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A multiphase hyperbolic model for dynamic and irreversible powder compaction
is built. Four important points have to be addressed in this case. The first one is
related to the irreversible character of powder compaction. When a granular media is
subjected to a loading—unloading cycle, the final volume is lower than the initial one.
To deal with this hysteresis phenomenon, a multiphase model with relaxation is built.
During loading, mechanical equilibrium is assumed corresponding to stiff mechanical
relaxation, while during unloading non-equilibrium mechanical transformation is
assumed. Consequently, the sound speed of the limit models are very different during
loading and unloading. These differences in acoustic properties are responsible for
irreversibility in the compaction process. The second point is related to dynamic
effects, where pressure and shock waves play an important role. Wave dynamics is
guaranteed by the hyperbolic character of the equations. Phase compressibility as
well as configuration energy are taken into account. The third point is related to
multi-dimensional situations that involve material interfaces. Indeed, most processes
with powder compaction entail free surfaces. Consequently, the model should be able
to solve interfaces separating pure fluids and granular mixtures. Finally, the fourth
point is related to gas permeation that may play an important role in some specific
powder compaction situations. This poses the difficult question of multiple-velocity
description. These four points are considered in a unique model fitting the frame
of multiphase theory of diffuse interfaces (Saurel & Abgrall, J. Comput. Phys.,
vol. 150, 1999, p. 425; Kapila et al., Phys. Fluids, vol. 13, 2001, p. 3002; Saurel et al.,
J. Comput. Phys., vol. 228, 2009, p. 1678). The ability of the model to deal with these
various effects is validated on basic situations, where each phenomenon is considered
separately. Except for the material EOS (hydrodynamic and granular pressures and
energies), which are determined on the basis of separate experiments found in the
literature, the model is free of adjustable parameter.
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1. Introduction

When a granular bed is subjected to mechanical loading, local deformations occur
resulting in rearranged deformed grains that form a compact porous solid. Such a
process is irreversible. As a matter of fact, if the loading stress is removed, the porous
solid slightly expands but never turns back to its initial volume. The main difficulty
in modelling such an effect relies on its irreversible character.

The literature on powder compaction provides at least three types of models.

(i) The first one is connected to the quasi-static plasticity modelling in solids
(Gethin et al. 1994; Alderborn & Nystrom 1996; Oliver, Oller & Cante 1996; Lewis &
Khoei 2001). This approach usually considers powder mixture compressibility but
neglects the solid-phase one. This restricts these models to weak compression waves,
excluding strong shocks.

(i) The second one considers granular media at the discrete level, where a large
number of particles are simulated by considering contact forces between them (Martin,
Bouvard & Shima 2003).

(iii) The third one deals with multiphase flow modelling of granular media (Baer &
Nunziato 1986; Bdzil et al. 1999; Saurel & Abgrall 1999; Kapila et al. 2001;
Chinnayya, Daniel & Saurel 2004; Murrone & Guillard 2005).

In this work, irreversible compaction of powders is addressed in the context of
multiphase flow theory of granular materials. There are some advantages with this
approach. First, large-scale experiments and engineering applications are easier to
address with a continuous model of heterogeneous media. Second, wave dynamics is
of fundamental importance in many applications dealing with shocks and explosions.
Some success has been reached in this area with Baer & Nunziato (1986) type models,
except for the two following issues.

First, this type of model cannot predict compacted powder zones after loading—
unloading cycles that may occur, for example, after compression and expansion of a
given granular sample. Progress in this direction was done by Gonthier (2003, 2004).

Second, the original formulation cannot solve interface problems, or material
interfaces such as those separating a fluid and a granular mixture. Methods to
solve interface conditions in the context of compressible fluids governed by different
equations of state (EOS) have been built during the last two decades with the pioneer
works of Karni (1994) and Abgrall (1996). Multiphase flow models have been used in
this aim (Saurel & Abgrall 1999) in order to solve interface conditions with correct
thermodynamics at interfaces, but in the context of fluid—fluid interfaces only.

The goal of this paper is to build a multiphase flow model, which is able to deal
with irreversible compaction and to solve interfaces separating fluids and granular
mixtures, in the presence of pressure waves.

To do so, we first build a mechanical equilibrium model, with a single velocity
and a single stress. For that purpose, we assume that the energy of the system
is the sum of the hydrodynamic energy plus a configuration (or granular) energy
that depends on other variables, such as volume fractions, particle radius, specific
volumes and entropies. The concept of configuration pressure, or granular pressure,
is introduced, in particular, in Passman, Nunziato & Walsh (1984). We then expect
the flow model to respect conservation of mass, mixture momentum and mixture
energy and also to be adiabatic. From these constraints, the pressure definition
that appears in the momentum equation is obtained, as well as the mechanical
equilibrium condition. This analysis is carried out in §2. However, this mechanical
equilibrium model, already presented by Kapila et al. (2001), is reversible. It is
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FIGURE 1. Schematic representation of a loading—unloading cycle for a powder sample,
in the plane P—v.

therefore unable to predict the hysteresis phenomenon, such as compaction. In order
to model irreversibility the following phenomenon is observed: consider a loading—
unloading cycle as shown in figure 1 in the plane P—v (P: stress, v: mixture specific
volume). During the compression stage, the mixture-specific volume decreases and
reaches its minimum value for the applied stress. During unloading, the pressure
variation is stiff for a small specific volume variation. It means that the mixture sound
speed,

P
c2=—v2‘?)v> , (1.1)

in the compression stage is much lower than the one involved in the expansion
stage. Based on this observation, we are going to build a non-equilibrium model that
possesses two limit sound speeds:

(i) An equilibrium sound speed corresponding to those of the mechanical
equilibrium models. This sound speed will be the lowest one and will show up
during the compression stage.

(i) A frozen sound speed, which will be larger than the preceding one that will
show up during the expansion stage.

The general model will be thus a non-equilibrium model with relaxation. The
relaxation term expresses the degree of local stress disequilibrium. When the relaxation
time tends to infinity, the frozen sound speed is recovered and used during the
expansion stage, while when the relaxation time tends to zero, the asymptotic limit
of the non-equilibrium model corresponds to the mechanical equilibrium model.
This model, with low sound speed, will be used during compression. Then the non-
equilibrium model couples two limit models: with frozen sound speed on the one
hand and equilibrium sound speed on the other hand, by using a unique formulation.
The switch from one limit model to the other one is achieved by means of the
relaxation parameter. Before examining the details of this relaxation switch, the
non-equilibrium model with relaxation is studied in §3. Thermodynamic closure
of both models is addressed in §4, where thermodynamic EOS are presented, in
addition to a new granular EOS. To solve the flow model, a numerical method
is needed. The system consists of a non-conservative hyperbolic set of equations
with relaxation. A similar system has been studied in the context of fluid mixtures
by Saurel, Petitpas & Berry (2009). Extension of this method to the granular flow
model is detailed in §5. Validations are then addressed in §6. The ability of the
model to propagate compression and expansion waves, as well as its capabilities
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to capture fluid—granular mixtures interfaces, is demonstrated. Comparisons with
several experiments are done, in particular, regarding the successive hysteresis-type
loading—unloading cycles. In §7, discussion about the relaxation parameter switch is
given on the basis of basic plasticity theory arguments, combined with an analysis of
the various non-equilibrium stages that occur during the compaction process. This
discussion intends to justify the switch. We show, in particular, that the model is free of
parameters. In § 8, the flow model is extended to gas permeation effects. A Darcy-type
law, obtained from the asymptotic analysis of the Baer & Nunziato (1986) model in
the limit of stiff mechanical relaxation is obtained, following Guillard & Duval (2007).
Corresponding drift effects are thus restored in the Kapila et al. (2001) mechanical
equilibrium model in a thermodynamically consistent manner, based on entropy
production analysis (Saurel, Petitpas & Abgrall 2008). The corresponding velocity
non-equilibrium model is validated against shock tube experiments, involving shock
interaction with dense granular beds, showing excellent agreement in §9. Conclusions
are given in § 10.

2. Mechanical equilibrium model

A granular medium is different from a fluid mixture by several aspects, one of
them being the presence of inter-granular contacts. Due to grain contacts the medium
presents resistance to compression related to efforts that exert in the grains around
each contact point. At the macroscopic scale, these efforts can be summarized with
an additional EOS that expresses the compression resistance, with the help of a
granular pressure or configuration pressure. The configuration energy associated to
that configuration pressure can be derived. It can be understood as the energy stored
in elastic—plastic layers around each contact point.

Granular pressure as a function of solid volume fraction can be determined
easily by experimental means. An excellent description of experimental facility and
corresponding measurements are given in Kuo, Yang & Moore (1980).

There are some advantages with this thermodynamic approach based on
configuration pressure and energy. The effects occurring at grain scale, such as
rearrangements and plastic deformations, are summarized in simple functions linking
macroscopic variables. Therefore, the difficulty of solving complex multi-dimensional
effects at grain scale is replaced by the experimental determination of granular EOS
parameters.

The aim of this section is to develop a flow model involving these physical effects
specific to granular media. The model building method consists in taking the total
system energy as a function of the various problem variables and obtains:

(i) the mechanical equilibrium condition,

(ii) the form of the pressure term that exerts in the momentum equation.

The mechanical equilibrium condition is then differentiated along a particle trajectory,
and therefore provides the volume fraction evolution equation that closes the system of
classical balance equations: mass conservation for each phase, momentum and energy
conservation for the mixture, entropy conservation for each phase and conservation
of the number of particles per unit volume.

Let us assume that the total energy of the system is the sum of the classical
thermodynamic internal energy augmented by the configuration (or granular) energy
B plus the kinetic energy:

E:e—I—B—i-%uz, (2.1)
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with e= Ek Yk ek(vk, Sk) and B= Zk Yk Bk(Olk, Rk, Uk s Sk Yk) Here k= 1, 2. For
example, k=1 corresponds to the solid phase and k=2 corresponds to the gas
phase. In that case, B, =0. However, we keep that general formulation as it is more
convenient to get symmetrized relations in what follows.

With this definition, the internal energy e, of each phase depends on two
thermodynamic variables: the specific volume v, and the specific entropy s;. The
configuration energy By, associated with the solid deformed layers around each grain
surface, is assumed to be a function of four variables, By = By(ax, Ry, vk, Sk, Yi), where:

(1) oy is the volume fraction of phase k, the dependence of which is obvious, since
it is well known that the energy to transfer into a granular bed is a function of the
volume fraction at the end of the compaction process;

(i1) Ry is the particle radius of the grains. Dependence on that variable cannot be
excluded a priori;

(iii) the thermodynamic variables (v, s;) may also influence the value of By;

(iv) Yi =(cxpx)/p is the mass fraction, pr = 1/v; is the density and p =), (axpx) is
the mixture density.

It is more convenient for the calculations to express the mixture total energy as a
function of the following variables:
E = Ve Terlve, 50+ Bulore ne, e, s, Yol + 5 0 (2.2)
k
where n; represents the number of particles per unit mass. The particle radius Ry,
considered spherical, is linked to the preceding variables by

U Yk = %TCRil’lk. (23)
Let us define
d d a
— = —, 2.4
dr ot T ox 24)
then the classical balance laws are given below:
d d . .
o (pu) = 0, mixture mass conservation, (2.5)
ot ax
dy; .
v 0, mass conservation for phase k, (2.6)
dSk .
i 0, entropy conservation for phase k, (2.7
9 d(ou® + P ‘ :
(éotu) + (,oua ) = 0, mixture momentum conservation, (2.8)
X
ApE o(pE+ P . .
(gt ) + (Lo 8+ Ju) =0, total mixture energy conservation. (2.9)
X

In the absence of particle coalescence or breakup, the number of particles per unit
volume reads as

BNk B(Nk M)
—_— =0. 2.10
ot ax ( )
It can also be expressed as
9% o with g = M (2.11)
dt P
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In (2.8) the pressure P is an unknown function that needs to be determined.
Note that the phase entropies are assumed to be constant along their trajectories,
meaning the transformations (loading and unloading) are reversible with this model.
The irreversible character of compaction process will be addressed later with the
non-equilibrium model.

By combining momentum and energy equations, the mixture internal energy
equation is readily obtained:

d(e + B) dv B
—a PO 2.12)
with
e+ B = Z Yi [ex (v, si) + Bi(ow, ng, vg, sk, Yi)l. (2.13)
k

Using (2.5)-(2.11), the derivative of the mixture internal energy (2.12) along a
trajectory becomes

dletB) _ gy, [de) du, 0B doy | 9B dug |
dr ov, ). dt oo o, dt oV dr
k Sk gV Sk Y Mg 0k Sk Yi

(2.14)
But
0
P, = —ek> and v = s v, (2.15)
ka S Yk
thus
a v
du = édv—k?kdak. (2.16)

Consequently, (2.14) becomes

dle+B)  dv 9B
= P— —
dz + dr zk:ak[ vk o, ng Sk, Yi

9B 9B d
= [E {ak) —Pk—l—ak,okk) }“"] (2.17)
Uk Y, 0o/, ooy | dt
k O\ ey Sks X e Ny Vi Sk Xk

This result has to be in concordance with (2.12), that is a consequence of energy,
momentum and mass conservation. In order that (2.17) and (2.12) are in agreement,

it is sufficient to set
0B
P=Ya (- k) , (2.18)
avk A, Sk Ye

and, for all k, j, k # j:

0B, 3B, 3B;

oB;
8> — Py + oy px 8> = 8) —Pjta;p, 31> :
Uk o, Mg, Sk, Yie Ok N, Uk, Sk, Yie U./ aj,n_,-,slﬂ,Yj C(] nj,v_,-,s.,',Yj
(2.19)

Equation (2.18) corresponds to the mixture pressure definition. Equation (2.19)
represents the mechanical equilibrium condition. These two definitions are
consequences of the choice of the system energy subjected to the constraints (2.5)—
(2.11).
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Dependence on phase compressibility is usually neglected during the compaction
process. Indeed, at moderate loading, particles deform but nearly conserve their
volume. When loading increases, bed porosity decreases and compressible effects
become gradually important, typically for pressures greater than 100 MPa. Thus, it is
commonly assumed that

B
8") =0. (2.20)
Jvy o, Sk, Y
The mechanical equilibrium condition thus reduces to
dB; dB;
kP = .7J_P.’ k i 221
Ok Pk dOlk k ajp;j dO[j J 7&] ( )
The granular pressure is defined by
dB
B = akﬂka- (2.22)
O
From that definition, the configuration energy is deduced:
“ B
B, = — da. (2.23)

a,? (873
With these notations, the equilibrium condition becomes
TCk:Pk—,Bk:Pj—,Bj:TCj, Vk,j, k#] (224)

and the mixture pressure is given by

P=>oP=m+» afj=m+p withp=> o (2.25)
J J J

The granular pressure (2.22), given as a function of the volume fraction, can be
determined quite easily by experimental means (Kuo et al. 1980; Elban & Chiarito
1986). It is then necessary to find a fitting curve. Example of such a fitting function
is given in Bdzil et al. (1999):

log(1 — ay)

, (2.26)
1 — o

By =—1 (as — oz?)
where the subscript s stands for the solid granular material, and T and o are the two
given positive constant numbers.

In §4, we will address another option with better properties regarding granular
energy and granular sound speed. From now onwards, we assume that such a granular
EOS is given.

To determine the volume fraction evolution equation, the mechanical equilibrium
condition (k # j),

Pr(pxs sk) — Bilow, o) = Pi(pj, s;) — Bjle;, pj), (2.27)
is differentiated along a trajectory
dpx dsy B dox B d?By\ doy
2Pk 4 Tk — PRSP (P =k
gy TR G T e o + o day2 ) dt
dp; ds B; dp B d’B;\ do;
2% 9 Pide; (B dTB ) dey o,
G Telilg o w T \e T 4 ) @ BB
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With the help of entropy and mass evolution equations, it is reduced to

2 2
pd o PBNda
<0!1< + ok dakQ) ar + (prci — Br) Py

2 2
;Ojcj d Bj dOlj 2 ou
_ . W gy (229

( o TP, o | dr + (jc; — By) ax (2.29)

On the other hand, the saturation constraint reads

— 2t =0, (2.30)

where subscript N denotes the total number of phases. Resolution of system (2.29)—
(2.30) results in evolution equations for the volume fractions

dOlk (673 2 2 (677 2 ou
—_— = — —pC — — — 2.31
s 2 <(pkck Br) — p El 2 (orci — Be) Py (2.31)
with
dsz 1 (075
Ci=ci+o d — =) —. 2.32
(=dtal gy ad S5 =3 2 (2.32)

k

2.1. Summary
The mechanical equilibrium model thus reads as

doy, o N ) Q; 3 ou
Sk _ —oC 2= B | —,
i pC? <(ka" Bu) = zj: p;C? (eici =) | 5
(o p)i + d((cx p)i u) —0,
opu) | d(pw*+P) o

at 0x
I(pE) + I(pE + P)u) _ 0.

ot 0x

where the granular pressure S is defined by (2.22), the mechanical equilibrium
condition is given by (2.24) and the mixture pressure P is given by (2.25). The total
energy E is defined by

1 .
E=(e+B)+§u2 w1the—|—B=ZYk (ex + By). (2.34)
k
Finally, C? and C? are given by
d’B 1 o
Cl=cl+af —, —05= . 2.35
= Cp Ty da,? »C? Z i C2 ( )

k

2.2. Sound speed

We now focus on propagation of acoustic waves in such mechanical equilibrium
mixtures. This is also an important point regarding the hyperbolic properties of
the governing equations. To determine the wave propagation speed, let us write the
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pressure evolution equation:
dP . de d,Bk dOlJ d:Bj
dr — dr dt+;< it g,

_ ,do B dok Bk d’By\ doy
= C; — t Pk T s

% A A &dpl B, d’B; dO‘J
+;[dl B; +a; (pj i e, TP g da o) 230

By using mass and volume fraction equations (2.31) and after some rearrangements,
we get

2 2
dp 2 o7 2 o (pjci_ﬂj) 2 )| Ou
@ e (S ei-m) - (G ans) 5o
The square sound speed

2 . . 2_ . 2
C%V = C? (Z Oféz ( J'Ci _5].)) _/1) Z (W —aj,OJ-C?) (2.38)
J

J J

corresponds to the equilibrium sound speed in the granular medium. In absence of
granular pressure (8; =0), it corresponds to the well-known non-monotonic sound
speed (Wood 1930). System (2.33) is thus hyperbolic with characteristic speeds u,
u—+ Cy and u — Cy.

2.3. Thermodynamic closure

From the pure phase EOS, the mixture energy definition, the mixture pressure and
mechanical equilibrium conditions, there is no difficulty to determine the mixture EOS.
For the sake of simplicity, we take the example of compressible materials governed by
the stiffened gas EOS. This EOS is quite accurate for description of gases, liquids and
solids. The method that follows is not restricted to this example: Mie Gruneisen-type
EOS can be considered as well, or any other type of convex EOS. With the stiffened
gas EOS, the energy, density and pressure are linked by the relation

Pi + Vi Py o

, (2.39)
e —1

Prex =

where y; and Py, are some given positive constant parameters, determined by using
material reference curves. Usually, Hugoniot curves are used, but saturation curves
can also be used for special purposes (Le Meétayer, Massoni & Saurel 2004). The
mixture internal energy reads as

ple+B) =) ap (e + By). (2:40)
k
Inserting (2.39) in (2.40) gives us

P . P
ple + B) — Z SVl ZockpkBk 3 )Zk—kl' (2.41)
k k
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Now using the mixture pressure definition (2.25) and the mechanical equilibrium
condition (2.24), we get

P=P —B+> B (2.42)
J

Inserting this relation in (2.41), we get

pe Z Qi Yi Pr.ook ZakpkBk (P B Zakﬁk> Z yk(xi 1 n Z y(;kfkl'
k P P

- ol
(2.43)
Consequently, the mixture EOS is obtained:
o Pr o+
plet b= Y (LR 5 )

P= k £ . 2.44
Z < ” ) + zk:akﬂk (2.44)

x n—1

System (2.33) is now closed by (2.44). This mechanical equilibrium model is able to
describe wave propagation in granular mixtures. However, it is unable to reproduce
compaction irreversibility. To reach this goal, we are going to build a non-equilibrium
model with relaxation that will tend in some limit to system (2.33). The mechanical
equilibrium model will be used during the loading process only, and unloading will
be treated by the non-equilibrium model presented below.

3. Non-equilibrium model

The non-equilibrium model must involve two main features:

(a) the non-equilibrium model must tend to the mechanical equilibrium one when
mechanical relaxation effects are stiff;

(b) the non-equilibrium sound speed must be greater than the equilibrium one as
it is usually the case for the non-equilibrium models.
On this basis, the following model is proposed. It is an extension of the model given
by Saurel et al. (2009) for fluid—fluid interfaces to the case of granular mixtures:

% = wu(m; — M),
dap) | (ap)u) _ _

oy DS 0, (k=1.2),
3((0510)1;? + B)) " A((ap)1 §x+ B)iu) +(aP); % — —y u(my — ),

G.1)

3((“P)2;j + B),) + d((ap) §x+ B)yu) +(@P) % .
Mm0+8@ﬁ+4020’

Jt 0x
I(pE) " I(pE + P)u) _ 0

dt 0x
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with

Z)my + Z1m
= P, — , Ny =————,
k= P — P 1 7+ 2
| (3.2)
Ek:ek—i—Bk—i—Euz, E:;YkEk, P:zk:akpk.

The interfacial generalized pressure m; has been estimated through the Riemann
problem solution as in Saurel, Gavrilyuk & Renaud (2003), with the acoustic
impedance Z; = pic,. One main point of this model relies on the relaxation parameter

W
o0 if T > Ty,

= 3.3

H {0 otherwise. (3:3)

It is implicit in this formulation that k=1 corresponds to the solid phase and k =2
to the gas phase. Thus, during loading the weak compressibility of the solid will
imply m; > 1, and a stiff pressure relaxation coefficient will be used. As it is shown in
Appendix A, such a treatment is equivalent to the direct resolution of the equilibrium
model given by system (2.33). During unloading a vanishing relaxation coefficient will
be used.

The non-equilibrium model thus contains two limit models, the mechanical
equilibrium model when the relaxation parameter tends to infinity, and a frozen
model when this parameter is zero. It is necessary to analyse these two models, as it
is also important to examine the physical meaning of the relaxation parameter u as
a function of m; and m,. This will be addressed in a specific section, after validation
of the model against experimental results. Before that, let us check the accordance of
the model with the fundamental principles of thermodynamics.

3.1. Energy conservation

System (3.1) contains three energy equations. Two of them are the evolution of
the phase energies, the last one is the mixture energy conservation. Consequently
this system is overdetermined but still compatible. Numerical resolution of interface
problems with fluid—fluid and fluid—granular mixture interface requires compatible
overdetermined system, in particular for wave transmission. The fundamental reason
is that the phase energy equations are not in conservative form. The total mixture
energy equation, being conservative, guarantees the correct treatment of the two non-
conservative internal energy equations in the single phase limit, i.e. on both sides of
a material interface even in the presence of shocks. The mixture energy equation is
thus needed for numerical reasons, as shown in Saurel et al. (2009).

For both theoretical and numerical reasons it is necessary to check that these three
energy equations are compatible. Phase energy equations can be written in the form

d(Y, (e + B)1)
p dr

d(Y> (e + B)»)
p dr

Summing these two equations and adding the kinetic energy obtained from the
mixture momentum equation, we obtain:

ou
+ (aP) i = —7; (7T — M),
(3.4)

ou
+ (@ P), P +1; (1T — ).

=0. (3.

2
P% (Yl (e + B)| +Y,(e+ B), + ”2> i (u ((aP)81x+ (aP),))
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This last equation corresponds to the mixture energy equation presented previously
in system (3.1).

3.2. Entropy inequality
It is important to show that the non-equilibrium model is in agreement with the
entropy inequality. Let us consider the internal energy equation for phase 1, the
calculations being symmetric for phase 2. It reads

3((0(,0)1;€ + B)1) n d((ap)i (e + B)ru) +(aP), u _ 1 (T — 7). (3.6)
t ax 0x
An equivalent form is
(@) S84 @ Py O = G+ i)l — ). (37)
t 0x

With the help of the volume fraction and mass conservation equations of phase 1,
the velocity divergence can be expressed as

ou 1 doy 1 dp; 1 dpy 1

a=—a?—aw=—ag—aflﬂ(nl—nz)- (3.8)
The internal energy equation now reads
(ap)h % - (Otpf:h % = —(n; + B1) u(my — M) + P p(my — ma). (3.9)
With the help of the Gibbs identity for phase 1, we get
(@pT) S =~ — ) s — ) (3.10)

Using the interface pressure definition for 7; given in (3.2), the entropy equation now
becomes
dS1 Zl

T) — = — )% 3.11
(apT) dr Zi + 7, u(my — m)”; ( )
and we get, for phase 2
dS2 Zz 2
T), — = — . 3.12
(apT)> dr 7+ 7, p(my — ma) ( )

Since each phase has clearly a non-negative entropy production, the mixture entropy
evolution is guaranteed to be non-negative.

3.3. Frozen model

During the unloading stage, the relaxation parameter is set to zero (u=0). It is
interesting to examine the acoustic properties of the corresponding model, as the
hysteresis phenomenon shown in figure 1 is expected to be reproduced by the change
in acoustic behaviour when u varies from o0 to 0.

The frozen limit model corresponds to system (3.1) when w=0. An alternative
formulation of this system is

oW oW
S AW) =

— =0, 3.13
ot 0x ( )
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with the vector of variables W = (a1, s1, $2, u, p1, p>)', and the matrix A defined by

u 0 0 O 0 0

0 u 0 0 0

0 0 u O 0 0
AWI=1(pi=pfp 0 0 u /o a/p (3.14)

0 0 0 pici u 0

0 0 0 pme3 0O u

The eigenvalues of this matrix correspond to the wave speeds

o =u, Al =u—cy, Jo=u+cy. (3.15)

Here, the frozen sound speed cy is defined by
c? = ch% + Y2C%. (3.16)

This sound speed is much greater than the mechanical equilibrium sound speed given
in (2.38), as shown in Appendix B. Moreover, this result guarantees hyperbolicity of
the non-equilibrium model (3.1).

3.4. Limit system when p — 400

During compression the relaxation parameter is assumed stiff (u— +o0). It is
important to show that the asymptotic limit when u — +oo0 of the non-equilibrium
model corresponds to the mechanical equilibrium one (2.33). This is detailed in
Appendix A. Thus, it is now clear that formulation (3.1) contains two limit models,
each one being hyperbolic and having its own mixture sound speed. Closure of this
model is achieved by defining appropriate EOS and relaxation parameter u. Equations
of state are proposed in the next section. Justification of the relaxation parameter
switch will be examined in §7.

4. Equations of state

Since a powder compaction situation involves two thermodynamic phases (solid
and gas), three EOS are needed. Indeed, both materials being compressible, an EOS
for each phase is needed to express its thermodynamic behaviour. This is particularly
important as we are dealing with large-amplitude wave dynamics. A third EOS is
needed to express inter-granular pressure linked to its corresponding configuration
energy.

4.1. Thermodynamic equations of state
For the sake of simplicity, each material is assumed to obey the stiffened gas EOS.
This formulation is able to deal with both gas and condensed phases. It reads as
Pe= (v — 1) prex — Vi Prco- (4.1)

Parameters y, and Py, are characteristic of a given material. They are determined
from a given reference curve, in general the experimental Hugoniot curve, as detailed
for example in Le Métayer et al. (2004). Data for some materials are given in table 1.

4.2. Granular equation of state

When dealing with solid—gas mixtures, only the solid phase is subjected to inter-
granular efforts and contains consequently configurational energy. The granular EOS
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po (kgm™) Y P (Pa)
Air 1 1.4 0
Liquid water 1000 4.4 6 x 10?
HMX (octogen: cyclotetramethylene—tetranitramine) 1903 5.5 31 x 108
NacCl 2165 42 63 x 10*

TaBLE 1. Stiffened gas EOS data for some materials under interest for powder compaction.

is determined by quasi-static compression of powders. The system volume is measured,
and the granular bed solid volume fraction is deduced, as a function of the applied
stress. This type of experiment is described, for example, in Kuo et al. (1980), Elban &
Chiarito (1986) and more recently in Jogi (2003), where successive loading—unloading
cycles have been studied.

The granular EOS is a simple way to express complex multi-dimensional effects
occurring at grains scale such as rearrangements and plastic deformations by using
experimental data quite easy to obtain. With this approach microscopic effects are
summarized in granular pressure and energy with the help of macroscopic variables
only.

It is possible to fit (granular pressure — solid volume fraction «) curves by the
following function, representing the configuration energy (the granular pressure will
be determined subsequently):

_ [Bule) ifag<a<l,
Bla) = {0 otherwise, (42)
where
By(a) = a[(1 —a) log(l —a) + (1 + log(1 — o)) (e — ag) — (1 — o) log(1 — exo)]".
(4.3)

The positive parameter «, corresponds to the solid volume fraction when the granular
pressure is zero. This volume fraction depends on the powder material, on its
morphology, on its granulometry, etc. It is clear in (4.2)—(4.3) that B(ap) =0.
Parameters a and n are also characteristic of a given powder, and more precisely
of its response during quasi-static loading.
For the present model, it is necessary to formulate the first and second derivatives
of B(«) defined by (4.2)—(4.3). The first derivative reads as

(n=1)/n
B
dB ) B/(x) = —an(log(l — a) + 1) Bl ifoy <a <1,
du a a (4.4)
o .
otherwise.
Obviously,
B
d—(0{0) =0, whenn > 1. (4.5)
do

This guarantees tangency of the pressure curve with the volume fraction axis at
o =ap. The granular pressure is readily deduced from:

dB
Br = (ap) th:. (4.6)
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Beta (MPa)
350 . : .

300 |

250 +

200 +

150 +

100 t

50

0 1 1 1 1 1
0.60  0.65 0.70  0.75 0.80 085 090 095 1.00
% TMD

FIGURE 2. Approximation of the experimental compression curve (bold lines) for granular
HMX following Jogi (2003) by the granular EOS (4.2)—(4.6) in lines. The fitting parameters
are determined in the zone where the curves are superimposed. Function behaviour for
extrapolated data is shown when solid volume fraction tends to one. Obviously, compressible
effects involved in the thermodynamic EOS become important in this range. Fitting parameters
in the solid volume fraction range 0.63-0.93 are a =3 x 10* Pa and n = 1.1. The percentage of
theoretical maximum density is defined by % TMD = («; 05)/ 50

Then, the second derivative is determined, as it is involved in the solid-phase sound
speed definition:

&?B [Bj(a) ifay<a <1,
da? {O otherwise, “7)
where
(n—=1)/n (n—2)/n
B;/(a)zanl<lia> (Bila)> T (n—1) (log(1 —a) + 1) (Bg")> ]
(4.8)

By using Jogi (2003) experimental data, based on granular HMX, with particle size
around 100 pm, we have obtained the fitting curve in lines shown on figure 2, on the
basis of definition (4.6) with configuration energy defined by (4.2)—(4.3).

Using Duberg & Nystrom (1986) experiments based on granular NaCl, we have
obtained the results shown in figure 3. We now have all data to perform the model’s
numerical validation for wave dynamics in powders and study compaction hysteresis
phenomenon. Appropriate numerical schemes have been derived in Saurel et al. (2009)
in a simplified situation of fluid—fluid model. The same algorithm can be used for the
present application, except regarding some details which are specified in the following
section.

5. Numerical method

The non-equilibrium model (3.1) is close to the two-phase model studied in Saurel
et al. (2009). The numerical method described in that paper proceeds in three main
steps:
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Beta (MPa)
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055 060 065 070 0.75 080 0.85 090 095 1.00
% TMD

FIGURE 3. Approximation of the experimental compression curve (bold lines) for granular
NacCl following Duberg & Nystrom (1986) by the granular EOS (4.2)—(4.6) in lines. The
fitting parameters are determined in the zone, where the curves are superimposed. Function
behaviour for extrapolated data is shown when solid volume fraction tends to one. Obviously,
compressible effects involved in the thermodynamic EOS become important in this range.
Fitting parameters in the solid volume fraction range 0.55-0.9 are a =5 x 10* Pa and n=1.02
(%o TMD = (05 05)/ ps0)-

(a) hyperbolic step: solve the non-equilibrium system without relaxation terms;

(b) relaxation step: determine the equilibrium pressure and associated volume
fraction;

(c) internal energies reset: use the equilibrium volume fraction in the mixture EOS,
based on mixture energy conservation (2.44), determine the corrected equilibrium
pressure and reset the phase internal energy.

In the present context of granular materials, the formulation solved in the hyperbolic
step is the following (k=1, 2):

80[1 80[1 _
W +u 87 0,
(o )k + (o) u) — 0,
ot ox
d(ap)er) | d(ap)eru) u
Py + ox 4+ (aP); rl 0, (5.1)
dou) = 9(pu*+ (aP); + (aP),)
+ - Y
ot 0x
APE)  OI(pE + (a1 Py + ay Py)) u) —0
ot ox )

The only difference compared to the formulation used in Saurel et al. (2009) for fluid
mixtures is in the total mixture energy definition (E =e + B + u?/2) that involves a
thermodynamic part and a granular one. The internal energy equations of formulation
(3.1) are simplified in (5.1) with the help of the granular Gibbs identity (2.22).
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The third step of this method (internal energy reset) is also unchanged. The only
change is related to the mixture EOS (2.44) that is used instead of its fluid variant.
The second step (pressure relaxation) is, however, quite different as the mechanical
equilibrium condition is different too. This relaxation step is done only if 7; > 7.
The relaxation step consists in solving the differential system:

o
ot
d(ap) _
ot ’
d((ap)i(e + B)y)
ot
d((ap)a(e + B)n)
ot
3@MZQ
ot
d(pE)
ot
in the limit 4 — +o0 and with nt; defined by (3.2).
Since only the equilibrium solution is required, the aim is to replace this ordinary

differential system by an algebraic one. After some manipulations, the internal energy
equations become (k=1, 2):

= u(m — M),

= —m; p(n — ),

(5.2)
= +7; (T — M),

=0

8(€k + Bk) i %

= 0. 5.3
a1 "ot (53)

Under integral form, this system becomes
(ex + Bi) — (€ + BY) + ftyu (v — ) =0 (54)

with
1 At 8vk

Rpx = — dr. 5.5
Tk Uk—v;?/o T ar (55)

Following Saurel et al. (2009), the interfacial pressure average can be estimated with
sufficient accuracy by setting ft; ; = m, which represents the pressure in the equilibrium
state.

The system to solve is thus composed of the following equations:

er(P, vi) + Bi(oy, pr) — e,?(PkO, v,?) — By (a,?, ,o,?) + Tc(vk — v,?) =0, k=1,2. (5.6)

The apparent densities (xp);, remain constant during the relaxation process. Also,
the volume fractions can be expressed as o; = (ap)? v,. Consequently, system (5.6)
becomes (k=1, 2)

€k(P, Uk) + Bk(vk) — e,?(P,?, 1)1?) — By (U,?) + 7 (Uk — U,?) =0. (57)

This system involves three unknowns v; (k =1, 2) and the equilibrium pressure 7. Its
closure is achieved by the saturation condition

a1, (58)
k
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It is more convenient to express this condition as

> _(phoe = 1. (59)
k

To be more explicit, let us take the example of materials governed by the stiffened

gas EOS (4.1). The internal energy in (5.6) can be replaced by a function of pressure

and specific volume

P + Y i
ve—1

The pressures in each phase can be expressed with the help of the equilibrium stress

as functions of , P, =7 + Bi(o, o). System (5.6) becomes

s Py P P
T B VP, g Pt ViPook
e —1 n—1
Note that in state ‘0°, corresponding to the state at the end of the hyperbolic step,
the equilibrium pressure m has not been used, as this state is out of mechanical
equilibrium.
After some manipulations, we get
o PO AV P+ (i = Dm)ul + (e — 1) (BY — By) 5.12)
= . .
Br + vi (T + Pr o)
As this equation involves functions B (ay, ox) and Bi(c, pr) that can be rewritten as
Bi(vr) and By (vy), the preceding equation becomes a function to be solved for the
determination of specific volume v;. For a given estimate of the equilibrium pressure
7, specific volumes v, are the solutions of this equation. The pressure estimate is
correct if the constraint (5.9) is fulfilled. The Newton method is appropriate for such
a task.

(5.10)

€ = Vg

v,?—B,?—I—TE(vk—v,?) =0. (5.11)

6. Test problems and validations

The model has been built to deal with three main features: irreversibility of
powder compaction, wave dynamics (shock and expansion waves) and computation
of interfaces separating fluids and granular mixtures. The model’s ability to simulate
these various phenomena is validated on several test problems.

6.1. Compaction of a powder sample

Let us consider a HMX powder sample 1.5cm long, made of the same powder as
those studied by Jogi (2003) with an initial solid volume fraction of 0.63. The sample
is pressed by a left-moving piston at imposed velocity of 1 ms~! to the right. The right
wall boundary is at rest and assumed to be indeformable. The situation is depicted
in figure 4.

The computational domain involves 100 cells. The method described in the
preceding section is used with an extended version on moving meshes. The
corresponding solution is shown at times 25.5 s, 51.0 us and 76.4 pus in figure 5.

The propagation mechanism shown in figure 5 is very fast compared to the piston
motion. Multiple reflections occur between the two boundaries during slow piston
motion rendering the various variable fields quasi-uniform, functions only of time.

With the same piston velocity, the powder sample is pressed up to the solid volume
fraction of 0.80, then the piston is removed at very slow velocity (—0.01 ms™'), until
the mixture pressure reaches the atmospheric one. At this moment, the piston motion
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FIGURE 4. (Colour online) Schematic representation of a powder press.

(a) Mixture pressure (MPa) (b) Phase pressures (MPa)
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© Velocity (m s1) () Volume fraction of condensed phase
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FIGURE 5. Propagation of a weak compaction wave in the mixture. Mixture pressure
(P =a1 P + a2 P»), phase pressures, mixture velocity and solid volume fraction profiles are
shown at times 25.5ps, 51.0 us and 76.4 ps. The compression wave is dispersed and produces
a weak solid volume fraction increase. The pressure difference between the gas phase (bottom
lines) and solid phase (solid lines) due to the granular pressure is visible on the second graph.
The compaction wave reflects on the tube end at the last instant. Stiff pressure relaxation is
used, corresponding to the mechanical equilibrium model.

is stopped. Flow variables being uniform in space only their time evolution is shown
in figure 6.

The first graph of figure 6 shows piston evolution. Its velocity is positive initially,
then it is negative for about 1.5ms, and zero when the mixture pressure reaches
atmospheric one. Piston trajectory is shown on the second graph. The mixture pressure
increases during compression, then decreases rapidly when the piston has negative
velocity, even if this velocity is very low. This is a consequence of the sound speed
change in the model, which ranges from the mechanical equilibrium one when
u — +oo to the frozen one when wu=0. The solid volume fraction increases during
compression and remains frozen during expansion. Thus, the granular medium stays
compact. The thermodynamic solid pressure has the same evolution as the mixture
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(a) Piston velocity (m s™1) (b) Piston abscissa (m)
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FIGURE 6. Evolution of flow variables versus time for a loading—unloading cycle with HMX
powder. The maximum solid volume fraction of 80 % is reached at time 3ms and remains
unchanged during unloading. The hysteresis cycle is shown on the last graph.
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Mixture pressure (MPa)
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FIGURE 7. Mixture pressure evolution as a function of compression rate (Y% TMD = a0,/ 00)
for three successive loading—unloading cycles of HMX powder. Experimental data are shown
in thin lines, numerical results in bold lines. The agreement is very good for a model free of
adjustable parameter.

pressure that decreases abruptly during expansion. The solid phase thus recovers
atmospheric pressure at the cycle end. Contrarily, the gas phase stays compressed in
pores, as the sixth graph shows. The graph of total pressures (P, — Br) shows stress
equality during compression stage and disequilibrium created during expansion stage.
This disequilibrium is not surprising. At the cycle end the solid pressure has reached
atmospheric one, but the granular pressure 8, that represents the effect of plastic
stress at the granular scale is still present. To end, the most characteristic graph is
the last one, where the mixture pressure is shown as a function of the compression
rate (% TMD = (w,p5)/ 050, Where py represents the standard density of the solid
phase). The compression rate exhibits a slight decrease during expansion, due to
the mixture compressibility. Indeed, the expansion curve around 80 % TMD is not
strictly vertical. This last graph clearly shows the ability of the model to predict the
compaction hysteresis phenomenon.

We now address the same experiments as done by Jogi (2003), with three successive
loading—unloading cycles. In these examples, the volume fraction has been recorded
at the end of each unloading stage. For the first cycle, the powder is pressed up to the
solid volume fraction of 0.75, and then the stress is relaxed. Then the same sample
is compressed again, up to the solid volume fraction of 0.809 and the stress relaxed
again. For the third cycle, the mixture is pressed up to the solid volume fraction of
0.938 and the stress relaxed again. Results are given in figure 7 and compared to Jogi
(2003) experimental data.

Similar agreement is obtained with Gonthier (2003, 2004) model when compared
to Jogi (2003) experimental results. However, the two-phase flow model of Gonthier
contains explicitly an extra function corresponding to no-load solid volume fraction.
This function needs extra experimental efforts for model’s calibration.

In order to show the ability of the present model to deal with different kinds
of powders, we now consider NaCl powder, studied experimentally by Duberg &
Nystrom (1986). EOS parameters are given in table 1 and figure 3. A comparison
between model predictions and experiments is shown in figure 8.

We now examine the model’s ability to deal with large-amplitude wave propagation
as well as interfaces separating pure fluids and granular mixtures.
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FIGURE 8. Mixture pressure evolution as a function of compression rate for NaCl powder.
Experimental data are shown in thin lines, numerical results in bold lines.

6.2. Waves and interfaces dynamics

In all following tests, the granular material corresponds to HMX powder with EOS
parameters given in table 1 and figure 2.

Let us consider a shock tube of 1 m length involving a high-pressure chamber on
the left, filled with a gas at the initial pressure of (0.1 GPa), and a low-pressure
chamber on the right, filled with the same granular material as the one studied in
figures 5-7 at atmospheric pressure. The gas is governed by the ideal gas EOS with
air polytropic coefficient. An initial volume fraction discontinuity is thus present in
the tube at abscissa 0.5 m. In order to prevent division by zero in the flow model, the
solid volume fraction in the left chamber is set to 107°. In the right chamber, it is
set to 0.63. The initial density of solid is constant in the whole domain and equal to
1903 kgm™. That of the gas phase in the high-pressure chamber is set to 100 kgm™
while in the right chamber it is set to 1kgm ™. Both initial states are initially at rest.
The aim of this test problem is to show the model’s ability to compute right facing
shock and associated bed compaction, left facing expansion wave and the interface
evolution separating the nearly pure gas from a granular mixture. Results are shown
in figure 9 at time 0.38 ms. The mesh involves 1000 cells.

On the first graph of figure 9, the left facing expansion wave and right facing
shock are clearly visible. At the interface location, visible on the fourth graph, the
pressure and velocity are perfectly continuous. The phase pressure graph shows the
solid pressure in lines and the gas pressure in dash lines. There is a pressure difference
between these two phase pressures, due to the granular pressure effect. On the left,
the solid pressure reaches a very low level and is not in equilibrium with the gas
phase, as the left part of the domain corresponds to an expansion process. This has
no consequence as the solid volume fraction in this zone is very small.

The same test is rerun with increased initial gas pressure in the left chamber by a
factor 100 (10 GPa) in order to simulate conditions close to detonation product contact
with granular media. Corresponding results are shown in figure 10 at time 36 ps.

This test shows the ability of the model to deal with interfaces separating fluids and
granular mixtures in severe conditions, where fluid behaviour of granular materials is
recovered as a limit. Pressure difference between phases in the granular bed becomes
negligible.
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FIGURE 9. Shock tube with high-pressure gas on the left and granular mixture on the right.
Interface conditions of equal mixture pressure and equal velocities are perfectly matched. The
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FIGURE 10. Shock tube with high-pressure gas on the left and granular mixture on the right.
Interface conditions of equal mixture pressure and equal velocities are again perfectly matched.
The pressure difference between phases in the compacted zone in the right chamber now
vanishes, showing negligible effects of granular pressure in these conditions, at least regarding
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FIGURE 11. Shock tube with high-pressure granular mixture on the left and low-pressure gas
on the right. Interface conditions of equal mixture pressure and equal velocities are again
perfectly matched even in the absence of relaxation effect (u =0).

We now consider the symmetric situation with the expansion of a high-pressure
granular bed. In the left chamber, the granular bed is at the initial pressure of 10 GPa.
On the right, gas is present at atmospheric pressure. In these conditions, the model
uses a zero relaxation parameter (1 =0) and its ability to solve interfaces has to be
checked. This is the goal of the results shown in the figure 11.

These various tests show the model’s capabilities to deal with various kinds of
interface problems:

(i) when the granular bed is in compression, corresponding to the use of the model
with stiff relaxation (4 — 4-00) in compaction zones;

(i) when the granular bed is under expansion, corresponding to the use of the
frozen non-equilibrium model (u =0) to express the irreversible character of powder
compaction.

Both limit models are suitable for interface problem computations.

6.3. Two-dimensional examples

Both model and method are able to deal with complex multi-dimensional phenomena
appearing during the impact and penetration of a projectile into a granular bed. This
is illustrated by an example given in figure 12, where a solid projectile (considered as
non-deformable) impacts a granular mixture. The solid projectile is made of copper
(0 =8900kgm™?), and moves to the right at the initial velocity of 10ms~".

The copper projectile has an initial radius of 0.1 m. The other dimensions are given
in figure 12. The same HMX powder as previously studied is considered, with the

initial HMX density of 1903kgm™. The granular bed has an initial solid volume
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2.75m 325m

Copper

FIGURE 12. Schematic representation of the initial conditions during the impact of a copper
projectile into a granular mixture made of HMX powder with an initial solid volume fraction
of 0.63.

Reversible Irreversible
(@) () 1=73ms ®)

i

(i) £ = 147 ms

b} i

(iii) £ = 221 ms

(iv) =295 ms

|

(v) t=368 ms

FiGgure 13. Qualitative flow behaviour during the impact of a solid projectile into a granular
bed. On the left graph column, the mechanical equilibrium model has been solved by the help
of the non-equilibrium one, which corresponds to using stiff relaxation parameter everywhere
(¢t > 400). On the right graph column, the switch (3.3) is used, which corresponds to irreversible
compaction. Computed results are shown at times (a) t =73 ms, (b) t =147 ms, (¢) t =221 ms,
(d) t=295ms and (e) t =368 ms.

fraction of 0.63. The surrounding air, as well as the air contained in the powder, has
the initial density of 1kgm™.

The flow behaviour is clearly different in figure 13 when irreversibility is accounted
for, especially in the projectile wake. This can be important for example for the
determination of the amount of ejected powder due to projectile impact.

This type of computation involves three materials: the air, the granular powder
and the solid projectile. Model and method extension to an arbitrary number of
phases is straightforward. The non-deformable character of the solid is solved with
the correction procedure detailed in Petitpas et al. (2009).

6.4. Shock-induced powder compaction

We now examined model’s validity against experimental data for shock propagation in
powder samples. Corresponding experiments have been done by Sandusky & Liddiard
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FIGURE 14. Comparison of numerical (lines) and experimental (symbol) results for waves
speeds, pressure and per cent theoretical maximum density in the shocked state for various
piston impact velocities.

(1985). In the following test case, the granular material corresponds to HMX powder
with the following parameters a,o =0.73, a = 10* and n = 1.05 for the granular EOS.

Thermodynamics HMX parameters are those of table 1. We assume the porosity to
be filled with air with density p =1.2kgm™ and y = 1.4. At initial time, the HMX-air
mixture is at rest and a piston impacts the granular bed at various velocities. In the
figure 14, we compare experimental measurements (cross symbols) and numerical
results (lines). The shock wave speed, the shock pressure and the per cent theoretical
maximum density after compaction for various piston velocities are presented. The
results are in excellent agreement.

7. Relaxation parameter switch discussion

The non-equilibrium model (3.1) is able to link in a unique formulation, the
frozen model with sound speed ¢ =Y,cf 4 Y,c3, when =0, and the mechanical
equilibrium model (2.33), with sound speed (2.38) when p — +oco. The irreversible
powder compaction cycle shown in figure 1 has thus been successfully reproduced in
figures 7 and 8 with the following relaxation parameter switch

+o0, if m > M,
M =

7.1
0, otherwise. (7.

To explain this switch procedure, it is first important to agree with the idea this
function is a simplification of a certainly much more complex function, which remains
to be determined, equations (7.1) being a fair approximation for most flow situations.
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It seems that powder compaction involves at least four different stages:

(a) Stress accumulation. During the early events of granular bed compaction,
acoustic wave propagate and reflect on the solid piston and wall boundaries
making the mixture pressure increase, in particular those of the solid phase. Elastic
deformations appear, but are of low amplitude due to the high resistance of elastic
bodies to deformation. During this stage, the solid volume fraction is nearly constant,
and the pressure relaxation parameter is close to zero. But for slightly increasing
compression rates (a few per cent) the stress differential (m;—m,) exceeds the plastic
limit Y,. For HMX, this limit is of the order of 100 MPa (Khasainov et al. 1981).
Then, the process undergoes plastic deformation.

(b) Plastic deformation. Plastic deformations result in stress relaxation, i.e. T =T,
at the end of the relaxation process. This process occurs obviously at finite rate, but
if the details of this relaxation process are not of interest, and if only the equilibrium
state has importance, the relaxation parameter can be set stiff (u — +00). During this
stage, plastic stresses increase, as well as the granular pressure S; that summarizes
their effects. It is important to remind that this relaxation process occurring in plastic
regime is irreversible.

(¢) Frozen unloading. Plastic stresses around gas pores are now present and are
represented by B;. If the piston is removed, the solid pressure rapidly adjusts to
the external one (atmospheric for example), but the plastic stresses at pore scales
remain present and unchanged. Plastic deformation being irreversible, pore volumes
are unchanged, as well as solid volume fraction. This corresponds to the use of the
frozen model (u =0). The granular bed remains compact and out of equilibrium.

(d) Long time relaxation. If the compact granular solid is left in these non-

equilibrium conditions for a very long time (several months or years), stress relaxation
will occur, producing compact solid dislocation.
Our goal is not to model the (a) and (d) stages. To illustrate stages (a) and (b)
let us consider again the same granular HMX sample under frozen compression,
corresponding to the stress accumulation stage, followed by finite rate relaxation
step corresponding to plastic deformation. During the second stage, the relaxation
parameter is arbitrarily set to 4 =10"°Pa~'s~'. The powder sample is compressed
by a relative volume of 1% only. To illustrate the scale of this transformation,
stages (a) and (b) are shown on the same graph as experimental data in
figure 15.

During stage (a), the mixture pressure increases dramatically as the volume fraction
is frozen and the solid is weakly compressible. Considering =0 in stage (a) is
certainly excessive, but it shows that the plastic limit of 100 MPa for HMX can be
overpassed easily (the stress differential at the spike value is m;—m, = 180 MPa). Then
plastic relaxation occurs and the mixture pressure decreases dramatically, to reach
finally the equilibrium curve.

As the equilibrium curve has been reached after plastic deformations, which are
obviously irreversible, the unloading stage (c) will occur at constant solid volume
fraction. This justifies the use of u =0 during unloading stage (c).

In most practical applications, there is no need to describe the details of stages (a)
and (b). Only the equilibrium relaxed state of stage (b) is needed. This is done by
using u — +oo instead of stages (a) and (b). This justifies switch (7.1). This switch
procedure makes the model free of adjustable parameter.

The main limitation with this model relies in its single velocity description of
multiphase mixtures. In some applications, gas (or liquid) permeation in granular
beds may have important effects. To deal with these effects, the preceding model
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FIGURE 15. Decomposition of stages (a) and (b) of the compaction process. The plastic limit
is exceeded during stage (a), even for very low relative volume compression, and stress
relaxation occurs in stage (b). These events are shown in bold lines. The end state of the
relaxation path belongs to the equilibrium curve of the considered material (experimental
results in lines).

needs important and difficult extension: restoration of velocity drift effects. This issue
is addressed in the following section.

8. Compaction model with velocity drift effects

The compaction model presented before is a temperature non-equilibrium two-
phase flow model with a single velocity. In specific situations, fluid permeation effects
in granular beds may have importance. Following Guillard & Duval (2007), a Darcy-
type law can be obtained to model drift effects. This Darcy law was obtained on the
basis of asymptotic analysis of the velocity non-equilibrium Baer & Nunziato (1986)
model in the barotropic case. We extend here the approach to non-barotropic fluids
in the presence of configuration (granular) effects.

8.1. Non-equilibrium model

The Baer & Nunziato (1986) model considers each phase as compressible, evolving
with its own velocity, temperature and pressure. The system is hyperbolic and involves
seven partial differential equations for two phases in one dimension. Its natural
generalization to the case of granular mixtures in absence of heat and mass transfers
is (here only the equations for phase k =1 are written down)

Aoy 4 ooy .
N Uy—— =
ot Tox MR
d(ap) i d(apu); —0,
at ax (8.1)
d(apu); " d(apu® +aP) - day lu |
dt dx T
dapE da(pE + P 9
(O!/O )1 + (a(,o + )u)l — nlulﬂ — }VM,[MR — UTTCR.
3 ax 0x
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Here, mp =(m;—m,) and up = (u1—u;) are associated to stress and velocity relaxation
parameters u and 4. Four symmetric equations are available for the second phase.
As previously, the total energy for phase k involves configuration energy:

Ek =e; + Bk + %u,% (82)

Following Saurel et al. (2003), we define the interfacial variables by

day TR . Ziu+ Zru,
up =uy —sgn s U=,
8)( Zl +Zz Zl —I—Zz (8 3)
, 8061 VAVA) , Zym + 21,
Ty =7T; —8 Ug, T = —F5—F5 —
0x Z1 + Zz Z1 + Zz

Here Z, = pi ¢, is the acoustic impedance of phase k. The Darcy-type law, responsible
for gas penetration is obtained on the basis of asymptotic analysis of flow model
(8.1) in the limit of stiff mechanical relaxation. To perform this analysis, we express
system (8.1) in terms of physical variables (density, pressure, velocity). Corresponding
equations are summarized hereafter:

d1a1 Zz 80[1
= u
dr Z\+ 72, 0x

o (Qpr 0wy ) din
1 dr /018x L1 dr ’

d1u1 8P1 VA dary
_— = — B — _— —;\’ .
(o) =g Ty Ptz vz ™) e M (84)
d1P1 zaul lell lez 80[1
et hdats o =172 et
Ol1< dr + p1€7 ox /OICI dr + 1 (Z1 + Zz) RTR ox

Z Z
(2 pi )
1(21+Zz kT r TR

Here,
d; d ad
— = — —, k=1,2,
dr ot + ax
86") = L , 86") & — i , (8.5)
0P ), Pl 0ok ) ok Pl
1 d YAVA 0
M/ S p—— ﬂ N = 142 ﬂ .
Zi+7Z, | ox Zi+27Z,| ox
The associated entropy balance equation reads
dys Z, ., 5 Z; )
T) — =
(@ T) dt Zl-l-ZzA R+Z1+ZzlunR
Z 8a1 day ?
_— z iz |, (8.6
t s [ (zoun e sen (52 ) )+ 80

ensuring non-negative entropy production in phase 1. A symmetric result can be
obtained for the second phase. Obviously, non-negative entropy production for the
mixture is thus guaranteed.
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8.2. Supplementary equations

Combining the phase velocity equations of system (8.4), the following evolution
equation for the relative velocity is readily obtained

dup 9 _h-h
ar | ax \MR\H 2 Uk

1 d(ai Pp) d(azPy) , 0oy /
= — Y. —Y -7, — + A . (8.7
pYY, ( 2 ox Y o T 0x t AR (87)

This last relation is important for the determination of the Darcy-type law, around
the mechanical equilibrium limit.

System (8.1) also implies the following mixture mass, mixture momentum and
mixture energy conservation equations, which are obtained by summing respectively
the two mass equations, the two momentum equations and the two energy equations
of system (8.1). These mixture conservation laws read

dp  dpu) _ 0
ot ax ’
2 2
Apu) | A(pw’ +P+phitaug) o (8.8)
dt 0x
MPE) | H(pE + Put pYi¥yug He) _
ot Ox ’
where (k=1, 2),
o =aipi+op, P=a P +aP,
u="Yu +Yus, Yi=(aph/p,
(8.9)

1 P,
E=Yi(ei+B)) + Yales + By) + 5 (u* 4+ YV1Youy), He=E+ p—"
k

Hgy = Hi — Hy, ug=(u1—u),

respectively define the mixture mass, pressure, velocity, phase k mass fraction, mixture
total energy, phase k total enthalpy, phase total enthalpy difference and phase velocity
difference.

The term (Y Y,u%)/2 represents a turbulent energy due to relative motion and the
term pY,Y.u% represents the associated turbulent pressure. There is no assumption
made in system (8.7). Turbulent terms appear just as a consequence of the relative
velocity consideration.

With these notations, the mass equations of each phase can be written as

d(ap) n ((ap)i u) N d(pY1Vaug) _ 0.
ot ox 0x
dap) | I(ap)ru) 0(pYiYoug) (8.10)
+ — =0,
ot 0x ox

8.3. Asymptotic analysis

The asymptotic analysis presented in this section follows the lines of Kapila et al.
(2001). Each flow variable is assumed to be smooth enough to possess the asymptotic
expansion f = f%+¢&f! where f° represents the mechanical equilibrium state and f!
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a small perturbation. Inversely, the mechanical relaxation parameters are supposed
to be stiff, namely

,u=@, o = cte > 0,
(8.11)
AN=—=, Jlg=cte>0.

Inserting these definitions in (8.4), the following mechanical equilibrium constraints
are obtained at the order 1/¢

0 _ 0

Ty =T,

o o o o (8.12)
up=0, or uj=u;=u".

The Darcy-type law is obtained at the zero order expansion of the relative velocity
equation (8.7)

daP)d daP) dar?
) 1 _ 0 2 _ o 1 0991
Aot =Y o Y, o + 7 oy (8.13)
With the help of (8.12) and mixture pressure definition, it can be rewritten as
1 opP° d(aB)? d(aB)d
ul, = P <(a?— YY) P —a) R L o) R 2, (8.14)
The relative velocity thus reads
1 ap° d(aB)® d(aB)d
uRzu(,)e—I—eu}e:i((a?—Ylo) Py —al o L +af o 2, (8.15)

Finally, omitting superscripts ‘0’, we can formulate the following flow model with
permeation effects

d(ap)y " d((ap)i u) n (pY1Yaupg) _

07
ot 0x 0x
d(ap), n W(aphu) _ 3pYiYour) _ g
d a ad ’
! * * (8.16)
dpu) d(pu’>+ P)
+ = 07
ot dx
d(pE) n I(PE + P)u+pYiYoug Hg) _ 0
ot ax ’
with
1 oP o(a d(a
Up = 1 <(011 - Yl)a — (af)l + oy (3f)z> , T =T,
(8.17)

1
EZYl(el-{—Bl)—i-Yz(ez-{-Bz)—i-Euz, P:Ol1P1+C¥2P2.

The turbulent pressure (pY Y>u%) and turbulent energy ((YiY>u%)/2) terms have
disappeared, as a consequence of the mechanical equilibrium constraints (8.12).
However, this system is not closed, as temperature disequilibrium is present. Closure
of this system requires an appropriate volume fraction equation that should be
determined in agreement with the entropy inequality. This is the aim of the following
subsection.
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8.4. Volume fraction and entropy equations

The method developed in Saurel et al. (2008) to determine the volume fraction
equation consists in determining the entropy equations from a system composed of
(i) the mixture internal energy equation written in terms of entropy and volume
fraction evolutions. Such an equation is obtained from the system of conservation
laws (8.16)—(8.17);
(i1) the mechanical equilibrium condition (1; = 1,), differentiated along a trajectory,
linking the same entropy and volume fraction evolutions.
From this system, the entropy equations are obtained as a function of volume fraction
evolution equations. Analysis of the entropy production terms provides information
to determine the volume fraction equation, in agreement with the mixture entropy
inequality.

8.4.1. Energy conservation constraint

Let us examine the mixture energy equation. Combination of mass, momentum
and energy equation of system (8.26) yields to the following equation:

d¢ Pdv 1 a(lequR((h—}—B)l —(h+ B),))

1
dr + dr dx e (8.18)

where the mixture internal energy &, the specific volume v of the mixture and the
mixture pressure P are respectively given by

(§:Y1(e+B)1+Y2(e+B)2, U:Y1U1+Y2U2, P:TC-{—ZO{jﬂj. (819)

With these definitions and relation (2.22), the mixture energy equation becomes

ds, ds» day
VT =t + YT —2 +((h+B)1—(h+B)2) !

dt dt
1 Y1 Y h B)yi—(h+ B
P ax
Using the phase mass equations, the energy equation thus becomes
dsy d 8 h+B),—(h+B
v, 8 v 92 4y, QB (Rt BY) (8.21)
dt dr ax
It is worth to mention that this equation can also be written as
d]Sl d2S2
T Y, T
T + 11 —— dr
8h1 as1 8/’12 8S2 831 832
1Y — T — -1, — ———1=0. (822
th ZMR[ax ax <8x 8x> ax ax} (8.22)
Noticing that for k=1, 2
1 0P oh d B 0
Lok _ b gls g OB A B (8.23)
P 0x ox ax’ ox (o) 0x
we obtain
d d 1 0 0 d
v G5y 9 L ey o) 0Ty 3@B |y S@Bh] gy
dr dr 0 ox ox ox
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As the relative velocity (8.15) can also be expressed as

B(Otﬁ)l Y, y, 3@B)

Y — 8.25
Ug ( 1 (23] ) 9x Ix s ( )
we get
d]S] d2S2 A 2
Y\ T YoIh— = —uy. 8.26
g + i, ar pMR ( )

8.4.2. Mechanical equilibrium constraint
The mechanical equilibrium condition reads
Pi(p1, 51) — Bi(p1, a1) = Pa(p2, $2) — Ba(pp2, 2). (8.27)
Differentiating this equation leads to

on) dn 0n) b1 dh(,dn | dn)

bor ), At T am ), A den \Mdr T

dzB1 dOt] 8P2 d,02 3P2 dS2
—(ap) = dr
s P2 !

Ga? @ g )t T an
de dp2 dO{2 dsz dOlz
daz(“zdzwdt) (S 2. (5.28)

Using the definitions

OB\ _,o B
o ), s

2 o 2 @B
=p i Ty, and Cp =ci+op —,
Pk dak

(8.29)

as well as mass equations of each phase and granular pressure definition, we get

dS1 dSz ,01C]2 ,02C22 d0l1 2 o100
I'T)y) —— = — —pCy——= A |, (8.30
(orT) S (prr), ( L 2R ) (GG ) (830)

where

o = ((,020% — ﬂz) - (P]Q
1 _ o o)
pCy pCE o pC3

pici — Bi | pacs — Bo\ 3(pY1Yaug)
) 3 ((aml * (amz) x

(8.31)
It can also be expressed as
d1S1 d2S2 p1Ci | pC3 da; ,  aiap
(:0 )1 ( )2 o + o dr Plw Plcf ,OzC%
I d
:@:JZZ—FleYzMR le aSI szzj .
oy 0x o) 0x
(8.32)
Let us express this equation as
d d C? C3?
(pITH S _(prT), 22 = (P15 P52 ) (8.33)
dr dt a1 0o
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Determination of the entropy equations therefore results in solving the system
composed of (8.26) and (8.32)

nr, —— dlSI + 1 —— das2 i ug’,
oI St = or Ty G = (P4 25 g,
oq (0%)

the solutions of which are
disi ' ()u2 _1_%,016‘12 0C3 1 A),

(ap)r ——

dr T, I R Iy o 2% ,OC%V (835)
d2S2 . r (0% o1 ,O]Cl ,02C2 1
( )2 Au R+ 2 A ’
dr T2 Fz I o %) ,OCW
with
1
—_=aL.® (8.36)

r n n
Therefore, the mixture entropy equation reads
I((aps) + (aps)y) | (((aps) + (aps))u) | 0(p Y1 Youg (s1 —52))
+ +
at ax ax

, [ o a 1 1\ a1 a2 p1C} pC3 1
=T r - ==————=—A. (837
& <F1T1+F2T2> R+ <T1+T2> Fl Fz [05] (0%) ,OC2 ( )

In order that the entropy inequality be fulfilled, it is sufficient to assume the term A
to be positive or zero. Let us assume it is zero. The corresponding volume fraction
equation reads

do 5 o0

(0263 — B2) — (p1ct — ﬁ1))

— =y s
dt W p1C12 po%

c? — 3 — a(p Y1Yru as I,  ds
_(Pei= B pe— B 0lp IZR)—lequR 7T171+72T272 .
(ap); (ap)2 ox oy 0x ox

(8.38)

Let us compare the right-hand side of this last equation with the equation presented
in Saurel et al. (2008), where granular effects are absent but in the presence of

(i) mass transfer, denoted by sy, (ri, = —rmy);

(ii) heat transfers, between the interface at temperature 7; and the phases. Those
terms are denoted by H, (7T; — T}), for k = 1, 2, where the IH,’s stand for the global
heat exchange coefficients.

The corresponding volume fraction equation reads

da, L1 1 ou
— =i pcy | — —
dr L2 0 Cw pic2 pact ) ox

a1 I
2 ( H(T; — Ti) — — Hy(T; — T2>>
P1CT P2C5 \ X1 o

1
tpcd —— (“1 +°‘§) . (8.39)
P12

)

+pcy
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Two terms need interpretation in the right-hand side of (8.38)
Qo i =B ;3 — B\ ApY1Yrug)
(a) pC3 ( + ) ,
Y piCEpaC3\ (ap) (ap)2 dx

a0 F] 8 8
b) pC: ——— YiYVourTy oL + 22 5 Y, YourTy 22
(b) p Wplc ,02C2< 1Y 12MR18 + ,0 1214R28x>

The first term (a) is similar to the third term in the right-hand side of (8.39)
1
pcl <"“ + “j) . (8.40)

W/)lpz (&5}
This term represents the rate of volume fraction change in the presence of mass
transfer. In the present model, the mass transfer appears in differential form

(p Y1Ysug)
ax ’

but the meaning of the multiplying factor is the same as in (8.39). It represents the
inverse of an interfacial density. As detailed in Saurel et al. (2008) in the context
of phase transition modelling, the mechanical relaxation process that occurs during
mass transfer is isentropic. Indeed, mass transfer produces pressure fluctuations in the
phases that provoke acoustic wave propagation, responsible for pressure equilibration.
These acoustic waves being isentropic, the corresponding volume fraction change is
an isentropic process.

The second term (b) is the analogue of the second term of the right-hand side
of (8.39)

(8.41)

oo I’ I
06@2122<11H1(T1 —T) — — Hy(T; — T2)>. (8.42)
P1€Y P265 \ &g o

In the present context, the fluids are assumed inviscid and non-heat conductive. Thus,
conventional heat exchanges are absent. But, generalized heat fluxes are present:

d ]
1% Yl YZ”RTI i and 1Y YI YQMRTQ j (843)
ax ax

They correspond to the heat transported by the relative motion, producing phase
dilatation. The mechanical relaxation process that occurs during dilatation is also
achieved, as previously, by acoustic wave propagation. Therefore, it is isentropic too.

The assumption of vanishing coefficient ‘A’ in the mixture entropy equation is thus
justified on the basis of the acoustic processes that occur during pressure relaxation
accompanied by mass transfer and generalized heat fluxes, due to inter-penetration
phenomena.

The entropy equations become

d(aps) " d((axps)y u) " Ap YiYaugsy) 1 o

— —T lu
dt 0x 0x Tl F] (8 44)
d(aps), n I((aps)ru) d(pYiYougsy) 1 a riu .
dt 0x 0x T, I

The mixture entropy obviously agrees with the second law of thermodynamics:
d((aps)1 + (aps)a) n I(((aps) + (aps)2) u) n A(p Y1 Youg (s1 — 52))

dt 0x 0x
1 o 1 (0%
— <T1F1+ B Fz> Fiuk >0. (845)
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8.5. Summary: pressure equilibrium model with drift effects

We summarize hereafter the thermodynamically consistent pressure equilibrium model
with drift effects

day 5,  aim P ) ou
A PV T paCE (0263 = B2) = (mnei = 1)) 5
_ (/?10%—51 chg—,&) d(p Y1Youp)
(o)1 (ap)2 ox
I I
_;OYIY2”R<1 T, 951 + 2T as2>],
oy 0x o 0x
d(ap) n d((ep)1u) + d(p Y1Youg) _ 0. (8.46)
ot 0x 0x
dap)y  d((ap)u) d(pYiYoug)
+ - - 09
ot 0x 0x
2
d(pu) L dpu”+P) _ 0,
ot 0x
ApE)  O(pE+ P)u)  d(pYiYoug((h+ B)i —(h+ B)))
+ + =0,
ot 0x 0x
where
1 P d(a d(a
ug == (1 = Y1) — — (@B): + o (@f). ,
A 0x 0x 0x
(8.47)

1
E =Yi(e; + By) + Ya(e; + By) + Euz,

P =0 P+ a,P;.

The expression of the mixture pressure can easily be found in the case of stiffened
gas EOS and is given by (2.44).

System (8.46)—(8.47) thus corresponds to the extension of the mechanical equilibrium
model (2.33) in the limit of low velocity drift. It can be considered as an extension
of the Kapila et al. (2001) model or as a reduction of the Baer & Nunziato (1986)
model. Compared to this last one, the model is free of interfacial variables (u; and
7;) and free of pressure relaxation parameter u. However, the new model is restricted
to low velocity drift, around the mechanical equilibrium state.

The numerical method to solve this system is described in Appendix C and is used
in the following section for its validation.

9. Drift effect validation

To validate the flow model (8.46)—(8.47), a basic experimental situation is considered
where gas permeation through a dense granular bed plays a major role, in the presence
of pressure waves.

Let us consider a vertical shock tube filled with air (y, = 1.4). The experimental
configuration is shown in figure 16. In the high-pressure chamber the initial air
pressure and density are respectively set to

P, = 3.46bar, p,=3.75kgm™>. 9.1)
8 8
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Pressure gauge

|
p =3.43 Bar I p=1Bar p=1Bar
p=375kgm> | p=12kgm3 p=12kgm3
| /
‘ y
|
| ! 4P \
| 11 cm L | 4.6 cm |
' > e p
I m 3.055m 2cm 1.9m

FIGURE 16. Schematic representation of the experimental shock-induced particle fluidization
facility (Rogue et al. 1998).

The other chamber is filled with air at atmospheric pressure and density p, =
1.2kgm™. A membrane separates the two chambers. In the low-pressure chamber,
a bed of small nylon solid particles is settled. Nylon particle density and volume
fraction are set to

ps = 1050kgm™, a, = 0.65. (9.2)
Stiffened gas parameters for nylon are
ys =4, P, =600MPa. 9.3)

The granular EOS parameters are set to
a=156kPa, n=1.02, o« =0.65. 9.4)

At initial time, the membrane is ruptured and a shock wave propagates in the low-
pressure chamber with Mach number 1.3. Then, the shock interacts with the granular
bed interface and a diffraction process appears. A weak shock is transmitted through
the bed while another shock is reflected. During the transmitted wave propagation,
drag effects and pressure forces set the particle bed to motion. Gas permeation
through the bed and drag effects produce shock weakening.

In order to examine gas permeation effects, two pressure gauges are settled. The
first one is settled at a distance of 11 cm before the particle bed and the other one at
a distance of 4.3 cm after. The bed thickness is 2cm. Corresponding experiments are
reported in Rogue (1997) and Rogue et al. (1998).

The particles are modelled as compressible, with the preceding EOS parameters.
No irreversible compaction effect is considered here.

The drag force is modelled with a simple formulation as

;LO 1 2122

p—
L= ’ 0

_L 22 9.5
& 2 Z1+ 7, ( )

where Ay is the acoustic drag coefficient (Saurel et al. 2003), and & a small positive
parameter proportional to the inverse specific interfacial area (e ~1/A;). As for
spherical particle beds of radius R, the interfacial area reads

3a,
A =22 (9.6)
RP
we use for parameter ¢ an expression of the form
e=2 (9.7)
(o
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FIGURE 17. Comparison of recorded pressure signals (thin lines) with numerical computations
with the flow model (8.46) in the absence of velocity drift effects (thick lines). The reflected
shock is too strong and the transmitted one is too weak.

Pressure

6 8 10 12 14
Time (ms)

FIGURE 18. Comparison of recorded pressure signals (thin lines) versus numerical
computations with the flow model (8.14) in the presence of velocity drift effects (thick lines).
The reflected and transmitted shocks are of correct amplitude.

The following computations are done with
go=1.2310"7m. (9.8)

In figure 17, the pressure evolution on the two gauges for the case when velocity drift
is absent is compared to experimental records. The experimental records are shown
with thin lines and the numerical solution is shown with thick lines. Many differences
are visible. When drift is absent, the transmitted shock is too weak while the reflected
one is too strong.

In figure 18, the same comparison is done in the presence of drift effects. Computed
results are shown with thick lines and experimental ones with thin lines.
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Solid volume fraction
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FiGure 19. Evolution of the volume fraction at the second gauge location. The solution in the
presence of drift is represented with thick lines and the solution without drift is represented
with thin lines. Drift effects increase the particles bed motion and produce more diffused
interfaces.

The reflected and transmitted waves are of correct amplitude. It is really at time
t =9 ms that some differences appear. The level of the computed pressure on the
second gauge is higher than the experimental one. Those differences appear after the
particle bed has passed the second pressure gauge location. In figure 19, time evolution
of the volume fraction in the presence of drift effects is shown. When the particles
bed has passed the second gauge (after 10 ms) we should get the same pressure level
for the two gauges while they appear to be different on the experimental records. We
suspect that pressure gauges present some deviations.

10. Conclusion

A multiphase flow model for the irreversible compaction of powders has been
built and validated. It is free of adjustable parameters and is able to reproduce with
fidelity loading—unloading cycles as well as interface dynamics separating fluids and
granular mixtures. Its numerical resolution has been achieved on the basis of simple
extension of the method given in Saurel et al. (2009). Moreover, the model perfectly
fits the frame of diffuse interface theory, used for different types of flow problems,
ranging from material interfaces, cavitating flows (Saurel et al. 2008), capillary fluids
(Périgaud & Saurel 2005), and solid—fluid interfaces (Favrie, Gavrilyuk & Saurel
2009). Very different type of physics can be inserted in this frame.

Another extension is done regarding gas permeation effects, resulting in a
velocity non-equilibrium model, where the only adjustable parameters are related to
conventional drag force correlations. The corresponding model can also be considered
as a diffuse interface model with inter-penetration effects.

This work was partially supported by DGA — CEA Centre d’Etudes de gramat.
The authors are particularly grateful to E. Lapebie and G. Baudin. They also
address special thanks to the referees for important remarks that helped manuscript
improvements.
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Appendix A. Asymptotic limit of the pressure non-equilibrium model with stiff
mechanical relaxation

Let us assume that the pressure relaxation coefficient is of the form u = uo/e, with
¢ —0%. Each flow variable f is assumed to obey an asymptotic expansion of the
form: f= f%+ ¢ f!, where f° represents the equilibrium state and f' represents a
small perturbation around it.

With these notations, the volume fraction equation of the non-equilibrium system
(3.1),

o oo
a—; ”371 = u(my —m), (A1)

becomes

da?
T =B = md) + o (e} — ). (A2)

This equation implies two new equations. The first one expresses evolutions at zero-
order

da?
dTl = po(m] — 1), (A3)
the second one expresses evolutions at 1/¢ order:
O () —n) = 0. (Ad)

The mechanical equilibrium condition is thus recovered:

) =n) =n'. (A5)

Determining the pressure fluctuation difference (n! —n}) needs evolution equation for
the pressures m;. From the internal energy equations of (3.1), there is no difficulty
to determine the thermodynamic pressure equations. Here an example is given for
phase 1:

dp ou I p1Ce
o Tee ai( }1‘) pu(m —my). (A6)

It is then necessary to determine the evolution equation for the granular pressure. To
this end, (2.22) is used:

dB
B =(@phig (A7)
Differentiation along a trajectory gives
d ou d’B
=i + o ot ulm — ) (A8)

Taking the difference of (A 6) and (A 8) we obtain

d(P —B1) ,31) > ou I o1, ,d*B;
T (,0101_,31)afx=—071 711—7514‘71 C1+a1w u(my — my).
(A9)

Denoting
, d’B;

2 2
Ci=ci+a; —
1 1 1

dOllz,

(A 10)
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the pressure evolution equation becomes

d I
i -pgr =2

ds
We now introduce in this equation equilibrium variables and their fluctuations. It
becomes

2
ol ) pm—m). (A1D)

dn? u® I p0 (c2)°
dtl+( (c ) _'Bl)ax =_Ofl?<n(1)_“(1)+ 15“11) po(mi—m).  (A12)
Using (A 5) we have
dn? 2 aud ,0O C? 0
GG R AL R
For the other phase, similarly we have
dn I (o
5 TP (e 0’ —B) 51 e 202> o (T} — ). (A 14)
2
Taking the difference of these two equations, we finally obtain
_ 0V o 0
ol — ) = ) 2~ (o (§)0 2) = (A15)
P (Cl) P (C3) *
5T 0
o o)
The volume fraction equation is thus
d o1 (C12) P (Cz) o
o0 + o0
1 2

This equation is in perfect agreement with the first equation of system (2.33).

Appendix B. Frozen and equilibrium sound speed inequalities

Consider the equilibrium of a granular solid with a gas. The mechanical equilibrium
condition and the mixture pressure definitions are, respectively,

dB
T =P1—Y1/0d71(061)=7f2=P2,
e & (B1)
P = pz — = Ot1P1 +6¥2P2.
ap

We need to obtain the expression for the equilibrium sound speed. Differentiating the
equilibrium condition gives
> Y1 P d()[] Y1 d,O dp dBl d231 dOtl
“\T 2 a@ -1 o) +p () —
o t o dr dt da; o dr
Y da Y, d
2 20 2 2 4p
= — 4+ = B2
C2< o3 dt+oz2 dt) (B2)
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or
Yicd Y33 dB Yipcl Yipcl d’B
(“— N @ 1>> (1@‘+ 2 v el o) . (B3)

(03] (0% o7 o5

Differentiating the pressure definition, we get

dpP dOl1 5 Y1 1% dOll Y1 d,O > Y2 1% dOlz Y2 d,O

=P —P A =227

dr ( b 2)+a161< o} dt +011 ar ) Tea o dr +oz2 dr

_dey Yipct Yipcl dp
P — P, — — (Y Y B4
dt(l ) o + o tq (Yiei+Ya03). (B4)
Combining (B 3) and (B4) we get
Y, & dB Y2\’
dP dp << (1111 —h l(m)) ‘2)‘22>
— =" | Yic{ + Va3 — : B5
a ~d | et e Y 1, cg d’B, (B3)
5 +Y —— (o)
aj o3 doy
Let us define the equilibrium sound speed by
Yi 3 dB a2\’
<< (1){11 -1 1(051)> ;;)
2 2 , B6
‘w Cf Y1 Cl Y2 C2 d2Bl ( )
2 2 (Oll)
aq ;)

here, c; = Y1 ¢f + Y2 ¢3 represents the frozen sound speed. Obviously, ¢ > cjy.

Let us remark that the conventional equilibrium sound speed (when Bi(«;) =0) is

2 2
Y]Cl YzC2

2 2
2 oy o)
CW.ﬂuids = Y] C% Y2 C% (B 7)
of o
or
2 2
1 o o (BS)

C%V,ﬂuids B Y] C% Y2 C%.
The difference between the Wood sound speed with granular effects and the
conventional one for fluid mixtures is therefore

dB, 2
2 2
2 ci—a; —(a — 0 c
6‘2 C2 _ 1 ('02 C% — P C12) <p1 ( : ' dal ( 1)) i 2) (B 9)
w T CWfluids — 2 2 2 2 2 :
Iy pPLCy | P2C3 pLCT | P2C3 B,
” + o ” + “ +a; p1 da, (061)

We will suppose that

pici — pacs > 0, pici — prc3 — (ap) 7(051) >0 (B 10)
and
dB; d’B,
E(al) > 0, dalz(al) > 0. (B11)
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The inequalities (B 10) are usually valid as the solid sound speed is dominant compared
to the gas sound speed and the configuration sound speed. Inequalities (B 11) are also
verified with our expression of Bi(a1). Consequently,

c%v — C%V_ﬂw-ds > 0. (B12)

The granular Wood sound speed is always larger than the conventional one, if (B 10)
is valid and if Bi(«) is a monotically increasing and convex function.

Appendix C. Numerical method to solve the drift model

The system to solve corresponds to system (8.46)—(8.47). This system is split in a
hyperbolic subsystem and a diffusive one, solved separately.

C.1. Hyperbolic step
The aim is to solve the following system:

d(xl 2 o0

ou
G =P Wm((ﬁzc%—ﬁz) - (,016’12—,31))5,

dap)

at

n d((aep)g u) _

07
0x

d((ap)ru) _

d(ap) 4

ot

d(pu) +

07
0x

dpu + P
(pu”+P) _

ot

I(pE) +

0x

d((pE + P)u) —0

at

0x

(C1)

with
E=Y1 (81+B1)+Y2(62+B2)+%u2, P=061P1+O[2P2. (C2)

This system corresponds to the one already considered in § 5.

C.2. Drift step
In this step, we have to solve

b e
or TV 2 pc
dap); | d(pY Yaug)
+ =
ot 0x
8(05,0)2 _ a(pYIYZMR) — 0’ (C 3)
dt dx
d(pu)
= 0’
ot
d(pE) n d(p Y1 Your((h + B); — (h + B))))
dt 0x

01

=0’
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with

1 0 0 0
Up = 1 ((al - Yl)aff: — o (gf)l + a; (gf)z)’

1
E=Yl(e1+Bl)+Y2(e2+Bz)+§u2,

P=a P +a,Ps,

cl — c— a(pY 1 You I os I,  os
AD=<'011 ,31+,022 /32> (pY1Youg) 1 1 2 2>_

+,0Y1Y214R<T1+T -

o p1 o0 ox o 0x o 0x
(C4)
Two internal energy equations, which are consequences of (C 3), can be considered too
d(ape);  I(p Y Yruger) 0 (pYiYrug doy oy .,
P— (228 = —p L+ 2,
T ox LA A Vo TR
C5
d(ape), _3(,0Y1Y2MR€2)_P2£ o Y1Youg :-I—Pz%-l-%l"iu%, (€3)
ot 0x ox 02 ot I,

The resolution method follows the same three steps as used previously to solve
system (C 1):

(a) Diffusion step and solution prediction: During this step the various diffusion
terms are considered, but only part of the volume fraction equation is solved:

o _ 2 iy (mcf—ﬂl po%-ﬂz) d(p Y1Ysug)
ot Yo1CpC2\ (o) (ap)2 dx

(b) Pressure relaxation step: Remaining volume fraction equation terms are
addressed with a relaxation method.

(¢) Reset step and solution correction: Correction is done to preserve mixture total
energy.
C.2.1. Diffusion step

The subsystem considered during this step reads as

(Co)

%:_p L) (,01(:%—51 /326%_'32) d(p Y1 Yaur)
ot Y p1C? pyC3 (ap) (ap)a dx ,
a Ip 1Y 0 YiYy 0
(ape), " (p Y1Ysuger) +p L pIiouR —P, ﬂ,
ot dx dx P1 ot
d d(p 1Y 0 Y Y ol
(ape)y  d(pYiYouger) pL pPIioUR ) _ +P, o
ot ox ox 02 ot
d(ap) n d(p YiYoug) _ 0. (C7)
ot ox
dap) _ d(pYiYaur) _
ar dx ’
d(pu)
— 0’
dt
A(pE) N d(p YiYoug (h+ B)1 — (h + B))) _ 0
at dx '
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C.2.2. Mass equations
The following explicit scheme is used for the mass equations. Let us consider the
mass equation for phase 1:

d(ap) n d(p YiYougr) _

0. C8
at dax (€8)
The mass flux is denoted by
9=q1+q+qg, (C9)
where
oT 1
q1 = w1 —, w; =5 pY1Yr( — Y1),
ox A
d 1
¢ = w (aﬂ)l, wr =5 p VY3, (C10)
ax A
3(()[/3)2 1 2
q3 = w3 ax w3 2 pryr;
Space and time integration of the mass equation gives
At * *
(o) = (@p)iy = 2 (@12 = 4i10): (C11)

The mass fluxes at cell boundaries i +1/2 have to be determined. The following
conditions are used: at a given cell boundary flux conservation must be preserved:

G =4 =4 (C12)
The diffusive character of the mass equation guarantees continuity of the constraints
TE*_ — n*+ — TE*’
B - . (C13)
(@B)” = (aB)” = (aB)".

Expressed at cell boundary i — 1/2, these conditions imply

w1, L(T" —m1) = oy (T —T°),
wr.L((@B)] — (@B)ri—1) = w2 r((@B)1.i — (@B)]), (C14)
w3, L((aB); — (aB)ri-1) = w3 r((@B)2; — (B)3).

They determine the inter-cell parameters

o= QLR T WL
w1, + 01 R
. o i + (07 i—
(@f); = @i + orr(@Bit (C15)
Wy + Wy R
. o3g(af) +ws(af)ri
(aﬁ)z = .
w3, + w3 R

The corresponding fluxes are then

- A WL R T — T

ql,i—1/2 - w1,L + W1,R Ax ’
. o o popr (af)ii — (aB)ii-

Di-12 = w21 +oon Ax ) (C16)
" . woyposr (af)i — (aB)ai-1

q3i-12 = w31 + 0.1 Ax .
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These fluxes are summed up and used to update the mass equations with (C11) and
the same algorithm is used for the second phase.

C.2.3. Energy and volume fraction equations
Let us consider the internal energy equation for phase 1. It reads as

9 p VY 3 (pY,Y. ]
(@pe) | dpViYuuger) |, (Piozuk)._ P (C17)
1

3t dx Yox

— 11

With the help of the mass and volume fraction equations it becomes

9 Y1 Youg 0

os1  pIibouR 051 _ o (C18)

ot (xp)y 0x
It means that once the mass flux is determined at a given cell boundary, the transport
velocity sign in the entropy equation is determined too. At cell boundary (i — 1/2), it
reads as

. stior gy, 20,
Sti-12 = { (C19)

S1 otherwise.

Therefore, the entropies are known at cell boundaries. At a given cell boundary,
variables ©*, («pB);, s;, for k =1, 2 are now known, hence it is possible to determine
the remaining variables.

Equation (C 19) is expressed as

Pli_ip+ P Y R
P1,i—1 Ll if Qi1 = 0,
. Prio1+ Pro
Pri-12 = . 1/n (C20)
Py i—1/2+P1,oo .
pLi| ————— otherwise,
' P+ Py
P+ P\
102,:‘ (W) lf qi-_]/z 2 O,
* 2,i 2,00
Pri—172 = . 1y (C21)
Py ip+ P )
Pnict |\ otherwise.
Pyi1+ Py
The inter-cell pressures in these relations are computed from
Pk* — TC* + (alg*)k’
o
k 4B (C22)
(@B = (@) pi = ().
dO{k

Indeed, as m*, (@B); and the pressures P, become only function of the volume
fraction: P; = P;(c;). Inserted in (C20), the densities become also function of the
volume fractions: p; = p; (). The volume fraction is the correct one when the second
equation of system (C 22) is satisfied. The Newton—Raphson method is used to solve
system (C 20)—(C 22).

From the inter-cell pressures and densities, there is no difficulty to determine the
remaining thermodynamic variables ej;_,,, and hj;_;,. The total energy evolution is
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thus approximated by

n At * * ®
(PEYH = (pE)} — Ax (47412 ((h 4 B = (4 B)yipo)
- 6],'*_1/2 ((h + B)T,i—l/z —(h+ B)Z,i—1/2) ] (€23)

The internal energy equations contain extra terms that cannot be expressed under
conservative form. Their accurate integration is thus an issue. The same type of
difficulty was present with the non-conservative terms of the internal energy equations
during the hyperbolic step. The simplest approximation was retained for these terms,
keeping in mind that these equations were just used to predict the solution. We adopt
here the same strategy with the following simple approximation:

n n At * * * *
(“Pe)ﬁl = (“Pe)u T Ax (Cli+1/2 hl,i+1/2 —4i—1)2 hl,i71/2)
At 0 YiYoug " . *
+ Ar (m ‘ (Pivis— Pliip)
_At[ pCiy P, <ﬂ1—/010f+/32—,02€%>r (@ — 1)
Ax | pi1C} p2C3 (o) (@p)y )|, VR
+ At ("”m) (' ) (C24)
F] i ’
with
1 T — i) o v Brivip — i1 Blizin
il‘zi l’l‘_Yl’l' Yﬂ. B B ) )
MR,l /10 |:(Ol1,l 1.1) Ax + 2,0 Ax
n O‘;,i 1 2:35,,' 12— 0y 2:3;,54 2
_Yl,i +1/ +/Ax =1/ /] (C25)

Similarly, the volume fraction equation is approximated as

At oo pict =B p3—pH\\ . .
ot = af ; — — <,0C2 < ! + 2 i —d4i-12)-
b b X Y p1C? paC3 (o) (cxp)2 (4 w24 1/2)
(C26)

1

Similar approximation formulae are used for the second phase.
This method is stable if the following stability criterion is fulfilled:

Ax?

) ) :
0265 —Br pici — Pi
max; | pC3 q< — )}
[ AAN=Te piCt )1

This criterion is deduced from the pressure evolution equation:

e (012 (263 — ) L (PlC%—ﬂJ) du

At

N

(C27)

dr 02C3 p1C3 dx

_ <,02C§ — B pici — 51) d(p Y1Youp)
p3C3 piCt ox

LT, 0 nT o
Vi Yaug <22S2_11s1>} i (C28)
0
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During the diffusion step, part only of the volume fraction equation (C 3) has been
considered. Consequently, constraints become out of equilibrium at the end of the
diffusion step.

C.2.4. Pressure relaxation and reset steps
Now it remains to solve the following system, under the constraint m; =1,

% :_pc‘%}mgg(g@pnyﬂR(oﬁTl % +OI;§T2€;§>,
(“P)l% = —Pl%,

(0510)2% = +Pz%,

0

(Oa‘/;))l —0, (C29)
0

(‘;f)z —0,

0

(;tu) =0

I(pE

(gt - 0

Resolution of that system is done in a way similar to what has been done during the
hyperbolic pressure relaxation step.
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