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Abstract

This paper deals with detonation waves in condensed explosives in the context of pressure and temperature equilibrium
models. Most engineering solvers for detonation waves in condensed explosives are based on the reactive Euler equations,
which model flows evolving in both temperature and pressure equilibrium conditions. Although the assumption of ther-
mal equilibrium is physically questionable, the reactive Euler equations remain the most popular model because of its
convenience. Conventional methods rely on Mie-Griineisen equations of state (EOS) and are challenged by their limited
applicability, high computational complexity, and frequent failure. A previous publication addressed these issues by using
the Noble-Abel-stiffened-gas EOS as a predictor, followed by a relaxation step to map the solution to the physical target
EOS. This novel thermodynamic relaxation framework was originally introduced in the context of mechanical equilibrium.
The present work builds on this novel method to encompass both mechanical and thermal equilibrium, thus enabling
the treatment of detonation waves in condensed explosives within the framework of pressure and temperature equilib-
rium models. The proposed method is capable of treating both interfacial flows through “diffuse interface” formulations,
and mixture flows in mechanical and thermal equilibrium. In addition, the proposed method demonstrates improved
computational robustness, a significant increase in efficiency, and greater flexibility.
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1. Introduction

Most engineering computations dealing with condensed energetic materials use the reactive Euler equations with a
mixture equation of state based on temperature and pressure equilibrium among the phases. This system includes the
three conventional balance equations of mass, momentum, and energy for the mixture, as well as mass balance equations to
describe the chemical composition of the mixture. The model assumes that the mixture evolves with a single temperature
as it involves a single energy balance equation. This assumption is reminiscent of gas detonation modeling. However, the
assumption of temperature equilibrium between the phases is questionable for detonations of condensed explosives. This
is because the mixture is not molecular. The reaction zone is a mixture of multiple phases where mixing occurs at a scale
larger than the molecular one. Therefore, assuming thermal equilibrium is doubtful (Kapila et al., 2001 [1], Petitpas et
al., 2009 [2], Saurel et al., 2017 [3], Chiapolino et al., 2024 [4]).

However, the reactive Euler equations, with a thermodynamic closure based on temperature and pressure equilibrium
conditions, continue to be the most popular model in detonation solvers for a number of reasons. The initial rationale
is grounded in an analysis of the involved physics. The measurement of heat exchanges between the solid reactant
and the detonation products appears to be impossible due to the limitations imposed by the pressure, density, and
temperature conditions, as well as the timescales involved. This is particularly the case with respect to the heat exchange
coefficient. This issue is circumvented when thermal equilibrium is assumed, as the exchange coeflicient is no longer
needed. Furthermore, the reactive Euler equations constitute a conservative system of hyperbolic equations, and the
shock relations are well-defined. The reactive Euler equations are employed for convenience and represent the most
straightforward approach for addressing detonation waves. The rate of creation of the detonation products is determined
by the kinetics of decomposition, which is adjusted with this specific flow model and associated equations of state (EOS)
in order to match experimental data. This model assumes that the reactant and the detonation products are always in
pressure and temperature equilibrium. It has been used in numerous research contributions, including but not limited to
[5-15]. The reactive Euler equations are also extensively used in commercial codes, such as AUTODYN [16] and LS-DYNA
[17], to address detonations of condensed explosives.

The reactive Euler equations with temperature and pressure equilibrium among the phases are commonly used to
address detonations in condensed explosives due to their convenience. However, their simplicity has limitations and masks
a subtle complexity that can lead to pathological detonations. This issue has recently been examined in Chiapolino et
al. (2024) [4] where a fundamental existence condition, referred to as the Global Exothermic Condition (GEC), of the
mechanical-thermal equilibrium model is provided. The aforementioned reference shows the necessity of paying special
attention to the equations of state and their adjustment. The careful selection of the thermodynamic parameters for the
EOSs of the reactant and the detonation products serves to forestall a pathological detonation, thereby maintaining a
globally exothermic reaction that is consistent with the Zeldovich-von Neumann-Déring (ZND) [18-20] theory.

Another difficulty arises from the equations of state. The use of complex EOSs, such as JWL (Lee et al., 1968 [21]) or
CC (Cochran and Chan, 1979 [5]), is inherently challenging. It is important to note that these EOSs are not general in the
sense that their range of validity is restricted. However, in a numerical simulation, all thermodynamic states can appear,
including those with very high pressure at the von Neumann spike and pressure close to zero after gas expansion, as well
as those with very high or very low temperature. Extreme values emerge when the range of validity is exceeded, leading

to a phenomenon known as “loss of convexity” of the formulation, wherein the speed of sound is no longer defined, the



temperature becomes negative, the thermal expansion and isothermal compressibility coefficients become negative, and
the simulation ultimately fails. Indeed, the convexity of the equation of state implies the positivity of the squared speed
of sound, the positivity of the temperature, and the positivity of the thermal expansion and isothermal compressibility
coefficients. Convexity is essential as it describes a thermodynamically stable equation of state (Menikoff, 2015 [22]). When
the equation of state is used outside its domain of validity, issues related to convexity emerge. Details about convexity
and various forms of convexity expressions are available in the study by Godunov et al. (1979) [23], Menikoff and Plohr
(1989) [24], Chiapolino and Saurel (2018) [25], and Neron and Saurel (2022) [26].

The present paper proposes to address these shortcomings by adopting a novel approach to the thermodynamic aspects.
The JWL and CC EOSs, along with other formulations, are limited in their range of validity. The reason for this is that
their fit is based on a reference curve in the (p,v) plane (p and v being, respectively, the pressure and specific volume).
When the thermodynamic state deviates significantly from the reference curve, the validity of the thermodynamic state is
compromised. Numerical simulations frequently fail as a result of this defect. The scientific community has been grappling
with this challenge for decades. One approach is to extend the equation of state with expressions that maintain the squared
speed of sound as a positive quantity. However, this extension method is not without limitations and involves a degree of
arbitrariness. The literature on this subject is scarce, and the long-term viability of extension methods remains uncertain.

In a recent publication, Neron et al. (2023) [27] have put forth a methodology that markedly addresses these short-
comings. The method is founded upon two equations of state. A predictor equation of state (PEOS), which is much
simpler and is convex over a wide range of pressure and density, and a target equation of state (TEOS), which is in
fact the physical equation of state (e.g., JWL or CC), are employed. At each time step of the numerical method, which
encompasses processes such as the Riemann solver and pressure relaxation, the predictor equation of state is employed.
However, to maintain computation validity, it is necessary to calculate the parameters of the equation of state in a manner
that satisfies a number of compatibility conditions. These conditions are ensured by a method referred to as “thermody-
namic relaxation”, which is employed after each time step. The two equations of state, “predictor” and “target”, are thus
rendered perfectly compatible at every time step of the computation, with the exception of the time step during which

the simulation is conducted with the “predictor” equation of state. This approach offers several advantages:

e Simulations are faster. The observed gain ranges from a factor of 2 to 10, depending on the conditions and the

number of materials under consideration (Neron et al., 2023 [27]).

e Robustness is significantly improved. Indeed, in the event that the thermodynamic state falls outside the range of
validity of the target or real equation of state, the simulation continues with the last parameters of the predictor
equation of state, which are transported with the flow. Neron et al. (2023) [27] have demonstrated that the solutions

obtained are valid with this “automatic” extension.

e The extension of the “target” equation of state is automatic in the sense that, when the convexity criteria are no
longer satisfied, the “predictor” equation of state continues the computations with the last parameters calculated

from those of the “target” equation of state.

The goal of the present paper is to extend the thermodynamic relaxation method to pressure-and-temperature equilib-
rium multiphase mixtures to address detonations of condensed explosives under the assumption of pressure and tempera-

ture equilibrium among the phases. This goal is achieved within the framework of the diffuse interface model proposed by



Saurel et al. (2009) [28], with the objective of facilitating both temperature-pressure thermodynamic computations and
the management of material interfaces. Indeed, condensed explosives are always confined by a surrounding material, and
the dynamics of the detonation is linked to the motion of the interface.

The paper is organized as follows. The target and predictor equations of state are presented in Sections 2 and 3,
respectively. The flow model is introduced in Section 4. In order to determine the thermodynamic state that corresponds
to the specified TEOS, the flow model is modified and additional equations are introduced for each of the thermodynamic
parameters of PEOS. The pressure relaxation process is introduced in Section 5. These sections present an abridged
version of the original publication by Neron et al. (2023) [27], providing a summary of the essential elements required to
extend the method to mechanical and thermal equilibrium. The following sections will address the topic of mechanical
and thermal equilibrium, which represents the central focus of this paper. Section 6 is dedicated to the introduction of
temperature relaxation source terms. The extension of the thermodynamic relaxation method, in order to encompass
both mechanical and thermal equilibrium, is subsequently addressed in Section 7. A summary of the proposed method is
provided in the same section. Numerical examples of flows evolving in mechanical and in mechanical-thermal equilibrium
are presented in Section 8. They show that the thermodynamic relaxation method enables the solution to be computed in
a significantly more efficient manner. In Section 9, mass transfer source terms are introduced and enable the treatment of
detonation waves in condensed explosives. Finally, Section 10 presents 1D and 2D detonation test cases to illustrate the

benefits of the present method. Conclusions are drawn in Section 11.

2. Target EOS (TEOS)

The target equation of state (TEOS) is the equation of state that is targeted by the thermodynamic relaxation method
(Neron et al., 2023 [27]). While TEOS in the present context is of the Mie-Griineisen (MG) form, this is not a limitation.

2.1 Mie-Griineisen EOS for a single material

The Mie-Griineisen EOS is a versatile and accurate formulation that is widely used in the field of detonations with

condensed energetic materials. The commonly used functions of the MG EOS read for a material k as
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The notations are conventional in the two-phase flow literature. The variables py, vk, ex, Tk, and cx represent the pressure,
the specific volume, the specific internal energy, the temperature, and the sound speed, respectively. The parameters I'y
and C, j represent the Griineisen coefficient and the specific heat at constant volume respectively. The heat capacity is
considered a constant parameter in this paper. The Griineisen coefficient is also a constant, except for the Noble-Abel-
stiffened-gas (NASG) EOS as will be seen later. Functions py ros (V) and ey sos (vx) are specific to the MG-type EOS under
consideration. Such equations of state include the Cochran-Chan (CC) EOS [5], widely used to model the thermodynamics

of the condensed phase, and the JWL EOS [21], widely used to model the thermodynamics of the detonation products.



The CC and JWL equations of state are presented in Appendix A and Appendix B along with the various parameters
used in this paper. MG-type equations of state (2.1) present at least three difficulties:

e Both the domain of physical validity and the domain of convexity are restricted;

e Consequently, the robustness of the computations is challenging. This is especially true in the zones of vanishing

phases, which often occur in a multiphase computation;

e The density px, = 1/vy is not explicit and must be computed using an iterative method, such as Newton-Raphson’s.
The reason for this is the nonlinear dependence of the pi ros (V) and ey pos (vx) functions on the specific volume.
Robustness problems then reappear, in addition to excessive computational time associated with the required iterative

process. The pressure relaxation solver requires the density as a function of pressure.

These elements prompted the authors to develop an innovative and efficient thermodynamic relaxation method to address
the three difficulties mentioned above. This novel method is fully presented in Neron et al. (2023) [27] in the context
of temperature disequilibrium. The main ideas are summarized in Sections 3-4-5, and the method is then extended to

mechanical and thermal equilibrium in Sections 6-7.

3. Predictor EOS (PEOS)

The predictor EOS (PEOS) refers to the simplified thermodynamic model that aims to recover the thermodynamic
state of the target model, at least locally at a given thermodynamic point. The Noble-Abel-stiffened-gas (NASG) equation

of state is a combination of simplicity and richness from a physical point of view (Le Métayer and Saurel, 2016 [29)]),
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The NASG equation of state has the following nice properties:
e It is fully explicit;
e It encompasses the three fundamental molecular forces observed in matter: agitation, short-range repulsion, and
long-range attraction in a simple formulation;
e It is convex convex over a wide range of pressures: py > —pZ_ ;.

Furthermore, the NASG EOS can be expressed in the MG form (2.1) through the use of the following functions:
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The Griineisen coefficient depends on the density (or specific volume) for the NASG EOS. The parameter b}, represents
the covolume and serves to model short-range repulsive effects. The parameter Pho., Tepresents attractive forces that are
present only in condensed matter. The term eg vt denotes the reference (or formation) energy. Finally, v; = C;ﬁ o/ Cor=
Rp/Cy . + 1 is the adiabatic coefficient associated with thermal agitation. In this last relation, C}, and C} ; denote
the heat capacity at constant pressure and constant volume respectively, and R} is the specific gas constant. Attractive
and repulsive effects are assumed to be constant in this representation, making the NASG EOS a simple formulation.
Furthermore, it simply reduces to the ideal-gas EOS when b;, = 0 and p}_,; = 0 are set. Details on the NASG EOS can
be found in Le Métayer and Saurel (2016) [29] and Chiapolino and Saurel (2018) [25].

As in the original publication (Neron et al., 2023 [27]), superscript * has been added to specify the parameters that
are to be adapted in order to match the TEOS formulation. The thermodynamic relaxation method uses the NASG EOS
(3.1) as a predictor and as a closure to the flow model. The flow model is then modified accordingly and is presented in

the following section.

4. Hyperbolic formulation with relaxation

The system of Saurel et al. (2009) [28] is a homo-kinetic model considering pressure and temperature disequilibrium.

It does consist of a hyperbolic overdetermined system composed of the following equations,

0
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A frame of reference X = (z,y, z) is chosen and the time variable is denoted by ¢. The mathematical notations are as

+ div (agpru) = 0,

+ div (arprexn) + agpy div (1) = —ppr(pr — p1) + xg (Tx — T1)

+ div ([pE + p]u) = 0.

follows: div is the divergence operator, grad is the gradient operator, ® is the tensor product, and I is the unit tensor.
The variables pg, px, Tk, and eg denote the density, pressure, temperature, and internal energy of phase k respectively.
The volume fraction of phase k is denoted by «ay. Index [ denotes the conjugate phase to k, i.e., kK = 1 implies [ = 2 and
vice versa. The mixture internal energy is defined as e = > Yyer where Y, = agpr/p denotes the mass fraction of phase
k. The mixture density and pressure are defined as p = > agpr and p = > agpg, respectively. Finally, the mixture total
energy reads £ = e + % (u-u) where u is the mixture velocity vector and - is the dot product.

The parameter p controls the rate at which pressure equilibrium is reached. As the present model intends to recover the
solution to the mechanical equilibrium model of Kapila et al. (2001) [1], stiff pressure relaxation is considered: p — +o0.
Similarly, the parameter ¥, represents the rate at which temperature equilibrium is reached between materials k and I.
The inert materials evolve only in mechanical equilibrium, so 95, = 0. It is, however, assumed that the reactant (R) and
detonation products (DP) evolve in mechanical and thermal equilibrium. Stiff temperature equilibrium is then addressed
through ¥;; — 400 with £ = DP and [ = R, as will be seen later (Section 6). Mass source terms are currently omitted

for the sake clarity. Section 9 will be devoted to the introduction of mass transfer terms.



Z 1
The x-split one-dimensional formulation is hyperbolic with wave speeds u and u & ¢y with the following definition for the

P
The interfacial pressure appearing on the right-hand side reads p; = Z—Z{C, where Zj = pgcy, is the acoustic impedance.
Z

squared sound speed: ¢; = 7 Vi.c}. System (4.1) of Saurel et al. (2009) [28] is capable of addressing material interfaces, as
it is able to match the interface conditions of equal pressures and velocities (see Saurel et al., 2009 [28], Chiapolino et al.,
2017 [30], Saurel and Pantano, 2018 [31] to cite a few). This flow model is of particular interest in the present detonation
context as it is capable of addressing two-phase mixtures in mechanical equilibrium as well as in mechanical-and-thermal

equilibrium through relaxation source terms, as will be seen further in Sections 5, 6, and 9.

4.1 Extended flow model and thermodynamic relaxation

As mentioned earlier, System (4.1) is augmented by transport-relaxation equations for each phase k using the predictor

equation of state (PEOS). These are expressed in conservative form with the help of the mixture mass equation,
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with 7 — 0" when the convexity relations (see Section 4.2) are fulfilled, otherwise T — +oo.

As fully detailed in Neron et al. (2023) [27], System (4.1)-(4.2) forms the extended flow model with the transport-relaxation
equations, which demonstrates enhanced efficiency in numerical resolution. Indeed, from a computational standpoint, this
approach is more convenient, faster, and the prolongation outside the range of convexity is automatic, thereby maintaining
the hyperbolic nature of the formulation. In contrast, the conventional two-phase model (4.1) with TEOS loses this property
when convexity conditions are violated. The hyperbolic equations, describing conservation laws, become ill-posed.

As argued in Neron et al. (2023) [27], for the predictions with the NASG EOS (PEOS) to be valid, it is necessary
to calculate the parameters of the equation of state in a way that satisfies a number of compatibility conditions. These

conditions are as follows:

Ty, prOS (Ui, ex) = Tk, TEOS (VK €K) 5

Pk, PEOS (Vks €k) = Pk, TEOS (Vk; €k) 5 (4.3)

Ci,PEOS (ve, ex) = Ci,TEOS (vks ex) -
This choice is motivated by both numerical and physical reasons. The specific volume v, and internal energy ey are part
of the conservative variables and are provided by the numerical resolution of the flow model (System (4.1)), regardless of
the equation of state (PEOS or TEOS). The pressure py and temperature T}, are among the primitive variables. In both
the PEOS and TEOS, these primitive variables are equated, as is the sound speed ci. As System (4.1)-(4.2) is a non-
equilibrium flow model, the sub-characteristic condition of Liu (1987) [32] must be satisfied when PEOS is used instead of

TEOS. Here it corresponds to: ¢ prog (Vk, €k) > € rpos (Vk, €x), which is fulfilled by the last relation of (4.3). However,



System (4.1)-(4.2), corresponding to the extended model, includes all five NASG parameters b, (v, ex), P, (Vk, €k),
Ry (v, ex), Oy (vk,ex), and ef, ¢ (v, ex), while only three compatibility conditions are provided at this point. It is then
necessary either to include some additional compatibility conditions or to remove some NASG parameters.

Covolume effects are absent in the MG formulation (2.1). It motivates bj = 0 in the various phases. The first equation
of (4.2) is then removed. The predictor equation of state (PEOS) is then reduced to the stiffened-gas (SG) equation of
state. From a numerical standpoint, the SG EOS is beneficial, as it is algebraically simple, facilitates the construction of
exact Riemann solvers (Godunov et al., 1976 [33], Plohr, 1988 [34]), and is consistent with physical contact discontinuities,
as detailed in Saurel and Abgrall (1999) [35]. However, for the sake of generality, the term NASG will be used throughout
the remainder of the paper to refer to the PEOS EOS. In addition, the same Griineisen coefficient is used in both PEOS
and TEOS: I'; = I'y,. The Griineisen parameter quantifies the relation between the thermal and elastic properties of a
material [36]. It can be interpreted as the variation of pressure with thermal energy per unit volume of a material held
at a constant volume [37, 38]. As a result of I'; = I'y, the thermodynamic parameters Rj, and C, i are linked through
Mayer’s relation as detailed in Appendix A of Neron et al. (2023) [27]: C}, = 1;—5. The fourth equation of (4.2) is then
removed as well.

Consequently, only 3 coefficients remain to be determined: R (vk,ex), p5, s (Vk, k), and e} ¢ (vk, ex). These coeffi-
cients are determined to satisfy the three conditions (4.3). Further details can be found in Neron et al. (2023) [27]. Using
the PEOS equations (3.1), the solution to System (4.3) is as follows,

Ci,TEOS (U, €x)
(Tk + 1) Tr rEOS (VN> €k)
Ci,TEOS (vk, ex)
Vg (Fk + 1)
Ci,TEOS (K, ex)
Ty,

Relations (4.4) are used to reset the three thermodynamic parameters R (vk,ex), P, (Vk,ex), and e ¢ (vk, ex) before

Ry (vg, ex) =

Pook (Vksex) = — pi,TEOS (Vs €k) (4.4)

€k rof (Vk, €k) = €k — + vppr, TEOS (Vk, €R) -

the next time step, i.e., before the next hyperbolic-transport step.

4.2 Relaxation switch

Relations (4.3) and (4.4) make the predictor EOS and the target EOS compatible. They consist of the first fundamental
element of the thermodynamic relaxation method developed by Neron et al. (2023) [27]. When the thermodynamic
relaxation step (4.4) is achieved, asymptotic considerations show that the flow model with PEOS tends to the solution of
TEOS. A second fundamental element complements the method. It consists of the so-called relaxation switch. In fact,
TEOS is sometimes inappropriate in the sense that its domain of validity is limited and issues related to convexity appear.
These issues have dramatic consequences on the computed thermodynamic state. In such cases, the target EOS is no
longer physical and cannot be used as such.

Using the method described by Neron et al. (2023) [27] and Chiapolino et al. (2024) [4], the following convexity criteria



are derived for the MG EOS (2.1),

L dpk.sos (V)
T'n+1 duy, ’
Pk > Pk,Eos (vk) (4.5)

dpk,Eos (Uk)
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These three relations imply the positivity of the squared speed of sound, the positivity of the temperature, and the

Pk > Pk,eos (vg)

Pk > Pk,ros ('Uk) + vg

positivity of the thermal expansion and isothermal compressibility coefficients respectively. With the present method,
if the convexity criteria (4.5) are violated, the thermodynamic reset is switched off and the computations continue with
the last PEOS parameters. These parameters are still transported by the flow but are not relaxed to the non-convex
TEOS state. This means that the relaxation time in (4.2) no longer tends to zero: 7 — 0%, but now tends to infinity:
T — +4o00. Since the convexity domain of the PEOS (NASG) is much larger, the computations become very robust.
This method automatically extends the MG EOS and guarantees the continuity of all thermodynamic variables. At this
point, the thermodynamic relaxation method developed by Neron et al. (2023) [27] is recovered. The reader is referred
to this reference for further details. The relaxation processes involved in the present two-phase flow model (4.1)-(4.2) are

addressed in the following.

5. Stiff pressure relaxation

The phases (materials) as described by System (4.1) are in pressure disequilibrium. Upon completion of the pressure
relaxation process (Le Métayer et al., 2013 [39]), the phases reach a common pressure (the temperatures being different
at this point). Details of the pressure relaxation process are provided in Neron et al. (2023) [27] in the context of both
TEOS and PEOS. The simplicity and efficiency of the present thermodynamic relaxation method is demonstrated. In fact,
TEOS requires two nested Newton loops for pressure relaxation, which significantly affects robustness and computational
cost time, while PEOS requires only one loop. Furthermore, in the specific case where only two materials are present, such
as the reactant and the detonation products, an explicit solution appears. The reader is referred to Neron et al. (2023)
[27] for details on the stiff pressure relaxation process.

The following section addresses the process of temperature relaxation, as the purpose of this paper is to extend the
thermodynamic relaxation method to address condensed explosives under the assumption of pressure and temperature

equilibrium between the phases. The remainder of the paper constitutes the core contribution of this study.

6. Thermal equilibrium

As mentioned in the Introduction, most engineering computations dealing with condensed energetic materials use the
reactive Euler equations with a mixture equation of state based on temperature and pressure equilibrium among the phases.
This model assumes that the reactant and the detonation products evolve in pressure and temperature equilibrium. As
a consequence of this assumption, the reactive Euler equations are not suited to address material interfaces. However as
a condensed explosive is invariably confined by external materials, the treatment of material interfaces is essential. For
this reason, the non-equilibrium model (4.1) of Saurel et al. (2009) [28] is used with a stiff pressure relaxation procedure

(Section 5) to compute the solution to the mechanical equilibrium model due to Kapila et al. (2001) [1]. Tt is now necessary



to compute mechanical and thermal equilibrium between two specific materials. This will be achieved via an additional

relaxation process that takes into account the temperatures.

6.1 Stiff temperature relaxation

In the absence of convective fluxes and pressure relaxation source terms, System (4.1) reads:

8ak

a7
9 (arpr)
ot
9 (pu)
=0 6.1
o, (6.1
0
(agi[;kek) =V (T — T1),
9 (pE)
ot
The parameter 9 ; represents the rate at which temperature equilibrium is reached between materials & and [. The inert

207

=0.

materials evolve only in mechanical equilibrium, so 95 ; = 0. It is, however, assumed that the reactant (R) and detonation
products (DP) evolve in mechanical and thermal equilibrium. Stiff temperature relaxation is then addressed through
Wg,1 — +o0o0 with £ =DP and [ = R.

System (6.1) reveals that the volume fractions oy and apparent masses aypy remain constant during the temperature
relaxation process. Consequently, the mixture density p, the densities of the materials py, as well as the mass fractions Y
also remain unchanged. Additionally, the third and fifth relations of (6.1) reveal that the mixture velocity u and mixture
total energy E are constant. The mixture internal energy e is consequently unchanged and only the internal energies of
the materials eg are modified through the temperature relaxation process.

As the mixture internal energy e is unchanged during the process, it reads:

e = Ygexr (UR,vT(l)) + Yoeenp (UDPvT(l)) + Z Yies. (62)

In Relation (6.2), TM denotes the relaxed temperature, corresponding to the temperature of the mixture made of the
reactant (R) and the detonation products (DP). In the present contribution, MG-type equations of state (2.1) are used,
either for the target EOS or the predictor EOS. As the NASG predictor EOS can be expressed in the generic MG form
through Relation (3.2), the subsequent derivations thus apply to both the TEOS and PEOS. Under the MG form, the

internal energy of a material k reads:

ek (Vk, T) = Co 1Tk + €k,mos (Vi) - (6.3)

The combination of Eq. (6.2) and Eq. (6.3) yields an explicit formulation of the relaxed temperature:

€ — (YDPeDP,Eos (UDP) + Yx €Rr,EOS (UR)) - Zk#R)DP Yier

71 _
(’U]ﬁ 6) YDPCv,DP + YRCv,R

(6.4)

Upon computation of the relaxed temperature 7'} (vg, e), the internal energies are updated using their own equation of

state: ep = e (vk,T(l)), either with PEOS or TEOS. Note that in the event where thermal equilibrium is considered
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between all materials, Relation (6.4) transforms to:

e — Z Ykek,Eos ('Uk)
S YiCok

The consecutive pressure and temperature relaxation processes allow to recover the solution to the multi-component

TW (v, €) =

(6.5)

Euler equations, which involve mechanical and thermal equilibrium. Mass transfer can be incorporated between the two
relaxation processes, as will be seen in Section 9. The various relaxation processes involve the equations of state of the
materials. As mentioned in the Introduction, the use of complex EOSs, such as JWL or CC, is inherently challenging.
Such equations of state have a restricted validity range, a restricted convexity range, and the expression of the density is
not explicit leading to time-consuming computations.

Consequently, the various relaxation processes are achieved with the NASG predictor equation of state (PEOS). The
NASG equation of state is much simpler than general Mie-Griineisen type EOSs. As a result, computations are markedly
faster. Furthermore, the NASG EOS involves a much larger range of convexity that significantly improves the robustness
of computations. Nevertheless, for the NASG predictions to be valid, the associated parameters must be determined
to meet compatibility conditions. These conditions are ensured by what is referred to as the thermodynamic relaxation
(Neron et al, 2023 [27]). In order to take into account thermal equilibrium, it is necessary to extend the thermodynamic

relaxation method, particularly with regard to the computation of the PEOS parameters.

7. Extension of the thermodynamic relaxation to address mechanical and thermal equilibrium

The thermodynamic relaxation method, which was initially developed by Neron et al. (2023) [27] and is presented in
Section 4.1, is designed to address single-phase and diffuse interface models. However, in the present context, the situation
is different, as some materials evolve in mechanical and thermal equilibrium. The situation then involves a mixture of
materials and demands a reconsideration of the target equation of state: TEOS. The computation of the PEOS parameters
remains founded on the equality of pressures, temperatures, and squared sound speeds between TEOS and PEOS [27].
Therefore, the fundamental principles of the relaxation method remain unchanged, but the target equation of state, which
is in fact the physical equation of state, becomes the equation of state of the mixture evolving in mechanical and
thermal equilibrium.

The target temperature Ty Tros, thus, becomes the mixture temperature that is given by Eq. (6.4) or (6.5). This
temperature depends upon the specific volumes of the material vy and the mixture internal energy e, in contrast to the
original thermodynamic relaxation where the target equation of state is determined using both v, and ex. The target
pressure px Teos shall be determined through the mixture internal energy e as well. Consequently, py Tros is computed
as either pir trOS (Vk, Tk, TEOS) O Pr,TEOS (Vk,€}*) Where e;* = e TrROS (Vk, Tk, TEOS) is updated by the target thermal

equation state (6.3). Similarly, the target squared speed of sound ci)TEOS is also computed as either ci)TEOS (Vg Tk, TEOS)
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or ci)TEOS (vi, ep*) with ef* = ex, TrOS (Vk, Tk, TROS). The three compatibility relations (4.3) become:

. € — (YDPeDP,Eos (UDP) + Yx €Rr,EOS (UR)) - Zk#R)DP Yier

Ty pEOS (Vk» €) = Tk, TEOS (VK> €) = VC TY.C )
pplu,pp rUy,r

Pk,PEOS (Uk, 6) = Pk, TEOS (Uk, Tk,TEos ('Uka 6)) = Pk, TEOS ('Uka 62*) s (7'1)

Ci,PEOS (vk, ) = Ci,TEOS (Vg Tk, trOS (Vk, e)) = Ci,TEOS (vk, €;")

with e;" = ex,tr0OS (Vk, Tk, TEOS (Vk, €)) = Cy k Tk, TEOS (Vk, €) + €k.mos (V) -

The following section provides a summary of the overall thermodynamic relaxation method.

7.1 Summary of the thermodynamic relaxation method

The thermodynamic relaxation method is founded upon two equations of state: a predictor equation of state (PEOS),
which is much simpler and is convex over a wide range of pressure and density, and a target equation of state (TEOS),
which is, in fact, the physical equation of state (e.g., JWL or CC). At each time step of the numerical method, which
encompasses processes such as the Riemann solver and pressure-temperature relaxation and mass transfer, the predictor
equation of state is employed, yielding a faster and more efficient computational method. However, for the computations
to be valid, it is necessary to calculate the parameters of the equation of state in a manner that satisfies a number of
compatibility conditions. These conditions are ensured by the so called “thermodynamic relaxation” method, which is
employed after each time step. The two equations of state, “predictor” and “target”, are thus rendered perfectly compatible
at every time step of the computation, with the exception of the time step during which the simulation is conducted with

the “predictor” equation of state. The associated sequence is used:

o Initialization of two thermodynamic variables such as (pk, pr) or (pk, Tx) and computation of the third variable such
as Ty, or p,, with TEOS (2.1). The initial internal energies ej are computed with TEOS as well. Thereafter, the PEOS
parameters are computed with Relations (4.4) and either Eq. (2.1) or Relations (7.1) as the target EOS depending
on the desired equilibrium (mechanical or mechanical-thermal). The TEOS and PEOS are initially merged in terms

of p, Tk, and ¢, (Relations (4.3)).

e Resolution of the hyperbolic step with PEOS (3.1). This step consists of the resolution of the two-phase flow system

(4.1)-(4.2) without source terms.

o Stiff pressure relaxation with PEOS (3.1). The PEOS offers a significant numerical advantage, as it allows for the
computation of the relaxed solution with a single iterative method, whereas the TEOS necessitates the use of two
embedded iterative methods, as detailed in Neron et al. (2023) [27]. Furthermore, an explicit solution is available

with PEOS when only two materials are considered.

e The solution at this point corresponds to that of the mechanical equilibrium model of Kapila et al. (2001) [1]. Mass
transfer may be addressed according to the method presented in Section 9. In the case of involvement of a detonation
wave, consideration of mass transfer source terms shall involve prior detection of the detonation zone. Details will
be provided in Section 9. For both the detonation-zone detection step and the mass transfer step, the PEOS (3.1)

is used.
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e An additional relaxation process, regarding the temperature of the reactant and the temperature of the detonation
products, makes the solution tend to that of the reactive (or multi-component) Euler equations (with or without
mass transfer). This temperature relaxation process is achieved with the method presented in Section 6.1 and with

PEOS (3.1).

e Thermodynamic relaxation is achieved through Relations (4.4) that are reminded hereafter:

C2
R — k, TEOS
k — )
(Tx + 1) Ti; TEOS
Pook = Ci’TEOS Pk, TEOS (7.2)
= —%F—— — Dk, TE .
00,k Vi (Fk + 1) )
Ci TEOS
* ok s
€kref — €k T, + Vg Pk, TEOS-

This relaxation of the PEOS parameters is only achieved if the convexity criteria (4.5) are satisfied with TEOS.

These are reminded hereafter:

LW dpk.sos (V)
T'n+1 duy, ’

Pk > Pk,eos (Uk) ) (7.3)

dpksos (k)
d’Uk

In this case, the thermodynamic relaxation is stiff: 7 — 07. Conversely, if the convexity criteria are not satisfied,

Pk > Pk,eos (vk)

Pk > DPk,ros (vk) + vk

then no relaxation occurs : 7 — +o00, and consequently, the PEOS parameters are not updated. These have only
been transported by the flow, and the next time step will be addressed with a convex equation of state (PEOS). This
final step makes the two equations of state, “predictor” and “target”, perfectly compatible in the event of a convex

TEOS. Regarding TEOS, two situations are possible:

— The materials evolve in mechanical equilibrium only. In the context of detonation, these materials are inert. In

that event, TEOS is given by Relations (2.1) that are used under the following form:

€k — €k Eros (Uk)

Tk, tEOS (Vk, €k) = Cor ,
v,

I
Pk, TEOS (Vk, €k) = — (er — ek,mos (Vk)) + Pk,wos (Vk)
vy (7.4)

d v
& rros (ks ex) =Tk (T + 1) (ex — expos (k) — “’%%Z(w

3

and e}’ = eg.

— The materials evolve in mechanical and thermal equilibrium. In the context of detonation, these materials are

the reactant and the donation products. In that event, TEOS is given by Relations (7.1) that are reminded
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hereafter:

T ( ) € — (YDPeDP,EOS ('UDP) + YReR,EOS ('UR)) - Zk;éR,DP Yiex
k, TEOS (Vk,€) = ;
YDPC’U,DP + YRCv,R
Ty
Pk, TEOS (Ui, Tk, TEOS (Vk, €)) = Di,TEOS (VK €5) = o (er" — ekmos (Vk)) + Pr,ros (Vi) ,

(7.5)

o dpr,mos (Vk
& 1ros (Vk, Tk, TEOS (Vk: €)) = & 1RO (Vk, €1) = Tk (T + 1) (e — €xpos (vk)) — UipLS()a

dvk

with e;” = er,tros (Vk, Tk, TEOS (Vk, €)) = Cu ik Tk, TEOS (Vk, €) + €k.mos (V) -

A simple and convex equation of state (PEOS) is then always used during the entirety of the simulation, with the
help of additional transport-relaxation equations. The last step, which is the thermodynamic relaxation step, serves to
project the predicted solution onto the target EOS, but only in the event that the target EOS is convex. The overall

thermodynamic relaxation method is depicted with the following flowchart (Figure 1).
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Initialization of the solution with TEOS (2.1)
and determination of the PEOS parameters (4.4)

while t < teng

Hyperbolic step with PEOS (3.1)

Stiff pressure relaxation with PEOS (3.1) ’

No

Mass transfer source term with
PEOS (3.1) (see Section 9)

M—

Mechanical and thermal

}

Stiff temperature relaxation with PEOS (3.1) ’

Mechanical

Mechanical and thermal

‘ TEOS with (7.4)

’ ‘ TEOS with (7.5) ’

_+

Stiff thermodynamic relax-
ation through Relations (7.2)

Figure 1: Flowchart of the overall thermodynamic relaxation numerical method with the extended System (4.1)-(4.2). Both
versions of the thermodynamic relaxation method are incorporated, i.e., mechanical equilibrium (Section 4) and mechanical-thermal

equilibrium (Section 6).

8. Numerical examples

Numerical resolution is addressed using a fractional step method. System (4.1)-(4.2) is solved in the absence of

relaxation terms during a time step. It consists of what is referred to as the hyperbolic step, involving the resolution of

the Riemann problem and the time evolution stages. In the present contribution, the Riemann problem is solved with the

HLLC-type solver provided in Saurel et al. (2009) [28], and the time evolution is computed with a second-order Godunov
(1959) [40] type method (see Saurel et al. (2009) [28], Chiapolino et al., 2017 [30]). The various source terms (pressure

relaxation, mass transfer, temperature relaxation) are then addressed. Finally, stiff thermodynamic relaxation is achieved

to merge TEOS and PEOS.
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8.1 Mechanical equilibrium

This section presents an illustration of the present thermodynamic relaxation method for computing a situation in-
volving a material interface. Pressure relaxation is considered but temperature relaxation is omitted. The thermodynamic
relaxation method is then used as in its original development (Section 4). The following test is a 1D shock tube initially
separating liquid nitromethane (CH3NOz) and air. The tube is one meter long, with the initial membrane located at
x = 0.8 m. The left chamber is initially set at a pressure p = 2000 bars, while the right chamber is set at the atmospheric
pressure p = 1 bar. The initial densities on both sides of the initial interface are pcuzno, = 1134 kg/m3 and p.;, = 50
ke/ m?. The initial volume fraction of nitromethane is set to Olczno, = 1076 in the right chamber and the volume fraction
of air is set to @i = 107% in the left chamber.

The air is governed by the ideal-gas EOS, which is a reduction of the NASG EOS (3.1) with b,;, = 0 and peo . = 0.
The specific heat coefficient is C, .., = 719 J.kg7!.K~! and the adiabatic coefficient is 7,, = 1.4, resulting in R,;, =
(Vair — 1) Cy e = 287.6 JXkg 1. K~! . The reference energy is set to €air,ref = 0. The nithomethane is described by the
CC EOS (2.1)-(A.1). The corresponding parameters are given in Table A.1 of Appendix A (Saurel et al., 2007 [41]). The
computations are performed with a second-order scheme in space and time on a 2000-cell grid, with both the conventional
method (TEOS (2.1)) and the thermodynamic relaxation method based on PEOS (3.1). The results are presented in
Figure 2.
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Figure 2: Shock-tube test case with the non-equilibrium model of Saurel et al. (2009) [28]. The thick black lines represent the
results computed with the thermodynamic relaxation method (PEOS), and the dashed gray lines correspond to those computed with
the conventional method (TEOS). The thin black lines represent the exact solution computed with the Riemann solver of Saurel et
al. (1994) [42]. The dotted lines represent the initial conditions. The results are shown at time 276 us. Since the temperatures are
in disequilibrium, the nitromethane temperature is shown on the left of the contact (which is represented by the dash-dotted line),
while the air temperature is displayed on the right. The present relaxation method perfectly recovers the target EOS results.

The results computed with the thermodynamic relaxation method using PEOS are merged with those obtained with
the conventional method using TEOS. Furthermore, the use of the NASG EOS expressions throughout the numerical code
is more computationally efficient than that of CC EOS. The “PEOS” computation is about 2.5 times faster than that with
TEOS. The present test case was performed with a sequential implementation. The computation with TEOS required 52

seconds whereas the computation with the thermodynamic relaxation method based on PEOS needed only 21 seconds.

8.2 Mechanical and thermal equilibrium

Temperature relaxation is now considered in addition. The thermodynamic relaxation method is then used in its
extended version (Section 6). This section presents an illustration of the present thermodynamic relaxation method for
computing a mixture flow. The following test is a 1D shock tube involving liquid nitromethane (CH3NOs) and gas TNT
products (C7H5N350g). The tube is one meter long, with the initial membrane located at x = 0.6 m. The left chamber

is initially set at a pressure p = 200000 bars, while the right chamber is set at the atmospheric pressure p = 1 bar. The
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initial temperatures on both sides of the initial discontinuity are 7" = 3000 K and T' = 300 K. The initial volume fractions
of nitromethane and TNT are set to @ = 0.5 throughout the whole domain.

The liquid nithomethane is described by the CC EOS (2.1)-(A.1). The corresponding parameters remain the same as
before and are given in Table A.1 of Appendix A. The gas TNT products are described by the JWL EOS (2.1)-(B.1),
with parameters given in Table B.4 of Appendix B (Massoni et al., 2006 [43]). The non-equilibrium model (4.1) of Saurel
et al. (2009) [28] is solved using consecutive pressure and temperature relaxation processes. These cause the solution to

converge toward that of the multi-component Euler equations that read:

9 (pYk)
ot
% + div (pu) = 0,
9 (pu)
ot
9(pE)
ot
System (8.1) is closed by an appropriate mixture equation of state. This mixture EOS is derived from the equality of

+ div (puYy) = 0,

—l—div(pu@u—i—pl) =0,

+ div (pE +p)u = 0.

pressures pi between the phases, the equality of temperatures Ty, and the definitions of mixture internal energy e, and

mixture specific volume v = 1/p:

T="T, Vk,
P="pk, Yk,
N
v=>Y Yiu (p,T), (8.2)
k=1
N
e= Z Yier (p, T).
k=1

The specific volume v = 1/p; and internal energy ey of species k are provided by the EOS of each species. In Relations
(8.2), T denotes the mixture temperature. The thermodynamic closure (8.2) assumes that all species evolve in mechanical
and thermal equilibrium in their own separate volume. It is interesting to note that Relations (8.2) are equivalent to the
mixture law of Dalton when considering a mixture made of ideal gases (Chiapolino et al., 2017 [44]).

The mixture equation of state is derived from System (8.2) and provides the mixture pressure p (v, e, Y3 ) and the mixture
temperature T (v, e, Y;) as a function of the mixture specific volume v, mixture internal energy e, and mass fractions Y.
These latter quantities are obtained through the resolution of the multi-component Euler equations (8.1). When dealing
with complex MG-type EOSs such as CC (A.1) or JWL (B.1) (Appendix A and Appendix B), it is not possible to express
the mixture equation of state in explicit form. This is due to the non-linear dependence of the py ros (V) and e pos (Vi)
functions upon the specific volume. Therefore, the mixture pressure p and the mixture temperature T" must be computed
through the simultaneous resolution of the mixture mass and mixture internal energy relations (8.2) using an iterative
method [45], such as Newton-Raphson’s. The numerical resolution is performed using a 2X2 matrix.

Figure 3 compares the solution computed by the three models, i.e., the multi-component Euler equations (8.1) where
a 2x2 matrix system is solved to compute the mixture pressure and mixture temperature, the non-equilibrium model

(4.1) with TEOS where stiff pressure and temperature relaxation solvers are used consecutively, and the augmented
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non-equilibrium model (4.1)-(4.2) with PEOS where stiff pressure and temperature relaxation solvers are simplified and

accelerated by PEOS. The computations are performed with a second-order scheme in space and time on a 500-cell grid.
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Figure 3: Mixture shock-tube test case. The thick black lines represent the results computed with the thermodynamic relaxation
method (PEOS), and the dashed gray lines correspond to those computed with the conventional method (TEOS). The dotted lines
represent the initial conditions. The present relaxation method perfectly recovers the target EOS results. In addition, the solution
to the multi-component Euler equations is plotted in o symbols. Only 50 symbols out of 500 are plotted for the sake of clarity. The
results are shown at time 80 us.

The results computed with the thermodynamic relaxation method using PEOS are merged with those obtained with the
conventional method using TEOS. They are also merged with those computed with the multi-component FEuler equations
(8.1). The numerical resolution is one more time much more efficient with PEOS. The present test case was performed with
a sequential implementation. The conventional computation with TEOS required 10 seconds, whereas the computation
with the thermodynamic relaxation method based on PEOS needed only 2 seconds, making the computation 5 times
faster.

Both the conventional (TEOS) computation and the computation with the thermodynamic relaxation method based
on PEOS are significantly faster than that with the multi-component Euler equations (8.1) that needed 93 seconds. The
reason is the complex mixture equation of state that must be extracted from the mixture rules (8.2). When dealing

with MG-type EOSs (2.1), such as CC (A.1) or JWL (B.1) (Appendix A and Appendix B), the mixture equation of
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state is not expressed explicitly, due to the non-linear dependence of the pg ros (vi) and ek gos (vi) functions upon the
specific volume. Consequently, the mixture pressure p and the mixture temperature 7' must be computed through the
simultaneous resolution of the mixture mass and mixture internal energy relations (8.2) using an iterative method. This
iterative resolution process is a time-consuming computational procedure. However, this difficulty is eliminated with the

use of the non-equilibrium model (4.1), which incorporates consecutive pressure and temperature relaxation processes.

9. Mass transfer

In order to address detonations, mass transfer source terms are considered in the flow model. These source terms
describe the decomposition of the reactant (R) and the creation of the detonation products (DP). The rate at which these
products are created is described by the kinetics of decomposition. For ideal explosives, the detonation zone, i.e., the zone
where the mass transfer source terms are activated, is located between the shock corresponding to the von Neumann spike

and the Chapman-Jouguet (CJ) point where sonic conditions appear as illustrated in Figure 4.

&
— I

& von Neumann spike
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i 4 YDP = 0
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- X
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Figure 4: Schematic representation of a 1D detonation of an ideal explosive described by the ZND model. Mass transfer must be
present only between the von Neumann spike and the CJ point when dealing with ideal explosives.

9.1 Detonation detection

It is important to highlight that care must be taken to ensure that the mass transfer source term is activated only
in the reaction zone. Indeed, in the present context, mixture cells are present due to the numerical dissipation, inherent
in all capturing numerical methods. This artificial diffusion tends to spread the shock over several numerical cells and
consequently can activate a premature computation of the source term. In this case, the numerical results are considerably
corrupted. The von Neumann spike (see Figure 4) must then be correctly detected so that the reaction starts behind the

numerical diffusion zone of the shock. A detonation indicator consisting of the following three numerical filters is then
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used (Chiapolino et al., 2024 [4]):

en+1 _ en + % (anrl +pn) (,UnJrl _ ,Un) > €r-

Computation of the source term is activated for the current numerical cell if these conditions are met. The first condition
compares the mixture pressure between two consecutive time steps, denoted by n+1 and n. The second condition compares
the mixture density. The last condition corresponds to the Hugoniot adiabatic, which is zero only for shocks (Menikoff and
Shaw, 2010 [46]). When these conditions are satisfied, the current cell does not carry the (diffused) shock. The parameters
€ = €p = 1072 and exy = 10~* J/kg are used. In addition, the computation of the source term is only initiated in the
presence of combustible material, through oy > €, = 107% and Y3 > ey = 107%, and if the mixture pressure in the current

numerical cell is high enough: p > 108 Pa.

9.2 Thermo-chemical solver

Upon completion of the hyperbolic step (resolution of the two-phase flow system (4.1) without source terms), and upon
completion of the stiff pressure relaxation process (Section 5), the solution tends to that of the mechanical equilibrium
model due to Kapila et al. (2001) [1]. Indeed, the hyperbolic and pressure relaxation steps of System (4.1) provide a
numerical method for solving the model proposed by Kapila et al. (2001) [1] in a simple and efficient manner. Let us
then analyze the introduction of mass transfer source terms in the mechanical equilibrium model, following Petitpas et al.
(2009) [2]. The model of Kapila et al. (2001) [1] with mass transfer terms reads:

da + u-grad (o) — (

M,

ot

0 (arpr) - V.

— T div (agpru) = pYy, = 1y, (9.2)

0
((9[;“) + div ([pu®u+pg) =0,

9 (pE)

T-I—div([pE—l—p]u) =0.

System (9.2) evolves in mechanical equilibrium. However, System (9.2) involves numerical difficulties due to the non-

pici — prci, > () = Yk

peCy /oy + pict /ey pr o pr)

conservative term in the volume-fraction equation. The disequilibrium model (4.1) of Saurel et al. (2009) [28] is conse-
quently used with stiff pressure relaxation to circumvented these numerical difficulties.

In the absence of hydrodynamic terms and in the presence of mass source terms, System (9.2) reads:

Do, _ pYi _ 1
ot pI pr’
0akpr) o .
ot PYe= (9.3)
9(pw) _
ot ’
9(pE) _
5 =0
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The rate at which the detonation products are created is denoted by YDP = —YR, which is determined from a given kinetics
model. Obviously Y;, = 0 for inert materials: k # (R,DP). In System (9.3), p; denotes the “interfacial” density. This
density is expressed in order to ensure that the flow model satisfies the second law of thermodynamics. Following Saurel

et al. (2008) [47], the “interfacial” density pr reads:

Plcf + P2C§

pr = ﬁ (9.4)
ar T

Knowledge of the kinetics law enables the computation of the mass source term riv,. The volume fractions ay and apparent
masses oy pr are updated with a simple first-order integration method.

Nevertheless, the two-phase model used in the numerical method remains the non-equilibrium model (4.1) of Saurel et
al. (2009) [28]. Consequently, upon computing the volume fractions «y and apparent masses agpy through the kinetics
source terms, the internal energies e; are updated using the mixture pressure and the associated EOS: e = ey (p, pr),
similarly to the energy re-initialization step required during the stiff pressure relaxation process, see Saurel et al. (2009)
[28], Chiapolino et al. (2017) [44] for details. This task does not pose any particular difficulty for either TEOS or
PEOS. The reader is then referred to the aforementioned references. The solution at this point corresponds to that of the
mechanical equilibrium model of Kapila et al. (2001 [1]), with mass transfer, but in the absence of heat transfer between the
reactant and the detonation products. Mechanical and thermal equilibrium is computed through an additional relaxation

process regarding the temperatures, as seen in Section 6.

10. Numerical examples of detonation with mechanical and thermal equilibrium

The extended thermodynamic relaxation method is now applied to illustrative detonation test cases. As mentioned in
the Introduction, the reactive Euler equations with temperature and pressure equilibrium among the phases are commonly
used in engineering computations to address detonations in condensed explosives. However, their apparent simplicity has
limitations and masks a subtle complexity that can lead to pathological and nonphysical solutions. This issue has been
investigated in Chiapolino et al. (2024) [4] and a fundamental existence condition, referred to as Global Exothermic Con-
dition (GEC), of the mechanical-thermal equilibrium model has been provided in order to preserve exothermic detonations
in the frame of temperature-pressure equilibrium flow models. Numerical results show that disregarding the GEC (in
the reaction zone) leads to pathological solutions. The general expression of the GEC, in the context of mechanical and

thermal equilibrium, reads as [4]:

Oe
8YDP

Ode

< -
OYx
PP, Y]

: (10.1)

PP, Y]

with ¥ # Y. In order for the mathematical model to provide a non-pathological, and therefore existing detonation, it is
necessary that the reaction remains globally exothermic. This condition is expressed through the GEC (10.1), specifically
through the careful selection of the parameters of the equations of state [4] that are involved in the formulation of the
mixture internal energy e.

In the present contribution the PBXN-109 explosive is used. PBXN-109 is a weakly non-ideal explosive. It is a
composite explosive made of 64% hexogen (RDX), 20% of aluminum particles (Al), and 16% of a bounding non-reacting
material (PBHT). The solid reactant (R) is described by the CC EOS (2.1)-(A.1) and the associated detonation products
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(DP) parameters are described by the JWL EOS (2.1)-(B.1). The corresponding parameters satisfy the GEC (10.1) as
shown in Chiapolino et al. (2024) [4]. The CC parameters are given in Table A.2 of Appendix A. These parameters
lead to an excellent agreement with the experimental Hugoniot data, as will be seen a bit further (Figure 7). Among
the CC parameters, the constant Ej 2 is of particular interest. The fact that Ej 2 = 0 guarantees convexity of the CC
formulation, under conditions that T}, > 0 and v > 0, as shown in Chiapolino et al. (2024) [4]. However, the combination
of an accurate Hugoniot adiabat and convexity may not be found for every material. For example, copper will be used in
the forthcoming section and requires Ej 2 > 0 to match the associated experimental Hugoniot data (Figure 7). It should
also be noted that the reference energy ey ref is computed so the initial (0) internal energy of the solid reactant is zero:
er,0 (Po, To) = 0. The combination of Relations (2.1) and (A.1) leads to eg ref = 0. The energy released by the combustion
is then transferred to the reference energy of the detonation products epp et (third relation of (B.2), see Appendix B).

The JWL parameters used to describe the detonation products are also provided in Chiapolino et al. (2024) [4]. They
are determined using the thermochemical code Cheetah (Fried, 1998 [48], Lu, 2001 [49]), which provides the CJ state for a
given material density. Yet, the heat capacity is modified in order to maintain a convex formulation, also under condition
that Ty > 0 and v, > 0. The demonstration is provided in Chiapolino et al. (2024) [4] as well. The JWL parameters are
given in Table B.5 of Appendix B. The present JWL description of the detonation products of the PBXN-109 involves
a reasonable inaccuracy on the pressure at the CJ point: 2%, but a larger error on the temperature at the CJ point:
17%. This is due to the heat capacity of the detonation products that was deliberately lowered at C, pp = 1000 J/kg/K
to ensure convexity of the JWL EOS [4]. This inaccuracy is reduced to 8.6% when C, pp = 1960 J/kg/K, provided by
Cheetah, is used. As the present contribution is solely intended to extend the thermodynamic relaxation method, this
temperature error is not a significant issue.

In Neron et al. (2023) [27], the same detonation products of PBXN-109 are used in an underwater explosion test,
wherein the materials are in thermal disequilibrium. It is shown that the conventional computation (TEOS) and the
computation with the thermodynamic relaxation method based on PEOS provide the same results up to a specific point
where TEOS becomes non-convex due to its C, pp value of 1960 J/kg/K, which ultimately leads to computational failure.
Nevertheless, the computation with the thermodynamic relaxation method based on PEOS is able to proceed and yields
consistent results. When the C,, ,p value is modified to 1000 J/kg/K to ensure convexity of the JWL EOS, the conventional
computation with TEOS and the computation with the thermodynamic relaxation method based on PEOS yield identical

results throughout the entire simulation [27].

10.1 One-dimensional illustration

First, a 1D detonation test is performed. The 1D numerical test consists of a 30-cm long tube with a fine mesh of
3000 cells. Tt is initially filled with PBXN-109, which serves as the solid reactant. The initial (0) conditions are as follows:
po = 10° Pa, Ty = 298 K, and Yeo=1- 1076, These conditions, as prescribed by the associated EOS, result in an initial
solid density of pro = 1/vr,0 = 1666 kg/m?, in agreement with experimental data. The detonation is initiated with the
help of a piston impacting the left side of the tube at 200 m/s. For the sake of simplicity, the kinetics of decomposition
given in Fickett and Davis (1979) [50] is used: Ypp = £1/(1 — Ypp) with € = 2 x 10% s™1. The results computed with both
the conventional computation (TEOS) and the computation with the thermodynamic relaxation method based on PEOS

are compared in Figure 5.
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Figure 5: One-dimensional detonation of PBXN-109. The thick black lines represent the results computed with the thermodynamic
relaxation method (PEOS), and the dashed gray lines correspond to those computed with the conventional method (TEOS). The
thin gray lines represent the detonation zone (plotted only for the “PEOS” computation for the sake of clarity) where the mass-
transfer source terms are activated. The prescribed CJ state (Table B.5) is represented by the horizontal dotted lines. The solution
is shown at time intervals of 4 us, with the first and final time being 2 us and 42 us. The present relaxation method perfectly
recovers the target EOS results.

The results computed with the thermodynamic relaxation method using PEOS are merged with those obtained with
the conventional method using TEOS. Moreover, the “PEOS” computation is about 4.3 times faster than that with TEOS.
The present test case was performed with a sequential implementation. The conventional computation with TEOS required
15 minutes and 18 seconds whereas the computation with the thermodynamic relaxation method based on PEOS needed
only 3 minutes and 32 seconds.

The CJ state is correctly computed, except for the temperature as mentioned previously, and a stationary detonation
appears. The reactive expansion occurs from the von Neumann spike to the CJ point, where the combustion is complete,

and a conventional isentropic expansion takes place. The computed detonation speed is 7109 m/s, which is close to the
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prescribed one (7108.23 m/s, Table B.5). A close-up view of the solution in the reaction zone is shown in Figure 6. The
results are compared with the ZND solution as well, which is computed from the stationary reactive Euler equations (8.1)
(with pYDp as a source term on the right-hand side of the first equation), providing the stationary solution within the

reaction zone. The ZND system reads (Chiapolino et al., 2024 [4]):

_ < de _ _Oe > > Op

ou Nor |y o vy OVRp vy "¢, v,
or p (2 —u?) ’
ap p ou
92 wox (10.2)
dp  _ou
e~ "ar
0Yope _ Yo

ox [T

where w = D — u is the relative speed, which is the difference between the speed of the detonation D and the mixture
velocity u. The mixture sound speed is denoted by c. Excellent agreement with the ZND solution in the reaction zone is

obtained.
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Figure 6: Close-up view of the “PEOS-with-thermodynamic-relaxation” solution of Figure 5 in the reaction zone. The results are
compared with the ZND solution at the final time 42 us.

10.2 Two-dimensional illustration

A 2D illustrative test case is now performed. Mechanical and thermal equilibrium is considered between the PBXN-109
reactant and its associated products. Furthermore, the present test case involves inert materials and consequently material
interfaces. Both versions of the thermodynamic relaxation method are then used, i.e., mechanical equilibrium (Section 4)
and mechanical-thermal equilibrium (Section 6). The test consists of a copper (Cu) projectile impacting at 1000 m/s an
envelope made of copper as well, and containing the solid PBXN-109 explosive. Air is present in the surroundings, and is
described by the ideal-gas equation of state (Section 8.1).

The PBXN-109 remains described by the CC EOS (2.1)-(A.1) with parameters given in Table A.2. These parameters

have been determined in Chiapolino et al. (2024) [4] to match the experimental dynamic adiabatic. The behavior of a
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solid material under shock loading is indeed described by the Hugoniot adiabatic related to:

D = ¢ 0 + agu, (10.3)

where ¢, o is the speed of sound of the unshocked (0) solid and ay, is a dimensionless constant specific to the solid under
consideration. Relation (10.3) is supported by experimental data providing the ¢y and aj parameters. For the solid
PBXN-109, these parameters were determined experimentally in [4] and are cg o = 2231 m/s and ar = 1.845. For copper,
they have been determined using the experimental data provided by the “Shock Wave DataBase” [51] and the least
squares method, resulting in C.opper,0 = 3350 m/s and Geoppe: = 1.2536. The copper is described by the CC EOS as well.
The corresponding parameters have been determined using the c.opper,0 @0d Geoppe, coefficients to math the experimental
dynamic adiabatic, and are given in Table A.3 of Appendix A. Figure 7 presents a comparison between the CC EOS with
associated parameters for the solid PBXN-109 and copper, with the corresponding Hugoniot data. Excellent agreement is

found for both solids.
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Figure 7: Comparison of the CC EOS for the solid PBXN 109 (top plots) and copper (bottom plots) with the Hugoniot data. For
the solid PBXN-109, the CC EOS is fitted with cr,0 = 2231 m/s and ar = 1.845 from experiment [4]. For copper, the CC EOS is
fitted with ceopper,0 = 3350 m/s and Geopper = 1.2536 from the “Shock Wave DataBase” [51].

As the numerical test is only intended to be illustrative, the numerical domain is a square with a surface area of 1 x 1
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m?. The solid PBXN-109 is a square with dimensions 0.6 x 0.6 m2. The copper envelop is also a square with dimensions
0.7 x 0.7 m2. Its thickness is 0.05 m. The copper projectile is a rectangle with dimensions of 0.3 x 0.1 m?. It is initially
separated from the copper envelope. The initial velocity in the longitudinal direction is 1000 m/s. The mesh is composed
of 421950 unstructured triangles. Non-reflective boundary conditions are considered.

For the sake of simplicity, the kinetics of decomposition given in Fickett and Davis (1979) [50]: Yop = &1/(1 — Ypp)
is used one more time with ¢ = 0.8 x 105 s~1. The solution is computed with a second-order Godunov (1959) [40] type
method [28, 30, 52]. Moreover, the numerical capture of the material interfaces is improved using the sharpening method
developed by Chiapolino et al. (2017) [30]. Figure 8 displays the 2D results computed with the thermodynamic relaxation
method based on PEOS.

28



gl

Time: 0.000 ms Time: 0.035 ms
Time: 0.065 ms Time: 0.080 ms
Time: 0.105 ms Time: 0.130 ms

Time: 0.150 ms Time: 0.200 ms

Figure 8: Two-dimensional detonation of PBXN-109 computed with the thermodynamic relaxation method based on PEOS. The
figure depicts the temporal evolution of the mixture density p, showing the propagation of a detonation wave.
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Figure 8 depicts the evolution of the detonation front, which propagates in the explosive in a direction toward the right.
The final two images show the propagation of the shock wave following its reflection on the right side of the envelope. The
solid PBXN-109 is fully burnt. A comparison between the conventional computation (TEOS) and the computation with
the thermodynamic relaxation method based on PEOS is presented in Figure 9, which plots the 2D results on the z-axis

along the centerline.
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Figure 9: 2D results of Figure 8 plotted on the x-axis along the centerline. Comparison between the conventional computation
(TEOS) and the computation with the thermodynamic relaxation method based on PEOS. The results are presented at time 0.130
ms. The thick black lines represent the results computed with the thermodynamic relaxation method (PEOS), and the dashed
gray lines correspond to those computed with the conventional method (TEOS). The thin gray lines represent the detonation zone
(plotted only for the “PEOS” computation for the sake of clarity) where the mass-transfer source terms are activated. The prescribed
CJ state (Table B.5) is represented by the horizontal dotted lines.

The results computed with the thermodynamic relaxation method using PEOS are in excellent agreement with those
obtained with the conventional method using TEOS. Moreover, the “PEOS” computation is more than 5 times faster than
the “TEOS” computation. The present test case was performed with a parallel implementation using MPI architecture
and 60 CPU cores. The conventional computation with TEOS required 5 hours and 18 minutes whereas the computation

with the thermodynamic relaxation method based on PEOS needed only 1 hour.
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11. Conclusion

The present paper has built upon the thermodynamic relaxation method recently developed in Neron et al. (2023) [27]
to encompass both mechanical and thermal equilibrium, thus enabling the treatment of detonation waves in condensed
explosives in the frame of pressure and temperature equilibrium models. Most engineering tools dealing with detonation
waves in condensed explosives are indeed based on the reactive Euler equations, which involve a thermodynamic closure
based on temperature and pressure equilibrium conditions. An extension of the thermodynamic relaxation is then necessary
and has been developed in the present contribution.

A condensed explosive is always confined by an external material. The treatment of material interfaces is then essential.
Detonation computations have then been addressed with the non-equilibrium model of Saurel et al. (2009) [28]. This
model is able to address material interfaces as its solution tends, through stiff pressure relaxation processes, to that of the
mechanical equilibrium model of Kapila et al. (2001) [1]. Mass transfer and temperature relaxation terms are added to
the multiphase model to recover the solution to the reactive Euler equations in the detonation zone.

The thermodynamic relaxation method is then used in both its original version to address material interfaces, and
its extended version to cope with mechanical and thermal equilibrium. This thermodynamic relaxation method allows to
compute interfacial flows and mixture flows with sophisticated equations of state such as MG formulations, which include

the CC and JWL EOSs. The present method has several key features:

e It automatically achieves the prolongation of the EOS, which significantly improves the robustness of the computa-

tions, as most considered EOSs have a limited range of validity.

e It is about 5 times faster than the computations achieved with the original EOS, in the mechanical-thermal equilib-

rium multiphase flow examples considered herein.

e It is versatile, in the sense that various flow models can be considered with this method.

In the present contribution, JWL and CC EOSs have been considered in the context of detonation computations of ideal
explosives. However, the method may be adapted to other complex equations of state such as the Becker-Kistiakowsky-
Wilson (BKW) EOS [53-55] following Neron and Saurel (2024) [56]. Other future work includes extensions to extra
physics, such as cubic EOSs, as well as virial ones, each one having important interest and difficulties in different technical

areas.
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Appendix A. CC functions

The Cochran-Chan (CC) EOS is widely used to model the thermodynamics of the condensed phase. The various
functions used in (2.1) are denoted by the subscript “CC” and read as [4],

/Uk 7Eky'1 Uk; 7Ek‘,2
Dh,ros (Vk) = Pk,cc (V&) = Ak, <—) — Ap2 <—) ,

Vk,0 Vk,0

Ag1k,0 o\ Ak,2Vk,0 o\
“ = . = 0 _ — 1 _|_ _w= m " _ 1 _ C’ T + 3
€k,E0s (Wc) €k,cc ('Uk) 1— Ek,l ko 1— Ek,Q ko v,kL0 T €k, ref

dpk.sos (V) _ dpr,oc (vk) _ AraEga (U_k)_l_Ek'l n A oEy 2 (v_k)_l_Ek'2

dvk dvk Vk,0

Vk,0 Vk,0 Vk,0

(A1)
where Ay 1, Ak,2, E1, and Ej o are parameters determined from the reference Hugoniot curve of the tested material k.
Subscript “0” indicates the reference state data used to calibrate these parameters, i.e., the standard unreacted state. The
term ey, ror represents the reference energy. The CC EOS is commonly used to describe the solid reactant. The various CC

thermodynamic parameters used in this paper are listed in the following tables.

T() (K) Vk,0 (In3/kg) €k, ref (J/kg) Fk Ak,l (GP&) Ak,Q (GP&) Ek71 Ek_Q Cv,k (J/kg/K)
300 1/1134 0 1.19 0.819181 1.50835 4.52969 1.42144 2000

Table A.1: Parameters of the CC EOS for liquid nitromethane (k = CH3NO3) [41].

TO (K) Vk,0 (m3/kg) €k, ref (J/kg) Fk Ak,l (GP&) Ak72 (GP&) Ek.,l Ek72 Cu,k (J/kg/K)
298 1/1666 0 1.2 1.0 1.7922629  6.7333333 0 1330

Table A.2: Parameters of the CC EOS for the solid unreacted PBXN-109 (k = R) [4].

TO (K) Vk,0 (m3/kg) €k ref (J/kg) Fk Ak,1 (GPa) Ak72 (GPa) Ek71 Ek72 Cv,k (J/kg/K)
298 1/8930 0 0.7965 503.5075 504.3235 2.1 1.9 385

Table A.3: Parameters of the CC EOS for copper (k = Cu).

Appendix B. JWL functions

The JWL EOS is widely used to model the thermodynamics of the detonation products. The various functions denoted
by the subscript “JWL” read as [4],

Tr+1
— Ry b —Rp,2 gk Ur,0
Dk,mos (V) = Prawr (Vi) = Age YR.0 + Bre VRO + " )
k
Ty
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where Ay, By, Ry 1, Ri2, and ki are fitted parameters depending on the considered material k. In these relations, vg ¢ is
the specific volume of the solid reactant (R) in the reference state (0). The term ey yer denotes the reference energy. For

the detonation products (k = DP), the kpp and epp ref parameters are determined using the CJ state,

I'pp+1 I'pp+1

- IopCyppTcs Vey —C TopCyppTes (Ve

pDP — c; — Pop,1 ('UCJ) - =Ulpp ——— y
Vey Ur,0 Ve, Ur,0

—Rpp,1 2B —Rpp,2 2B
Por,1 ('UDP) = Appe R0 + Brpe R0,
AppUr,0 —Rpp,; 221 Bppr,0 —Rpp,s2Cl Pcs — Por,1 (Vcs
Copref = €oy — —e Avge _ ZPPTRO 2%R0 — UCJ—’()7 (B.2)
RDP,l RDP,2 FDP
- VR0 2
Vcy = VUr,0 — Pci T s
Pcs
€cs = 7 (UR,O - UCJ) + €r,0-

The last two relations of (B.2) result from the CJ theory, which was developed for an infinitesimally thin detonation (see
for instance Fickett and Davis, 1979 [50]). They correspond to the shock relations between the initial state (0), which is
the unreacted solid (R), and the CJ state, wherein the gases reach sonic velocity (in the frame of the leading shock wave)
as the reaction ceases. The detonation speed is denoted by D. The term ey o denotes the internal energy of the solid
reactant in the standard unreacted state. It should be noted that the last relation supposes that the pressure in the CJ
state is significantly greater than that in the initial state: pc; >> po. The term Cpp, present in the first relation of (B.2),
is an additional parameter depending on the considered detonation products. The JWL EOS is indeed commonly used
to describe detonation products (DP). The various JWL thermodynamic parameters used in this paper are listed in the

following tables.

Ur,0 (m3/kg) Fk Cv,k (J/kg/K) Ak (GP&) Bk (GPa) Ck (GP&) Rk71 Rk_Q
1/1605 0.290 2399 492.6 5.950 0.924 4.730 1.060

D (m/s) pe, (GPa) Te, (K)
6737 18.18 3712

Table B.4: Parameters of the JWL EOS for the detonation products of TNT (k = C7H5N30s) [43].

Ay (GPa) By (GPa) Cy (GPa) Rii  Rgpe Iy Cor (J/kg/K)  pey (GPa) Tey (K) D (ms™1)
1235.851 18.289 1.76 6.104 1.434 0.226 1000 19.842 4824.79 7108.23

Table B.5: Parameters of the JWL EOS for the detonation products of PBXN-109 (k = DP) [4].
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