volume fraction approaches a
maximum (Eq. (16)), and as the shear rate goes to zero (Eq. (12)).
The second of these is particularly problematic in this case, as the
dust pile is initially at rest, with velocity and velocity gradients
(shear rate) everywhere zero. In practice this is commonly avoided
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Fig. 1. Predicted mobilization fraction as a function of time for 5 um graphite dust
subjected to flow of air at Re=500. The addition of a simplified frictional viscosity
model has minimal effect on the rapid mobilization. Here, (¢=Psin¢g, and Pis given
by Eq. (16).

by adding a constant to the scalar product of the deviatoric strain
rate tensor S:S {6,9], e.g.

_ V2Psing

= N 18
M= Sisic (18)

NoO viscosity =——— 1
Friction viscosity

Mobilization fraction

ok L . s A i ' "

0 0.2 04 06 08 1 12 14
Flow time (seconds)

Fig.2. Predicted mobilization fraction as a function of time for 65 yum stainless steel
dust subjected to flow of air at Re=930, up to the point of divergence at t~0.56s.
The frictional viscosity model used is described in Section 3.

or by limiting the maximum allowable value for viscosity, as is done
in Fluent [8]. But here the zero-order dependence on shear rate is
lost, and the implication is that fluid constitutive models of this
type cannot predict stationary behavior of granular materials, even
when this is the physical reality. This is an acknowledged failing
of such models [6]. Divergence at maximum volume fraction and
zero strain rate are characteristic of a transition from fluid to solid-
like behavior, but the behavior of such a solid under shear cannot
be characterized within the context of fluid dynamics. Indeed, the
assumption that the granular material is at the point of yield every-
where was assumed in the development of the frictional viscosity
model [5]. We seek a predictive model, which allows determina-
tion of stresses in a solid-like granular material, which may or may
not satisfy the yield criterion. If yield occurs, the two-phase fluid
dynamics problem may be undertaken as described previously to
model subsequent dust transport; if not, mobilization will not occur
- an important conclusion for the safety analysis of LOVAs.

5. Experiments

An experimental campaign has begun to investigate the behav-
ior of dust piles at low shear. The experiment has the same
configuration modeled in Fluent; a 19mm diameter horizon-
tal pipe, with an approximately 3 m entrance length upstream
of a dust pile to establish fully developed flow. While maore
sophisticated diagnostics are planned to measure the extent of
dust mobilization and the ensuing transport, qualitative obser-
vations alone offer valuable insight into the behavior of such
materials at low shear. Two materials have been tested thus
far; 316 stainless steel of 65 uwm diameter (Fig. 3), and graphite
of 4um diameter (Fig. 4). The latter is a size and material
characteristic of dust sampled from tokamaks [10]. The larger
stainless steel better approximates the ideal “cohesionless” granu-
lar material, an important intermediate step in the evaluation of
computational models. Both were subjected to flows of helium,
up to a maximum Reynolds number of 930. The behavior of
both materials was similar, and consistent with a “yielding
solid” description rather than a fluid dynamic description. If the
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Fig. 3. The pile of 65 .m stainless steel dust was not mobilized when subjected to
a flow of helium at Re ~930.



Fig. 4. Graphite dust (4 wm) pile before (top) and after (bottom) flow of helium
up to Re~930. The majority of the pile remained stable at that flow rate. Some
material was mobilized, primarily on the upstream (left) side of the pile near the
top. Redeposition is visible on the wall of the acrylic tube immediately downstream.

behavior were fluid-like, we would expect to see continual mobi-
lization at constant flow rate, with the rate of mobilization
increasing with increasing flow rate. Rather, we observe a dust pile
that is stable at Re ~930, sustaining shear with no observable mobi-
lization as flow continues at that rate. What few changes did occur
in the piles were consistent with the idea of yield in a region of the
pile; in a few instances, when a small increase in the flow rate was
made, a small section of the pile would be mobilized, with the rest
of the pile remaining unchanged.

These observations suggest that at rest and for relatively low
stresses, the behavior of dust piles is in fact solid; and that mobi-
lization may be identified with yield. But, yield may occur only in
small portions of the pile, and mobilization will be partial in this
case, with the rest of the pile remaining in a stable configuration.

6. Conclusions and future work

We have considered a general continuum fluid approach to
modeling dust mobilization and transport. In the limit of non-

interacting particles, the general Navier-Stokes equations simplify
to those of aerosol dynamics and Lagrangian particle tracking when
one chooses to treat only diffusion or inertia, respectively. We con-
sider the general case, with a constitutive equation derived from
soil mechanics for dense granular flow. This may be a suitable trans-
port model, but it cannot predict the onset of mobilization because
it imposes an initially present state of yield in its development. In
other words, the fluid model describes the flow that occurs when
the material yields; we require a solid model to calculate stresses in
the pile and determine if it yields and the conditions under which
yielding occurs.

Future work will evaluate approximate [11] and more rigorous
[12] methods for performing such calculations. Experiments will
focus on tungsten dusts in light of increased interest in tungsten
as a plasma facing material on the ITER divertor as well as the first
wall in future devices.
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