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Abstract

An eXplosive CHEMical kinetics code, XCHEM, has been developed to solve the reactive diffusion equa-
tions associated with thermal ignition of energetic materials. This method-of-lines code uses stiff numerical
methods and adaptive meshing to resolve relevant combustion physics. Solution accuracy is maintained
between multilayered materials consisting of blends of reactive components and/or inert materials. Phase
change and variable properties are included in one-dimensional slab, cylindrical and spherical geometries.
Temperature-dependent thermal properties have been incorporated and the modification of thermal con-
ductivities to include decomposition effects are estimated using solid/gas volume fractions determined by
species fractions. Gas transport properties, including high pressure corrections, have aiso been included.
Time varying temperature, heat flux, convective and thermal radiation boundary conditions, and layer to
layer contact resistances have also been implemented.
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PART ONE: MODEL FORMULATION AND SOLUTION

1.0 Introduction

The combined chemical/thermal equations that describe the decomposition of energetic materials, which
include explosives and propellants, are complex, highly coupled, and stiff! partial differential equations.
Several computer codes??® have been developed over the last few decades to solve such equation sys-
tems, with varying degrees of success. XCHEM-1D, an eXplosive CHEMical kinetics/heat transfer code
was developed because existing codes did not meet all of the following requirements: (1) accurately and
robustly solve the coupled stiff chemicalthermal equation system; (2) accurately resolve spatial features
such as melt fronts and large species and temperature gradients; (3) allow for different layers where each
layer can be composed of different reacting and non-reacting materiais in varying proportions; (4) allow
flexible and complete boundary condition specification; (5) aliow for contact resistance between layers; (6)
run with either no or minimal changes on virtually any computing plattorm ranging from a CRAY supercom-
puter to a PC, and be efficient enough to run reasonably on the slower cpu platforms; (7) be easy to use;
(8) be self-contained, including the graphics packages so that external software need not be acquired; (9)
provide source for the entire computer code, including the graphics, so that users can make modifications
to the code; (10) include a database of properties of common reactive and non-reactive materials and also
allow the user to insert “generic” materials into the database through user input and also allow the user to
easily add both reacting and non-reacting materials permanently into the code library; (11) 2llow one node
(zero dimensional) calculations which are usetul, tor example, in probabilistic risk assessment analysis or
in deducing chemical kinetics in thin film experiments.

XCHEM-1D (which will interchangeably be called XCHEM) meets all of the above requirements. The
method-of-lines (MOL) numerical technique*® in XCHEM uses stiff numerical solvers to successfully ad-
dress the problem of obtaining accurate solutions of the temporally stiff chemicalthermal equation system.
Automatic adaptive gridding is used to resolve relevant spatial scales. Phase change and variable proper-
ties are included in one-dimensional slab, cylindrical and spherical geometries. Temperature-dependent
thermal properties have been incorporated. Gas transport properties, including high pressure corrections,
have also been included. Time varying temperature, heat flux, convective and thermal radiation boundary
conditions, and layer to layer contact resistances have also been implemented. The RSCORS® graphics
system is used with XCHEM because source is available for distribution, and it provides striking two- and
three-dimensional color graphics. A driver called XPLOT has been written to interface RSCORS to
XCHEM results. This post processor provides quick and easy interpretation of results. XCHEM is easy to
use, which is a major achievement for a code that solves such difficult problems. This user friendliness is
achieved because the stiff ODE solver (DEBDF) and the adaptive grid routines are extremely robust and
have very few parameters that users can modify. Input to XCHEM is typically less than a page, and the
majority of input has been arranged such that there is only one data entry per line.

This manual is organized in two parts. Part One discusses the equation system solved by XCHEM, the
propetties, treatment of phase change, and the MOL solution method. Part Two describes the structure of
XCHEM, gives a brief description of the core routines, details the input parameters, describes several ex-
ample problems, and finally discusses the installation of XCHEM on a variety of computing platforms. For
those desiring to run XCHEM as soon as possible without a detailed knowledge of the code mechanics or
theory, Section 8.1 provides a roadmap to achieve this purpose.



2.0 Model Formulation

2.1 Introduction

in the following sections, the formulation of the equations and associated constitutive relations are dis-
cussed in more detail. The overall methodology, however, uses the method-of-lines (MOL) to convett the
system of partial differential equations (PDE’s) describing the decomposition of an energetic material into a
system of ordinary differential equations (ODE's). The system of ODE's derived in the following sections
are then solved. For each layer, there are a number of spatial gridpoints (similar to a finite-difference ap-
proach). Each gridpoint has a temperature, and, optionally (if a reactive material is present), a number of
species concentrations that are the unknown dependent variables. The coupled energy equation and the
species rate equations are used to solve for these unknowns. The number of species equations may be
variable from layer to layer, depending on the number of reacting materials in a particular layer, and the re-
action processes associated with each reacting material. Specific heat is determined using the effective
capacitance method to allow for the effect of phase change and appropriate mixture rules. The logarithm
of thermal conductivity is assumed to vary linearly with temperature. The reacting materials available in
the material library consist of CHNOCI atoms and decompose to a representative gas composition consist-
ing of Np Hp, H0, Oy, CO,, CO, HCI, and Cl. Since the composition is assumed constant, computation of
gas properties, including density and thermal conductivity can be computed using the pure substance val-
ues and high pressure corrections to well-known mixture rules. Further, arbitrary generic reactive and non-
reactive materials can easily be added to the XCHEM library via user input.

2.2 The Energy Equation

The temperature field in a heated energetic material is described in XCHEM by the following equation for a
multilayer, multicomponent reacting system:

pcpg_trz AV + S, )

where p (g/cm®), Cp (calig-K), T (K), t(s), A (callcm-s-K), and Sy (cal/lcms) represent density, temperature
dependent heat capacity, temperature, time, temperature dependent thermal conductivity, and reaction
source term, respectively. The thermophysical quantities are computed using mixture rules and are dis-
cussed in Sections (2.6) to (2.8). The total mixture density is constant in Equation (1) since no material ex-
pansion or depletion in the confinement is considered in this version of XCHEM, thus the volume and mass
of the system is fixed. For one-dimensional geometries, the Laplacian operator, V2, has the form
927ax+ (m/x)d/dx , where mis 0, 1, or 2, for cartesian or slab, cylindrical, and spherical geometries, re-
spectively. Combined radiative and convective boundary conditions, including Dirichlet (specified time
varying temperature) or Neumann (specified variable flux) conditions, have been incorporated into
XCHEM. Implementation of these boundary conditions is discussed in detail in Section (3.2).

2.3 The Chemical Species Rate Equations

The volumetric reaction source term, Sy (calem3s), given in Equation (1) above is determined by the fol-
lowing source term for J reactions involving K materials:

K
Sr=3> 3 Hyip Ky (2)
k=1j=1



where #; (cal/g), p (g/cm?), and T (1/s) represent the endothermic or exothermic energy release, the
density, and the reaction rate of the ki material for reaction step j, respectively. The general reaction
scheme for J reactions involving | chemical species is:

/ /
2 VM VM = ©
I::1 /=1

where v'j, v'; and 2 are the stoichiometric coefficients of the reactants and products, and the chemical
symbol for the / th species, respectively. Although the reactions in Equation (3) can be reversible, the re-
verse reactions are specified in XCHEM as additional reaction steps. Equation (3} in general describes el-
ementary chemical kinetics in which v'; and v";; usually must be integer values. In addition, most global
reaction schemes follow the premnse of havmg ..( reactions involving | chemical species and such a concep-
tual picture is useful for the remaining formulation. However, Equation (3) cannot always be applied to the
global kinetics used to describe the chemistry of some energetic systems. For example, in some global ki-
netic models, the stiochiometric coefficients need not be integer values (i.e. reaction rates can be specified
as a complex, nonlinear function of the reactants and products). As the ensuing discussion will clarify,
XCHEM allows both global or elementary reaction mechanisms.

For each of the j reaction steps, the reaction rate, r;(1/s) is described by:

/
=kIN" . =1 @)

i=1

where N; (dimensionless) is a progress variable that tracks the creation or destruction of species / and the
W, (d|menS|onIess) are termed the concentration exponents. Equation (4) as it appears here is very gener-
al and encompasses both elementary and global kinetics models. In elementary kinetics, u, = v', , but
this is not the case for most giobal kinetic models that are typically used in XCHEM. Thus, for generallty
we have chosen not to relate the stoichiometric coefficient to the concentration exponent. Also, in the form
of Equation (4), N; can be a concentration of species i/, a mole fraction, or a mass fraction, provided that
appropriate reaction rates, r, and the kinetic coefficients, k; are defined consistently. Several examples
for consistent definitions are shown in Table 2. The expressions for the kinetic coefficients, k; (1/s), are giv-
en in an Arrhenius form:

= TB/A.exp(—E-/F?T) (5)

where Bj, (1/7KPs), E; (cal/mol), and R (1.987 cal/mol-K) are the steric coefficients, pre- exponentlal fac-
tors, actlvatlon energles and the universal gas constant, respectively. The rates of change of species are
given by:

J
dN/dt = Zvi},rj . =1, (6)
=1

where v;; (dimensicnless) are the coefficients on each of the j reaction rates. Appendix C presents exam-
ples of global kinetics models where the two matrices u_and v, are derived. Equations (1) and (6) form
an equation system that, together with auxiliary Equations (2)-(55, can be used to determine the tempera-
ture and species history leading to ignition providing the decomposition mechanisms, temperature and
pressure dependent properties are known. As discussed above, Equation (3) need not be invoked; in-
deed, none of the variables in Equation (3) appear in Equations (4)-(6).
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2.4 Reaction Mechanisms

A major problem with incorporating chemical kinetics for condensed phase materials is the lack of mecha-
nistic rate data. Experimental methods for obtaining this information are not well established. As dis-
cussed in the previous section, most kinetic models for condensed phase materials are giobal, and usually
consist of only a few steps. The multistep kinetics model with parameters which replicate the time to reac-
tion as observed from the heavily confined One-Dimensional Time to Explosion (ODTX) experiments of
McGuire and Tarver’ have been incorporated into XCHEM. Table 1 lists the mechanisms for HMX, RDX,
TATB, TNT, and NC. The mechanism for HMX and RDX is known as a three-step sequential mechanism
and the mechanism for TATB and TNT is known as a three-step auto-catalytic mechanism. See Appendix
C for additional details on these mechanisms Generic mechanisms for an arbitrary reactive material are
allowed; presently, in XCHEM the generic mechanism is limited to nineteen steps.

Table 1. Reaction mechanisms for primary explosives.

HMX and RDX TATB and TNT NC
{ A-B ! A—>B ! A—- B
2 B-2C 2 A+B-C 2 A+B—-C
3 2C- D 3 B+B—-C

2.5 Reactive Material Properties

The Arrhenius kinetic parameters for the mechanisms given in Table 1, including reaction energies, are
listed in Table 2. The steric coefficients, B , for these explosives are all zero. The temperature dependent
specific heats and thermal conductivities used in XCHEM are also included in Table 2.

Table 2. Kinetic and thermal properties used in XCHEM

Explosive' HMX RDX TATB TNT NC
41, 2alg -100 -100 -50 -30 -30
LnT A,, Ln(1/s) 48.7 455 29.5 35.0 35.6
E,/R K 26500 23700 21100 22100 19600
o, cal/g 300 300 900 900 630
Ln A,, Ln(1/s) 37.5 40.7 45.0 26.0 32.0
E-R K 22200 22200 30200 17400 13200
H,, cal/g 1200 1200 950 930 NA
Ln A Ln(1/s) 28.1 35.0 435 26.2 NA
EyR, K 17200 17200 27200 16900 NA
C,, cal/ig-K, 293 K 0.24 0.24 0.26 0.27 0.24




Explosive’ HMX |RDX |TATB |TNT NC

Cy, cal/g-K, 623 K 0.42 0.42 0.43 0.40 0.42

A, callem-s-K, 293 K 0.00123 | 0.000622 | 0.00191 | 0.000620 | 0.00123
A, calcm-s-K, 433 K 0.000970 | 0.000485 | 0.00142 | 0.000570 | 0.000970
p. glemd 19 1.8 1.842 1.605 1.65
Melting Point, K 520 477 NA 354 NA
Latent Energy, cal/g 50.0 38.4 NA 223 NA

*Most parameters are from references 1 and 2.
tLn represent the natural logarithm.

2.6 The Effective Capacitance Method

Some energetic materials such as TNT melt before ignition. Since the melting process includes a latent
heat, it is important to include this phenomenon in the energy equation. However, the time and location of
the phase change is not known a priori, occurs in a small region, usually moves, and continuity of the tem-
perature field is required. For spatial resolution, the adaptive grid technique accurately resolves and tracks
the phase change front. To account for the latent energy and to assure continuity of temperature, the ef-
fective capacitance model® is used.

Equation (1) is again given as:

pCp O = AV +; "
where Cp' is now the equivalent specific heat defined by:
" aH

where H (cal/cm3 g) is the enthalpy, L (cal) is the latent energy, & is the Dirac delta function, and T,, (K) is
the phase transition or melt temperature. This is a computationally effective approach® because a two
phase region with a jump condition has been reduced to a single phase region with rapidly varying proper-
ties. In XCHEM, Equation (8) is replaced by:

Cp =Cp(N+L8 (T-T,AT) (9)

where & is the delta form function. The form function has a finite value in the interval AT about T, and is
zero outside the interval. In XCHEM, the approximation user for of the delta function is shown in Figure 1

and by definition the area under the curve is equal to j 8dT = 1 such that:

5 (T-TpAT) = Lmax(0.0,e~|T-T,)) (10)
€

The value of ¢ is the temperature range over which phase change occurs and is arbitrarily set to 1K.
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Figure 1. Approximation of the Dirac delta function

2.7 Evaluation of Mixture Thermal Conductivity

The value of thermal conductivity can vary greatly in a mixture depending on the state (solid or gas) of the
components in that mixture. The solid thermal conductivities are evaluated by interpolating on tabular val-
ues provided in the XCHEM database. It is assumed that the logarithm of thermal conductivity is linear
with respect to temperature. Therefore, the natural logarithm of tabular values are taken, a linear interpo-
lation is made, and the value is reconverted to normal space by taking the exponential. The solid mixture
thermal conductivity is evaluated from:

nmax

7Lsoiid = 2 xiki (1)
i=1
where y; is the volume fraction of the solid material in the layer, and 1, (cal/cm-s-K) is the pure material

temperature-dependent thermal conductivity. The summation is made over nmax, the number of solid ma-
terials in the layer.

Since the composition of the decomposition gases in a layer are assumed constant in XCHEM, a mixture
gas thermal conductivity is calculated. However, XCHEM makes a high pressure correction to this initial
value that varies with time. First, for each pure gas, the thermal conductivity is calculated®:

_1.989x 1074 (T/M) 72

puregas 520 ]

A

(12)

where T (K) is the temperature, M is the molecular weight, o (A) is a collision diameter, and Q, (dimen-
sionless) is the collision integral. The collision integral is approximated!' as:

_(A,,_C ., E
v 7B exp(DT ) exp(FT)

where T = (kT) /e, A=1.16145, B=0.14874, C=0.52487, D=0.77320, E=2.16178, and F=2.43787. T is
a dimensionless temperature related to the dimensional temperature by k, the Boltzmann constant, and
the characteristic energy, ¢, which is usually given as a single value, e/k and has dimensions of 1/K. Val-
ues for ¢/k and ¢ for many substances may be found in reference (12). The mixture gaseous thermal

Q

(13)



conductivity is found using the Wassiljewa equation‘'3

n
M= 2T
=1 (2 k/A,/.)

=1

yi}‘;

(14)

where 12 is the low pressure thermal conductivity of the mixture, A, is the thermal conductivity of the pure
substance, and y,, are the mole fractions of components i. The function A, is computed by using the Ma-
son and Saxena modification'3:

2
L MMy E (MM
! (8(1+M/M)1'"?

(15)

where n (micropoise) is the viscosity of the pure substance and all other quantities have been previously
defined. The pure gas viscosity is computed from.

= —_— (18)

Equations (11) to (16) determine the low pressure mixture thermal conductivity for the known gas mixture.
This value is only calculated once, and is performed in XCHEM before it begins to step in time. The final
high pressure cotrection technique of Stiel and Thodos'4, is computed on every timestep for the energy
equation is:

_g.  0.535p
A =A%+ (14.0x10%) (e~ '=1)/T p,<0.5 (17a)
-8 0.67p
A=Ak +(13.1x107°) (e '-1.069)/T 05<p,<2.0 (17b)
o -8 1155pf
L =A%+ (2976x107%) (e '+2.016)/T 20<p,<2.8 (170)

where p is the reduced density, p, = p/p , A is the low pressure thermal conductivity, and

1/6 1/2
- TS Z2M
h p2/3
[o]
All quantities with. a subscript “c” are critical values. Z_ is the compressibility factor for the substance. For

a particular substance, I, is a constant value and need be computed only once. The mixture critical ther-
modynamic properties, { = P,' T, etc. are computed from:

(18)



n .
= X (19)

Equations (17a)-(17c) and (18) can be efficiently programmed into a function subroutine. The solid mix-
ture thermal conductivity and gas mixture thermal conductivity are density-weighted to obtain the final ther-
mal conductivity at each gridpoint:

pgas pgas
7\. = KSO“d [10—#)-’-}\'935—5———. (20)
solid solid

2.8 Evaluation of Mixture Heat Capacity

Only the initial materials in a layer are used to evaluate the heat capacity of the mixture. For each material
(both reacting and nonreacting), the heat capacity is linearly interpolated using the XCHEM heat capacity
database. Then, the density/specific heat product is determined from:

nmax
PCp= 2 xPCp, @
i=1
where x,, p, (¢/em®), and C,, (cal/g-K) are the initial volume fraction of the material, the species density,

and the species specific heat, respectively. The specific heat of the gaseous product materials are as-
sumed to be similar to the solid specific heats in these confined geometries.

2.9 Evaluation of Contact Resistance

The evaluation of contact resistance involves computing an effective thermal conductivity modified from
the value in Section 2.7. Contac. resistance is only aillowed presently at layer interfaces. Contact resis-
tance is computed from standard heat transfer principles and the electrical analogy to heat flow. Both radi-
ation and conduction through the gap are included. Figure 2 depicts the assumed electrical analogy
network for the contact resistarice. The radiation heat flux is'S:

(97A) agiation = Nrad (T1— T2) (22)

where q (cal/s cm?) is the heat transfer rate, A (cm?) is the area, and h,,q (cal/s cm? K) is the radiation

Rrad
T,0——— ——or,
Last node, layer n AAA A First node, layer n + 1
F‘cond

Figure 2. Electrical analog for contact resistance.



coefficient defined by:

(T2+T2) (T,+ Ty

Mrad = Lo (17, + (A /Ay (1/g,-1)]

(23)

where o (cal's cm? K%) is the Stefan-Boltzrann radiation constant, Lg (cm) is the gap width, and the ¢'s
(dimensionless) are the gray body emissivities of the two gap surfaces. In XCHEM, A, = A,, so that these
terms cancel and do not appear. Likewise, for the conduction heat flux'® we have:

(q/A)conduction = Neond (T1 = T3) (24)

where hgong (calls cm? K) is the conduction coefficient defined as:

A 2A, A A
h _1(0 AB+_1)\T)

cond ~ [g THXA*')“B A (25)

where A, (cm? is the contact area, A, (cm?) is the void area, A (cm?) is the total area, the subscripts “A”
and “B" denote the different materials on either side of the gap, the subscript ‘' denotes the fluid material
which fills the void space, and A (cal/s cm K) is thermal conductivity.

In XCHEM, each node is assigned a thermal conductivity in which the thermal resistance is:

1
I:‘normal Y (26)

where ) is obtained from Equation (20). The contact resistance is implemented by replacing the normal
thermal resistance with the effective contact resistance:

(1/hcond) (1/hrad)

R =
contact (1/hcond) + (1/hrad)

(27)

and R¢ontact in Equation (27) is used to define an effective ‘thermal conductivity” instead of Equation (26).

Mechanically-induced contact resistance is not implemented in the present version of XCHEM.



3.0 Numerical Solution Technique

3.1 Derivation of the Ordinary Differential Equation System

For each node in the grid system, the energy equation (1) and a number of species rate change equations
(6) are solved. The method of lines (MOL) numerical method is well-suited to solving such an equation
system, especially one in which there is grid adaption and the number of equations solved is constantly
evolving. The first step in MOL is to discretize the spatially dependent terms to create a system of cou-
pled, first-order ordinary differential equations (ODE'’s) in time. At present, since species diffusion is not in-
cluded, only the energy diffusion term of equation (1) has a spatially dependent term. If we define

(Tee1s2= T
(Xk+ 17 Xk) /2

n

q

k+

(28)

1
2

where g (K/cm) is the temperature gradient and x (cm) is the spatial location. Further, in considering vari-
able thermal conductivity, a simple matching of heat fluxes in the positive and negative directions (in one
dimension) at a node results in the following definition:

AT A0, Tl y)

T ,= 29
W50 @9)
The spatial operator in equation (1) becomes:
VT [A 194 —A g 1)’/ Vi (30)
K+ = k+= k- 3 k- 3

where V is the volume of the computational cell surrounding a gridpoint and A , is the interface area be-
k+ ~

2
tween k and k+1 adjacent cells. Variable areas and volumes are defined for cylindrical and spherical ge-

ometries. Once the spatial operator is discretized, the equation system at gridpoint k consists of:

ITe (A M Va7 A VA m-T W (s 31
ar - (3¢ [((x ) AU o~(r ) w10 ) *}”a‘:" (L) o

P k K+ 1 k-1 K P okVj=1

J /
%Atil = Z Vi TWA} exp (_E//Rn l—! A/:U (32)

j=1 =
Each gridpoint has a system composed of equations (31)-(32) associated with it. The unknown vector f
passed to the MOL solver is shown in Figure 3. (This is the name of the vector in XCHEM). In Figure 3,
npt refers to the total number of nodes, or gridpoints, in the computational domain at the current time. As
a clarification, the words gridpoint and node are used interchangeably to indicate a discrete computational
point. With adaptive gridding, this value changes with time. The reference to npde refers to the number of
partial differential equations associated with a node. Note that the value of npde can vary from layer to lay-
er, e.g. if Node 1 and Node npt are in different layers, the value of npde as a subscript of their respective
unknown f's may differ. To further clarify the form of the f array in Figure 3, for each node, its f component

10




Node 1 ( fz

Node 2 <

f( npt-1)"x npde + 1

Node npt
f

L 'nptxnpde

Figure 3. Schematic of the dependent variable equation vector

consists of:

'nodeT = (T'NA' NB'""NI)T (33)

where | = npde-1 and the superscript I represents the vector transpose. Each node has npde unknowns,

which includes the temperature. The remaining unknowns are species, and thus there must be npde-1 un-
known species.

The concentration exponent matrix, p,, and the coefficient matrix, v, must be known in order to solve
Equation (32). Appendix C provides a derivation of i, and v, for a sequential three-step mechanism, and
an autocatylitic three-step mechanism. The former is used in XCHEM to describe the chemical decompo-
sition mechanism for HMX and RDX, while the latter is used to describe the mechanism for TATB and TNT.
Using Appendix C as a guideline, these necessary matrices can be obtained for a generic mechanism (up
to nineteen steps) that can be entered into XCHEM as input.

The equation system (31-32) is solved using the double precision version of an ODE solver cal'ed DEB-
DF'”, which is a variable order backward difference solver. This ODE method forms a Jacobian, which
can require substantial storage. To minimize storage, the bandwidth of the Jacobian has been minimized
by determining the layer with the most unknown reactant species and using this information to compute the
bandwidth. Early versions XCHEM used a bandwidth that addressed the possibility of all the reactant ma-

terials in the XCHEM library being present in all layers. Reducing the bandwidth reduced XCHEM cpu
time by an order of magnitude.
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The adaptive gridding is performed by layer, as opposed to the solver which advances the solution of the
entire computational domain. Performing the adaptive gridding by layer eliminates grid smoothing difficul-
ties. Relative error estimates are computed for each dependent variable on each gridpoint node by using
error estimates based on interpolation. A cumulative error estimate for each node is also obtained by cal-
culatinging a weighted sum of the component errors for individual nodes. A node is a candidate for refine-
ment (node insertion) if the error exceeds a preset tolerance, o,. A node is a candidate for combination
with a neighboring node (node removal) if the error is less than another specified tolerance (for instance,
0.10,). An automatic smoothness restriction Is also imposed so that node widths cannot be more than
twice as large or less than half as small as its nearest node neighbors. '

3.2 Boundary Conditions

General boundary conditions are incorporated in XCHEM. Figure 4 depicts the node and cell arrangement
of XCHEM. The boundary on the left-hand side where node 0 is located is called the “inner boundary”.
The boundary on the right-hand side where node npt+1 is located is called the “outer boundary”. Presently,
only boundary conditions for the energy equation are necessary since species diffusion is neglected.
Equation (31) in Section 3.1 is the energy equation used for interior nodes. in XCHEM, the right-hand side
(RHS) of the energy equation at the boundaries are:

A 2A,
RHSnode1 = (;5‘)‘(((—7 ) (T T) A1bcq1bc)/vj

J
1 1 (zw,-pr,j (34)
2 RRVER

n

J

A A ' 2A’npt—1 1 q 35
(T) (( nptbe Tnptbe = | Tk Anm 1( npt = Trpt - 1)) npt)+(ﬁ") (ZH,‘PCJ (35)

PLr npt - 17 Mgt Ponpt V- g

where A (cm?) is the area and V (cm®) is the volume of a computational node and all other quantities have
been defined previously. The contribution to the two boundary fluxes are given by:

Tln— T1
Af o T be :amxk1x( )+(1.0—am)x (36)
Xo—= X4
(ln (T —T +Emo(rr‘adm"r‘

T~ T,

Anpt,bc qnp!,bc = aex X)"np( X (72-%)"' (1-0‘— aex) X (37)
npt+ 1 npt

(fex+hex(Tex‘Tnphi) +£exo(7?adex T:ph!)

Cell0 Celit Cell npt Cell npt +1

+ 4+

0 ' npt npt 1)
left-hand (inner) boundary right-hand (outer) boundary

Figure 4. XCHEM node and cell designations
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The a;, and aq, (dimensionless) parameters determine whether Neumarin (specified variable flux) or Di-
richlet (specified time varying temperature) boundary conditions are applied. If aj, or ag, equal “1”, then a
Dirichlet condition is desired, and its value is fixed by the value of T,, and T,,. If aj, or a5, equal “0", then
a Neumann condition is computed based on a constant term (f;, or fe,), a convective term [h, (T,, - Ty |

OF [N g (Toy = Toput) ], OF aradiative term €, o (Thpg i = T5) OF €4, 6 (Tragex = Toptet) - (38)

Tradin @nd Tiuq ox are the externally viewed radiation temperatures for the inner and outer boundaries, re-
spectively. The two temperatures, T, and T, , are taken as representative time-dependent functions giv-
en as:

~t/1, R
Tm =Z,xtx8 "+ Tin,con (39)

Tox = 2% tX o ™4, (40)

ex,con
In Equations (38) and (39), tis time and £, and tyy (s) are time constants that introduce a time dependency
on the Dirichlet temperature boundary conditions. z4 and z; are nondimensional constant multipliers. (41)

T,and T, , are boundary temperatures that have been linearly extrapolated from their two nearest neigh-
bor nodes as:

1o 22T o X) (42)
0 1 (Xp—X7)
(Tn - Tn - Xoptet ~ X
Tnpt+1 Tnm + 2 a 1) ( i P‘) (43)

(ant"xnpm )
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PART TWO: XCHEM USER’S MANUAL

4.0 General Description

XCHEM consists of fourteen FORTRAN routines. not including the debdf stiff solver. A separate postpro-
cessing graphics driver, called XPLOT, which utilizes the RSCORS Package, is included to aid the user in
data interpretation. A diagram of the XCHEM program structure is shown in Figure 5. Input and output files
are denoted by a black background. The stiff ODE solver routines have been lumped into a box labelled
“debdf’. There are actually about thirty routines that comprise the entire debdf solver.

Distribution of the XCHEM code consists of three basic modules: (1) the driver software includes the main
calling program, and routines for user input and file manipulation, printing, property data definition, and
specification of the ODE's in routine func which is used by the snlver; (2) the solver software consists of
the routine debdf and all of its auxiliary routines; and (3) the graphics software consists of the XCHEM driv-
er for the plotting software called XPLOT and the plotting RSCORS graphics package, a low-level, ma-
chine-portable package developed at Sandia National Laboratories. [ncluded with the graphics package is
the PQst Processing POP software, which is the device interface code that allows the graphics to be dis-
played on a variety of formats for screen or hardcopy display.

XCHEM is written in ANSI Standard FORTRAN 77. There are no FORTRAN "ENTRY" statements in
XCHEM, which can cause some difficulty with FORTRAN compilers on some computing platforms. On 32-
bit machines, the accuracy of the ODE solver requires that XCHEM be in double precision. XCHEM units
are “cgs” (centimeter, gram, second) and use the energy unit of calorie.

I block | prodat

l gridin

Input discussed in Chapter 5

props exmole

; refine
func I

| | I errest

Figure 5. XCHEM program structure



4.1 Description of Routines

The following is a brief description of each of the fourteen routines contained in XCHEM, not including the
stiff solver debdf routines. They are, for the most part, listed in the order in which a FORTRAN compiler
encounters them when executing XCHEM. The routines for the solver (debdf)!® and graphics library (RS-
CORS)® will not be discussed. A user may examine the XPLOT source code (and the resulting plots that
are created) if there is a need to create or customize plots not made by XPLOT.

XCHEM

Main routine XCHEM first calls subroutine READIN to read data from the user input file xchem.in, and then
calls the subroutine PROPS to compute properties of the gas mixture. XCHEM then initializes timestep-
ping parameters, and begins the main timestepping loop. In this loop, the timestep is set, the grid refine-
ment routine is called, geometry variables (which may have been modified by grid refinement) are reset,
the number of equations is computed, the solver is called, the dependent variable arrays are reinitialized
by the solver, and then printing, plotting, and restarts are performed as necessary.

READIN

Primarily, subroutine READIN reads in data from the user input file xchem.in. However, READIN also sets
some parameters for the ODE solver and the adaptive grid routines. Next, the restart data, the boundary
condition data, and the general input parameters (See Appendix A) are read. Contact resitance data, if ap-
plicable, is then read, after which the plotting parameters are read. READIN reads in the material data and
computes the number of reactant materials and the number of equations in each layer. READIN also calls
subroutine GRIDIN to set up the initial grid system. READIN initializes the dependent variable f array,
computes pointers to obtain appropriate properties of each energetic mateiial in the layer, and also deter-
mines printout pointers. READIN computes the time interval for writing restart files, and also reads a re-
start file to restart a problem if so specified by the user input. READIN also performs some error checking.
Layer interface dimensions are checked for consistency. The input parameter, dtmult, is checked (a value
greater than 10.0 can decrease accuracy.) |f the user includes contact resistance for a one-layer problem,
the contact resistance is removed by READIN. READIN will limit the number of restarts to 50. A check for
consistency between the desired start time and finish time is also made. Subroutine READIN is called
once by the main XCHEM driver routine.

GRIDIN

Subroutine GRIDIN sets up the initial grid system for the adaptive grid routines, including all of the spatial
arrays. For multi-layered problems, the user may choose a number of gridpoints which produces disparate
grid spacings at the interface between two layers. This undesirable condition is corrected in GRIDIN by
forcing the aspect ratio between computational cells in adjacent layers to be greater than 0.4 and less than
2.5. GRIDIN inserts nodes in the appropriate layer until this criterion is met. [f plotting is desired, GRIDIN
prints the initial grid information to the plotting database. GRIDIN is called only once by routine READIN.

PROPS

Subroutine PROPS computes the gas mixture viscosity and thermal conductivity using the methods dis-
cussed in Chapter 2. The gases are constructed from the specification of the initial CHNOCI (carbon, hy-
drogen, nitrogen, oxygen, and chlorine) content in the energetic reactant materials. Presently, the gases
considered are: Ny, Hy, HyO, O,, CO, CO,, HCI, and Cl,. The routine EXMOLE is called from PROPS to
compute the number of moles of each constituent gas produced by the quantity of the reactive material.
This computation is performed by layers, and each layer may have more than one type of reactive materi-
al. Based on the computed gas mixture, PROPS then computes pure component properties, and then
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constant mixture values according to the procedure outlined in Chapter 2. PROPS is called only once by
the main driver XCHEM.

BLOCK DATA

BLOCK DATA is accessed at the beginning of execution. BLOCK DATA contains the CHNOC! composi-
tion of the default energetic materials listed in the XCHEM data library. BLOCK DATA also contains the in-
teger unit numbers for I/O, so a unit number can be changed easily. Subroutine READIN details what unit
number corresponds to what I/O representation, i.e. XCHEM input, XCHEM output, graphics file, efc.

EXMOLE

Subroutine EXMOLE is called once by PROPS. This small routine determines the number of moles of N,
H,, H,0, O,, CO, CO,, HCI, and Cl, from the available i >actant materials provided by PROPS.

BLOCK DATA PRODAT

BLOCK DATA PRODAT contains the property data for both reacting and non-reacting initial materials. For
all materials, PRODAT contains the specific heat, thermal conductivity, phase change, latent heat, and
density data. For reacting materials, the steric factor, natural logarithm of the pre-exponential factor, acti-
vation energy divided by the universal gas constant, energy release for the reaction, concentration expo-
nents, and coefficients on the j reaction rates are also contained in this data base. For both reacting and
non-reacting materials, the user may specify a “generic” reacting or non-reacting substance in the
xchem.in input file with the appropriate conditional parameters, R6ADD and N6ADD.

REFINE

Subroutine REFINE regrids the one-dimensional mesh based on relative error estimates computed for
each dependent variable for each node by using interpolated error estimates. A cumulative error estimate
for each element is obtained by using a weighted sum of the components errors on that node. Node inser-
tion occurs if the error exceeds a preset tolerance. Likewise, node removal can occur if the error is less
than another specified tolerance. Further, an automatic smoothness restriction is imposed so that no ele-
ment can be more than twice as large or less than half as small as its nearest neighbors. REFINE is called
within the controlling timestep loop of XCHEM.

ERREST

Subroutine ERREST is called once by REFINE. ERREST computes the interpolation errors which RE-
FINE uses to determine node insertion or deletion.

FUNC

Subroutine FUNC defines the coupled ordinary differential equation set given in Equations (31-32). FUNC,
utilized by the DEBDF solver, is called in the large timestep loop in the XCHEM main driver. FUNC is usu-
ally called ten to one hundred times per timestep, and most of the computing time for XCHEM is spent in
FUNC. FUNC also calls subroutine CKRATE and also the function subroutine HTCON.

HTCON

Subroutine HTCON computes the thermal conductivity of the gas mixture based on the correlations given
in Section 2.7.
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HVIS
Subroutine HVIS computes the viscosity of a gas mixture, and is presently not used by XCHEM.
PRTOUT

Subroutine PRTOUT prints out data to the XCHEM ASCII data output file, the graphics file to be used as
input to XPLOT, and to the XCHEM ASCII restart file. PRTOUT can be called multiple times from the
XCHEM timestep loop, but its frequency of use depends on how often the user has specified that printed
output, graphics output, and restarts be written to their respective files.
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5.0 XCHEM User Input

5.1 Introduction

Although XCHEM is a advanced code, using sophisticated adaptive gridding and stiff numerical solvers, a
primary objective, as stated in Chapter 1, was to make XCHEM simple to use. Thus, for simplicity, only one
input file is required to run XCHEM, and the file presently must be named xchem.in. The user should be-
gin with one of the example input files lisied in Appendix A (included in the distribution disks), and then
edit them to run their problems of interest. For the most part, there is only one free-format entry on a line
followed by a comment that explains that entry in some detail. The input has been divided into six main
sections: a header section, restart parameters. boundary condition parameters, general input parameters,
plotting parameters, and material property parameters.

The following sections explain each entry into the xchem.in file. Each entry is tagged indicating whether it
1s considered required or optional input, and as to the type of input, i.e. character, integer, logical, or real.

5.2 Header Section

The header section allows the user to place comments at the beginning of the input to describe the prob-
lem of interest.

ncomen (required, integer)

The number of comments in the header section that immediately follow this entry. This allows the user to
internally document the input file. hcomen equal to zero means that after the entry line for ncomen, the
comments for the restart parameters immediately follow. ncomen cannot be less than zero.

5.3 XCHEM Restart Parameters

Restart Parameters: (required, character)

The three lines consisting of a line of dashes, the line stating that the following data are “RESTART PA-
RAMETERS" and another line of dashes is required input (See Appendix A).

rstart (required, logical)
Indicates a desire to read from a restart file. This value must be either “.true.” or “ false.”.

filnam1 (required, character)

The name of the restart file from which restant data is to be read. This file must have been previously creat-
ed by setting the next variable, startw, to “.true.” and assigning a file name to this write file. The files from
which restart files are read from and written to must be kept separate. Even if a restart is not desired, a
durrmy file name must be entered.

ritime (required, real or integer)

Specifies the time, in seconds, at which the user desires to restart execution. XCHEM automatically reads
the entire restar file, determines the restart closest to this time, and continues execution from this time. An
additional teature is that, if the user specifies an rttime value of -1, XCHEM automatically chooses the last
time in the restart file.

startw (required, logicai)
Indicates a desire to write a restart file. Again, startw can only be “true." or " false.”

filnam2 (required, character)
The name of the restart file to which data is to be written. The file names for writing restart files and read-
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ing restart files must be different. Also, even if the user does not want to write a restart file, a dummy file
name must be entered.

rwtime (required, real)

Specifies the time interval, in seconds, at which the user desires to write restart images to filnam2.
XCHEM presently allows up to 50 restart images to be written. Based on the beginning and final times that
the user specifies in the input, XCHEM determines whether the maximum of 50 images can be exceeded
by using rwtime. If the maximum will be exceeded, then rwtime is recomputed in XCHEM, and a warning
message Is written to the screen informing the user that rwtime has been adjusted to a value different than
that specified in the input.

5.4 XCHEM Boundary Condition Input Parameters

XCHEM allows the user to specify a variety of boundary conditions at each end of the one-dimensional
boundaries and are discussed in detail in Section 3.2. The specification is based on variables that define: a
time-dependent boundary temperature; a boundary heat flux, a boundary convection heat transfer coeffi-
cient, an emissivity for thermal radiation, and a free field radiation temperature to which to radiate.

The time dependent boundary temperature is specified by:
Tox = zmult1 'time*e(ime/texdV) 4 texcon (44)
Tin = zmult2*time*e(ime/tindv) 4 tincon (45)

The user is reminded that the XCHEM code uses units of cgs, so that temperature is Kelvin, heat flux is
cal/(sec cm?), and convective heat transfer coefficient is cal/(sec cm? K).

Boundary Condition Parameters: (required, character)

The three lines consisting of a line of dashes, the line stating that the following data are “BOUNDARY
CONDITION PARAMETERS"” and another lines of dashes is required input (See Appendix A).

zmulti(required, real)

Muttiplier on the time dependent portion for evaluating the external temperature boundary condition value
as shown in the above equation. Also, see Section 3.2,

texdiv (required, real)

Coefficient in the exponential term for evaluating the external temperature boundary condition value as de-
fined above.

texcon (required, real)

Constant term (units of K) for evaluating the external temperature boundary condition value as defined
above.

fex (required, real)
Specifies the value of the exterior boundary heat flux in cal/(sec cm?). See Section 3.2.

hex (required, real)

Specifies the value of the exterior heat transfer coefficient in cal/(sec cm? K). The fex value and the hex
value multiplied by the temperature difference of Ty and the nearest exterior node are added together to
compute a cumulative heat flux on the exterior boundary as described by Equation (37).

esex (required, real)
Specifies the value of exterior emissivity multiplied by the Stefan-Boltzmann constant in units of cal/(sec
cm? K*) which is the ¢, o product in Equation (37).
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trex (required, real)

Specifies the external temperature to which the external boundary radiates to complete specification of the
boundary condition for radiation.

zmult2 (required, real)

Muitiplier on the time dependent portion for evaluating the internal temperature boundary condition value
as defined above. Also, see Section 3.2.

tindiv (required, real)

Coefficient in the exponential term for evaluating the internal temperature boundary condition value as de-
fined on the previous page.

tincon (required, real)

Constant term (units of K) for evaluating the internal temperature boundary condition value as defined on
the previous page.

fin (required, real)

Specifies the value of the interior boundary heat flux in cal/(sec cm?). For systems using cylindrical or
spherical coordinates, if the center is the interior, then an adiabatic condition is usually required and this
value should be zero. For performing calculation on shell-like geometries, then this value can be nonzero.

hin (required, real)

Specifies the value of the interior heat transfer coefficient in cal/(sec cm? K). The fin value and the hin val-
ue multiplied by the temperature difference of T,, and the nearest interior node are added together to com-
pute a cumulative heat flux on the interior boundary. Again, for cylindrical and spherical geometries when
the interior is located at the center, this value should be zero.

esin (required, real)

Specifies the value of interior emissivity multiplied by the Stefan-Boltzmann constant in units of cal/(sec
cm? K4) which is the ¢_o product in Equation (36).

trin (required, real)

Specifies the internal temperature to which the internal boundary radiates to complete specification of the
inner boundary condition for radiation.

alex (required, real)

Boundary condition flag that specifies either a Neumann (flux) or Dirichlet (specified temperature) bound-
ary condition on the node designated as the last node, npt. If alex=0, then a Neumann condition is speci-
fied. If alex=1, then a Dirichlet condition is specified. See Section 3.2 for additional details.

alin (required, real)

Boundary condition flag that specifies either a Neumann (flux) or Dirichlet (specified temperature) bound-
ary condition on the node designated as the first node, node 1. If alin=0, then a Neumann condition is
specified. If alin=1, then a Dirichlet condition is specified. See Section 3.2 for additional details.

5.5 XCHEM General Input Parameters

geom (required, real)
Specifies the geometry type: a value of 0.0 specifies cartesian (slab) geometry; a vaiue of 1.0 specifies cy-
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!
lindrical geometry; and a value of 2.0 specifies spherical geometry. Note that this is a real-valued parame-
ter since it specifies the metric coefficient for computation of a cell volume with XCHEM.

refit (required, logicatl)

Specifies whether grid refinement is desired. Since the grid refinement typically takes less then 5% of the
entire computation time of an XCHEM run, usually this parameter is “.true.”, unless simple one node calcu-
lations are being performed.

time (required, real)
The initial starting time in seconds.

timfin (required, real)

The final time in seconds. For a complete calculation, this time should be larger than the anticipated time
for ignition. One approach is to assign a large value to this parameter. Note, however, if the user is using
the restart capability, that timfin is used to compute restart time intervals. Also, if the boundary conditions
are such that thermal runaway does not occur (e.g. T< T,, where the subscript denotes the critical temper-
ature), XCHEM will stop when timfin is reached. Thus, some judgment should be exercised in the choice
of timfin.

dtmult (required, real)

The stiff solver used in XCHEM recommends a new user timestep after every time advancement observed
by the user as screen output. It is certainly allowed, and we strongly recominend, that this value be in-
creased by the use of dtmult, which is a multiplier on the stiff solver's timestep recommendation. XCHEM
grid refinement is explicit from the solver; during a time interval grid refinement occurs only after a time of
dtmult times the recommended timestep has passed. Too large a value of dtmult will result in XCHEM
not refining the grid during times in which possible physical events which might require refinement can oc-
cur. On the other hand, too small a value of dtmult results in large computer cpu times. We recommend a
default value of 10 to 15 based on our experience of running a large variety of problems.

dtprnt (required, real)

The print interval, in seconds, that output to the printed output file is desired. The output file is always
named xchem.out. XCHEM, unlike some other codes, will always print output based exactly on this user-
specified interval. Sometimes XCHEM takes some small timesteps to achieve the exact printout time, as
the user can determine from the screen output.

dtplot (required, real)

This parameter specifies the interval, in seconds, that output to the plot file is desired. This parameter is
required even if plotting is not specified. However, dtplot is not used if plotting is disabled, so in this case
any real value is allowed. The plot filename is specified in the PLOTTING PARAMETERS section. As a
rough guide, most of the three-dimensional plots shown in this document have been made with between
50 and 60 lines on the plot. Thus, taking the final time (minus the initial time) and dividing by 50 usually
provides a good initial value for this parameter.

nlayer (required, integer)
The number of layers in the problem. A maximum of 10 layers is presently allowed.
loc(1) to loc(nlayer+1) (required, real)

Location of the first layer boundary must be the internal location of layer #1. The second location value is
that of the final location of layer #1 (which is also the starting location of layer #2, if present). This would be
a complete specification for a one layer problem. A two layer problem would require another entry, for a to-
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tal of three layer boundaries. Three layers requires four entries, and so on. Each entry is on a separate
line. Dimensions are cm.

nnode(1) to nnode(nlayer) (required, integer)

Stanting with layer #1. sequentially specify how many initial nodes are desired in each iayer. Again, each
entry i1s on a separate line. Since XCHEM performs automatic grid refinement, these value(s) are not criti-
ca!l We do not recommend placing over 100 total nodes in the system because there is an overall limit on
number of nodes that XCHEM allows (currently 300 nodes), and it is impontant to let the gnd refinement
decide how many nodes are necessary, and where they should be placed. See the example input listings
in Appendix A for further guidance.

temp(1) to temp(nlayer) (required, real)
The initial temperature ot each layer in Kelvin. Again. each entry is on a separate line.

re (required, real)

Relative error for the stiff solver. We have found a value of 1.0 x 10 to be adequate for a wide variety of
problems. Smaller values may be used to achieve convergence and/or greater accuracy on extremely dif-
ficult problems, at a commensurately greater cost in computer cpu time. This value should be greater than
ae, the absolute error, specified next.

ae (required, real)

Absolute error for the stift solver. We have found a value of 1.0 x 107'°to be adequate for a wide variety of
problems. A larger or smaller value may be used. This value should be smaller than the relative error, re,
discussed above.

ncont (required, integer)

Number of contact resistances in the problem. If the number of layers is one, then there can be no contact
resistance. However, an 1/O check is performed such that it ncont is nonzero and there is only one layer,
then ncont is set to zero.

layer#, layer# (optional, integer)

Input on the same line, the numbers of the two layers between which the contact resistance lies. |f ncont
is larger than one, then input on sequential lines the layers between which these additional resistances lie.
Thus, three contact resistances for a four-layer problem would require thee lines of data, on which each
line were entered a pair of integer values representing layer numbers.

emiss1, emiss2, gapdis, tcf, voidfr (optional, real)

Five values input on the same line. emiss1 and emiss2 are the raiative emissivities of the two surfaces
between which the gap lies. It zerc values are entered, then XCHEM automatically assigns default values
of 1.0 for these two parameters. gapdis is the gap distance in cm. [f a zero value is entered, then XCHEM
assigns a value of 0.1 cm to gapdis. tcfis the thermal conductivity of the fluid in the gap, which assumes
avalue ot 7.2 x 105 cal/(sec cm K) if the user enters a zero value. This value is representative of that of
air. Finally, voidfr is the percentage of surface area representative of void. voidfr is assigned a value 0.8
in XCHEM if the user enters a zero value for this parameter.

tkill (required, real)

The criteria which determines that ignition has been reached can be difficult to program. tkill represents
one of those criteria for XCHEM. tkill is the lower temperature limit, in Kelvin, that is used in XCHEM to
determine whether ignition has occurred. If this temperature has not been reached anywhere in the com-
putational domain, then XCHEM will continue the problem. If tkill has been reached or exceeded, the
XCHEM calculation will be terminated
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5.6 XCHEM Plotting Parameters

iplot (required, logical)
Specifies whether plotting is desired and thus assumes the value of “true.” or “false.”.

zzcol (required, logical)

Specifies whether color is desired for the plots. If zzcol is “ false.”, then the plots will be in black and white,
which may be desirable if only a black and white printer is available for hardcopy.

filnam3 (required, character)
Specifies the file name to which plot data is written. The defauit plot file name is plot.inp.

title (required, character)

Specifies the title that will appear on the plots. The length of the title is limited to fifty characters. It plotting
is not desired, this line is still required, but any character information, including blanks, can be inserted, as
the information will not be used in this case.

5.7 XCHEM Material Parameters

With the present release version, the following material parameters are required input in the order in which
they are listed. It was initially planned that the user only input the materials of interest to the specific prob-
lem, but XCHEM beta users found that having all the materials present to be convenient and desirable.

1'hmx'  $ material 1 is HMX

2 tatb’ $ material 2 is TATB

3'rdx’  $ material 3 is RDX

4 nt’ $ material 4 is TNT

5'nc’ $ material 5 is Nitrocellulose

6 ‘genrt’ $ material 6 is generic reactive material
7 ‘alum’'  $ material 7 is aluminum

8 ‘cu’ $ material 8 is copper
9 'be’ $ material 9 is beryllium
10 i $ material 10 is titanium

11 ‘ss304’ $ material 11 is 304 stainiess steel
12 'gennrt’ $ material 12 is generic nonreactive material
nentry (required, integer)

Specifies the number of entries (and lines) following nentry that specify layer, material and volume fraction
information for each layer.

layer, material #, volume fraction (required, two integer values, one real value)

Entries must be sequential by layer (first layer 1, then layer 2, etc.). The layer and material number are in-
teger values. The material values must match those presented above for the (at present) twelve default
material in the XCHEM database. Volume fractions in each layer should total to one, and are real-valued
parameters. One of the most common input errors s to change the number of layers and/or materials, only
to neglect to change the value of nentry!

réadd (required, logical)

Specifies whether the user desires to enter in a complete database for an additional reactive material. If
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réadd is “true.” then all of the parameters following up to the entry for néadd must be properly entered
into xchem.in.

imax, jmax (optional, integer)
imax is the number of species for the reaction; jmax is the number of reactions.
species, state (optional, integer, character)

There must be imax number of lines for this data field. The species should be sequentially numbered,
starting at 1 (integer value), and the state must be either “solid”, or “gas”. This information is used to deter-
mine gas mixture density.

C,H,N,0,CI Composition (optional, real)

These entries, all on one line, represent the proportions of carbon, hydrogen, nitrogen, oxygen, and chlo-
rine in the initial reactive material.

specific heat data - initial phase (optional, real)

Four entries (on one line) which specify the temperature dependent value of specific heat of the reactive
material as an initial phase. The first and second entry correspond to the specific heat (cal/g K) at the tem-
peratures (K) given by the third and fourth entries, respectively.

specific heat data - second phase (opticnal, real)

Four entries (on one line) which specify the temperature dependent value of specific heat of the reactive
material as a possible second phase, e.g. as a liquid. |f a second phase does not exist, then these entries
are identical to those of the initial phase. Again, the first and second entry correspond to the specific heat
(cal/g K) at the temperatures (K) given by the third and fourth entries, respectively.

thermal conductivity data - initial phase (optional, real)

Four entries (on one line) which specify the temperature dependent value of thermal conductivity of the re-
active material as an initial phase. The first and second entry correspond to the thermal conductivity (cal/
cm-s-K) at the temperatures (K) given by the third and fourth entries, respectively.

thermal conductivity data - second phase (optional, real)

Four entries (on one line) which specify the temperature dependent value of thermal conductivity of the re-
active material as a possible second phase, e.g. as a liquid. If a second phase does not exist, then these
entries are identical to those of the initial phase. Again, the first and second entry correspond to the ther-
mal conductivity (cal/lcm-s-K) at the temperatures (K) given by the third and fourth entries, respectively.

phase change temperature, latent enthalpy, density (optional, real)
Three entries specifying phase change temperature (K), latent enthalpy (cal/g), and density (g/cc).
steric coefficients (optional, real)

Specify j entries on a single line for the steric coefficients, B, for the generic reaction mechanism consis-
tent with the form of Eq. (5).

natural logarithm of pre-exponential factors (optional, real)

Specify j entries on a single line for the natural fogarithm of the pre-exponential factors (In s™') for the ge-
neric reaction mechanism consistent with the form of Eq. (5).

activation energy divided by the universal gas constant (optional real)

Specify j entries on a single line for the activation energy divided by the universal gas constant (K) for the
generic reaction mechanism consistent with the form of Eq. (5).

24



energy releases (optional, real)

Specify j entries on a single line for the energy release, # (cal'g) for the generic reaction mechanism con-
sistent with the form of Eq. (2). '

concentration exponents (optional, real)

Specify j lines with each line corresponding to i entries for the concentration elements, ; ;, consistent with
Eq. (4). See Appendix C for examples.

stoichiometry coefficients (optional, real)

Specify j lines with each line corresponding to 1 entries for the stoichiometnc coefficients, v, ;, consistent
with Eq. (6). See Appendix C for examples.

n6add (required, logical)

Specifies whether the user desires to enter in a complete database for an additional inert matenal. if
n6add is “true.” then all of the parameters following must be properly entered into xchem.in.

specific heat data - initial phase (optional, real)

Four entries (on one line) which specify the temperature dependent value of specific heat of the inert mate-
rial as an initial phase. The first and second entry correspond to the specific heat (cal/g K) at the tempera-
tures (K) given by the third and fourth entries, respectively.

specific heat data - second phase (opticnal, rea)

Four entries (on one line) which specify the temperature dependent value of specific heat of the inert mate-
rial as a possible second phase, e.g. as a liquid. If a second phase does not exist, then these entries are
identical to those of the initial phase. Again, the first and second entry correspond to the specific heat (cal/
g K) at the temperatures (K) given by the third and fourth entries, respectively.

thermal conductivity data - initial phase (optional, real)

Four entries (on one line) which specify the temperature dependent value of thermal conductivity of the in-
ert material as an initial phase. The first and second entry correspond to the thermal conductivity (cal/cm-
s-K) at the temperatures (K) given by the third and fourth entries, respectively.

thermal conductivity data - second phase (optional, real)

Four entries (on one line) which specify the temperature dependent value of thermal conductivity of the in-
ent material as a possible second phase, e.g. as a liquid. If a second phase does not exist, then these en-
tries are identical to those of the initial phase. Again, the first and second entry correspond to the thermal
conductivity (cal/lcm-s-K) at the temperatures (K) given by the third and fourth entries, respectively.

phase change temperature, latent enthalpy, density (optional, real)

Three entries specifying phase change temperature (K), latent enthalpy (cal/g), and density (g/cc) for the
inert material.
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6.0 XCHEM Output
6.1 XCHEM Screen Output

XCHEM, like most codes, prints output to the screen as it runs to continually update the user on the code’s
progress. A panrtial listing of this output is shown in Figure 6. The XCHEM logo is first printed, and then a
welcome which prints out the version number. if the user input is successfully read in, a message indicat-
ing the completion of reading in the data file xchemn.in is then printed. At this point, there are two basic out-
puts to the screen, one which gives information on every XCHEM timestep, and one which informs the
user when a grid refinement has occurred. The timestep information includes a flag which indicates the
status of the ODE solver, the current time, the current timestep, and the total number of ODE's which
XCHEM is currently solving. The latter, of course, depends on the number of reactive materials in the
problem and the number of gridpoints. Most of the time, XCHEM will complete a timestep in normal fash-
ion and the ODE flag is “3". If something unusual occurs, the flag will have a negative value, such as “-1"
or "-7". XCHEM has built-in fogic which attempts to continue to advance the solution if this occurs; a nega-
tive flag values does not necessarily imply that something “bad” has occurred, or that inaccurate answers
will occur from this point. In the region of time near ignition, the flag may become negative several times.
The primary criterion that XCHEM uses to determine ignition is when the ODE indicator becomes "-1" three
times in a row. The grid refinement message indicates that a refinement has occurred in a certain layer,
and prints out the new number of gridpoints, the number inserted and the number deleted in the course of
this refinement.
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* * * % w * ok ko ook koK * k Kk * * x * * *
* * * * * * * * * * ok
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Welcome to ¥CHEM version 1.0

Successtul completion of user input

ODE ID= 3 Time= 0.50000E-02 Timestep= 0 50000E-02 Number eqns= 200
Refine: New # nodes in layer 1= 61 Nodes inserted= 11 Nodes deleted= 0
ODE ID= 3 Time= 0.12634E-01 Timestep= 0.76341E-02 Number eqns= 244
ODE ID= 3 Time= 0.20264E-01 Timestep= 0.76296E-02 Number eqns= 244
Refine: New # nodes in layer 1= 68 Nodes inserted= 7 Nodes deleted= 0
ODE ID= 3 Time= 0.35529E-01 Timestep= 0.15265E-01 Number eqns= 272
Refine: New # nodes in layer 1= 71 Nodes inserted= 3 Nodes deleted= 0
ODE ID= 3 Time= 0.51304E-01 Timestep= 0.15776E-01 Number eqns= 284
Refine: New # nodes in layer 1= 76 Nodes inserted= 5 Nodes deleted= 0
ODE ID= 3 Time= 0.76951E-01 Timestep= 0.25646E-01 Number eqns= 304
Refine: New # nodes in layer 1= 84 Nodes inserted= 8 Nodes deleted= 0
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ODE ID= 3 Time=0.10762 Timestep= 0.30667E-01 Number eqns= 336
Refine: New # nodes in layer 1= 93 Nodes inserted= 9 Nodes deleted= 0
ODE iD= 3 Time=0.15690 Timestep= 0.49287E-01 Number eqns= 372
Refine: New # nodes in layer 1= 102 Nodes inserted= 9 Nodes deleted= 0
ODE ID= 3 Time=0.21692 Timestep= 0.60019E-01 Number eqns= 408
Refine: New # nodes in layer 1= 112 Nodes inserted= 10 Nodes deleted= 0
ODE ID= 3 Time=0.29469 Timestep= 0.77769E-01 Number eqns= 448
ODE ID= 3 Time= 0.44033 Timestep= 0.14564 Number eqns= 448
Refine: New # nodes in layer 1= 87 Nodes inserted= 1 Nodes deleted= 16
ODE ID= 3 Time= 0.65675 Timestep= 0.21641 Number eqns= 388
Refine: New # nodes in layer 1= 92 Nodes inserted= 1 Nodes deleted= 6
ODE ID= 3 Time=0.93815 Timestep= 028140 Number eqns= 368

ODE ID= 3 Time= 1.3915 Timestep= 0.45337 Number egns= 368

ODE ID= 3 Time= 2.1207 Timestep= 0.72917 Number eqns= 368

ODE ID= 3 Time= 3.2967 Timestep= 1.1760 Number eqns= 368

ODE ID= 3 Time= 4.7610 Timestep= 14644 Number eqns= 368

Figure 6. Partial Listing of XCHEM Screen Output

6.2 Output Files xchem.out and plot.inp

The default name of the XCHEM ASCI! output file is xchem.out. Several examples of this output are
shown in Appendix A. The user is able to specify the frequency (by time) of the printout. For each time,
the time is printed, and then in a columnar format the distance, temperature, and species concentration of
the original reactive materials present at that grid are printed out. Intermediate and final species concen-
trations are not printed out, although they can be plotted.

The second XCHEM ASCII output file is the database for plotting, which has a default narne of plot.inp. It
is not intended for the user to examine this file, so the data is in a cryptic form. Rather, it is intended that
XPLOT read this file and use it to create the plots that should prove usetul in interpreting XCHEM results.

6.3 XPLOT and its Output

XPLOT provides the option for plotting: (1) the original user-specified grid system; (2) a three-dimensional
time-space-temperature plot; (3) three dimensional species plots; (4) a two dimensional color fringe plot of
temperature; and (5) a projection of the grid system with respect to time. An example of the XPLOT/User
interchange is shown in Appendix B. Besides answering questions which determine the particular plots
that the user desires, there are also questions which determine whether the user desires either self-scaling
plots or to specify certain scales himself. An attempt was made to minimize and simplify the interface with
XPLOT to the user. Part of the XCHEM xchem.in data file contains information pertinent to XPLOT, includ-
ing the title for each plot, whether color plots are desired and the time interval between lines in the three-di-
mensional plot.

A problem with creating the plots arises because the time of ignition is unknown. Although XPLOT self-
scales the time plane which eliminates second-guessing the final plot time, the time interval between lines
must be known beforehand. Usually 50-60 time lines presents a good plot. If the user guessed ignition to
occur at about 250 seconds for a particular problem and thus specified 5 seccnds between plot lines, and
the ignition instead occurred in 100 seconds, only 20 time lines would be plotted, giving the plot a sparse
appearance. Thus. obtaining the desired plots can be an iterative procedure, requiring that the problem be
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run more than once. Fortunately, XCHEM is efficient and rerunning cases does not present any difficulty.

Figure 7 shows the plot of the grid system. The system as entered by the user and as adjusted by the rou-
tine gridin are both shown. As discussed in Section (4.1), one function of routine gridin is to assure that a
smooth transition in gridding occurs between layers. Users are prone to grid adjacent layers without as-
suring that this smooth gridding occurs to avoid numerical inaccuracy or discontinuities at layer interfaces,
nor should they be concerned with this detail. Routine gridin instead performs this function. This plot pro-
vides a check for the user to assure that dimensions, layers, and gridding were properly entered.

Figure 8 shows a typical time-space-temperature plot from XPLOT. Each line was plotted from space/tem-
perature data at a certain time. The times at which the lines are plotted are specified in xchem.in. Differ-
ent layers are shown by different line colors. Figure 9 shows an example of a time-space-species plot from
XPLOT. The time between lines is identical to that of the time-space-temperature plot

Figure 10 shows a sample color fringe temperature plot. The color spectrum uses blues to represent cool-
er colors and then transitions through green, yellow, and orange colors until the hottest color representa-
tion, red, is reached.

Figure 11 shows the time-dependence of the adaptive grid system. Again, the time between the lines is
identical to that of the previous plots. This is essentially a two-dimensional plot projected from a three-di-
mensional perspective. This perspective was chosen because it matches the perspective of the three-di-
mensional temperature and species plots, and the color fringe piot.

SFHER

CAL GEOMETRY

0.000 0.635 0.735
l |
I |
layer 1 layer 2
40 nodes 4 nodes

INITIAL GRIDPOINT LOCATIONS

0.000 0.635 0.735
l . ]
l I
layer 1 layer 2
40 nodes 4 nodes

ADJUSTED GRIDPOINT LOCATIONS
Figure 7. Plot of the initial and adjusted XCHEM grid system
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Figure 10. A sample color fringe plot from XPLOT.

ime dependent grid plot from XPLOT.

Figure 11. A sample t
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7.0 Installation of XCHEM

This chapter describes the installation of the three software packages needed for a complete installation of
the XCHEM package. These three packages are: (1) the CMP software which is used as a utility to install
the RSCORS graphics system; (2) the RSCORS graphics system; and (3) the XCHEM code itselt, along
with the stiff solver and XPLOT, a driver for the RSCORS graphics package specifically written to interface
with the XCHEM database to provide a post-processing capabilty. In all cases, source has been made
available to the user. Most of the installation deals with the installation of the graphics package, so if
graphics are not desired, installation of the XCHEM code is trivial.

The RSCORS graphics system was chosen because source code was available, it installs on a wide vari-
ety of popular scientific computing platforms, and Sandia National Laboratories has distribution rights for
the software. Although it is a low-level graphics system. it has powerful two- and three-dimensional graph-
ics capabilities. as well as a color capability. RSCORS plots can be plotted on a large variety of devices,
including both on PC and UNIX-based workstations platforms, and on a variety of hardcopy devices, both
color and black and white. A driver for RSCORS, XPLOT, has been included with the XCHEM software to
provide some default plotting capability to the user (including three dimensional temperature plots, and col-
or fringe plots), and to serve as an example of how to write a driver if additional graphics are required by
the user.

7.1 Installation on UNIX Systems

Presently, XCHEM is distributed on five PC floppies. These floppies enable the user to install XCHEM on
most platforms available, from the CRAY to the PC. The PC installation requires a special approach, so
some of the directories in the installation do not need to be copied for UNIX systems. The directories that
need not be copied are:

/rscdist
/rsclahey
/cmpdist
/rsclibs.

Thus, do not be concerned when this discussion does not mention installation of these subdirectories.
Directory Structure

Three subdirectories should be created along a chosen branch of the directory hierarchy. These three
subdirectories should be named:

/xchem
/rscors
/slhtutil

The CMP related programs are in /slutil, the RSCORS related codes are in /rscors, and the XCHEM and
XPLOT software is in /xchem.

Copying the Files:

Copy the two floppies that are designated “RSCORS #1" and "RSCORS #2" into the /rscors subdirectory.
Copy the one floppy that is designated “SLTUTIL” into the /sltutil subdirectory. Another floppy designated
“XCHEM" should be copied into the subdirectory called /xchem. Copy the files from this disk into the
/xchem subdirectory on your system. The same floppy has some examples. For each example, there is
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the XCHEM input file, the XCHEM output file, and the plot file that XPLOT uses as input for graphics. You
may optionally copy these examples into your XCHEM subdirectory.

Create the CMP utility executables

These executables must be created first because they are used in the installations following the CMP in-
stallation. Go into the /situtil subdirectory and type, for example:

muslitutl.sun SUN Systems
muslitutl.ucs UNICOS Systems
musltutl.hpw HP Systems
muslitut.i60 IBM RISC Systems
musltutl.utx DEC ULTRIX Systems

Type only one of the above commands based on the particular computing pfatform you are using. The ac-
ronym “mu” stands for “make utility” and is used throughout the CMP and RSCORS fiie names. You may
need to change permission on the procedure file you are executing, such as:

chmod +x musltutl.sun
After the executables have been created, set the path in your cshrc file, such as:
set path = (. ~ $lpath /usr/local/etc ~/bin /home/rjgross/situtil /home/rigross/rscors /home/rigross/xchem)

Create the RSCORS executables

Go into the /rscors subdirectory and type, for example:

murscors.sun SUN Systems
murscors.ucs UNICOS Systems
murscors.hpw HP Systems
murscors.i60 IBM RISC Systems
murscors. utx DEC ULTRIX Systems

Again, type only one of the above commands based on your computing platform and ensure that you have
permission to execute the file. Also, after the RSCORS library has been created, place the following in
your “.cshrc” files:

setenv RSCORS ../path/librscors.a
where “../path” represents the directory path where the librscors.a file is located.

In your .profile file, place the following:

RSCORS = ../path/librscors.a
export RSCORS

You should logout and then login to get these symbol and paths defined.
Create the RSCORS device drivers

Again, in the /rscors subdirectory, type:
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mupopx11.xxx
mMUupop.Xxx

where “xxx" is the three letter designator for the platform, i.e. "sun” for SUN systems, “hpw" for HP sys-
terns, etc. These make utilities will create the so-called “pop” executables. These are the various device
drivers that enable you to put the RSCORS graphics files, called metafiles, onto various screens or hard-
copy devices.

Create the XCHEM executable

Go into the /xchem subdirectory. It should contain three tiles: xchem.for, solver.for, and xplot.for. Compile
and link xchem.for and solver.for together using the Fortran compiler on your machine. For example, on
SUN machines, type:

{77 -fast -onetrip -o xchem xchem for solver.for.

The “-onetrip” option forces all do-loops to be executed at least once. Use of this option is highly recom-
mended. The “fast” merely disables |EEE checking and allows the code to run faster. The above com-
mand will create the executable file named “xchem” with no extension.

Create the XPLOT executable

Again, in the /rscors subdirectory, create the XPLOT executable by compiling xplot.for and linking it to the
RSCORS graphics library, librscors.a. For example, on SUN platforms, this is accomplished by typing:

f77 -0 xplot xplot.for $RSCORS
On, the IBM RISC systems, this is,
xIf -o xplot xplot.for (RSCORS

the above command creates an executable file named “xplot” with no extension. Some computer systems
insist that the Fortran files have a “.f' file extension rather than the “.for" used in these example. If so, then
simply rename these three files with the “.f' extension and use these names in the compile and link com-
mands.

7.2 Installation on PC Systems

Presently, XCHEM is distributed on five PC floppies. These floppies enable the user to install XCHEM on
most platforms available, from the CRAY to the PC. The PC installation requires a special approach that is
different from that of UNIX installations. Further, a Lahey Fortran Compiler, version 5.01, or later, is
mandatory for this installation.

Directory Structure

It is recommended that two subdirectories should be created within a chosen branch of the directory hier-
archy. These subdirectories may even be connected to the home directory. These two subdirectories
should be named:

\xchem
\sltutil

Underneath the \shutil subdirectory, create five additional subdirectories named:

\rscors
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\rscdist
\rsclahey
\empdist
\rsclibs

The CMP related programs are in /sltutil, the RSCORS related codes are in rscors, and the xchem and
xplot software is in /xchem.

Copying the Files:

Copy the two floppies that are designated "RSCORS #1" and “RSCORS #2” into the \sltutif\rscors subdi-
rectory. Copy the one floppy that is designated “SLTUTIL" into the \sltutil subdirectory. Another floppy has
the xchem information in a subdirectory called \xchem. Copy this subdirectory into the \xchem subdirecto-
ry on your system. Another floppy has some examples in a \example subdirectory. These examples in-
clude the XCHEM input file (there is only one input file), the XCHEM output file, and the plot file that
XPLOT uses as input for graphics. You may optionally copy this floppy into your XCHEM subdirectory.

Finally copy the four additional subdirectories from the installation floppy subdirectories of \sltutil, and
name them \sltutif\rscdist, \sltutif\rsclahey, \sltutincmpdist, and \sltutil\rsclibs subdirectories.

Create the CMP utility executables

These executables must be created first because they are used in the installations following the CMP in-
stallation. Go into the \sltutil subdirectory and type,

sltinst,

which is a general utility that will install all of the necessary CMP and RSCORS executables on a PC.
Choose option #4, “Compile CMP files with Lahey compiler”’, and the sltinst utility will automatically com-
plete the CMP installation.

Create the RS CORS executables
Go into the \shtutil subdirectory and type,
sltinst,

and choose option #6, "Compile RSCORS files with Lahey compiler”, and the sltinst utility will automatical-
ly complete the RSCORS graphics installation.

Create the proper paths in the autoexec.bat file
Put the following paths in the autoexec.bat file:

...\pathisituti\rsclahey
.\path\sltutifrsclibs
..\path\sltutilcmpexes

Create the RSCORS device drivers

For the PC, the two present available drivers (popvga.exe, and popcga.exe) are already loaded into the
\sltutif\rsclibs subdirectory. Since you have already set the proper path (or you can load the executables
directly into the work directory to use them), no futher action is necessary.
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Create the XCHEM executable

Go into the \xchem subdirectory. It should contain three files: xchem.for, solver.for, and xplot.for. Compile
and link xchem.for and solver.fortogether using the Lahey Fortran compiler.

Create the XPLOT executable

Again, in the \rscors subdirectory, create the XPLOT executable by compiling xplot.for and linking it to the
RSCORS graphics library, Irscors.lib. There is a batch file called Irscors.bat located in \situtifrsclahey that
performs this function. Simply type,

Irscors xplot

and xplot.exe will be created.
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8.0 Implementation of XCHEM and XPLOT

8.1 Roadmap for a Quick Start

This section is designed as a path for those interested in getting started with XCHEM and XPLOT as quick-
ly as possible First, XCHEM and XPLOT must be installed on the system of interest. Chapter 7.0 ex-
piains how to install the software on various systems. Once installation is complete, obtain a sample
XCHEM input file that is included with the XCHEM distribution, and rename (or copy) the file :_ xchem.in.
Ther:, read the next section, Section 8.2, ori how to rin XCHEM and XPLOT.

If difficuities are encountered in running XCHEM, Appendix A shows several examples of correct input
files. If XCHEM terminates running with an error, the most likely problem is that the input deck is missing
(or has too much) information. For example, if two layers are specified, then XCHEM requires three inter-
face locations.

It difficulties are encoutered in running XPLOT, Appendix B shows several examples of the proper user in-
teraction with XPLOT The most common difficulty occurs in grasping the concept ot a “metafile” and the
fact that plotting is a two step process: (1) Running XPLOT to create a “metafile”, and (2) Running the
POP software (See Chapter 7) to view the plots on an arbitrary screen device or to create a hardcopy file
to send to a printer (either color or black and white).

8.2 Running XCHEM and XPLOT
Use of XCHEM is simple. Once the input file (See Appendix A) xchem.in has been created, simply type:

xchem
and examine the screen output (See Figure 6) to follow the progress of the code.

XCHEM creates two output files: xchem.out and plot.inp. The former file is the ASCH output file which dis-
plays temperatures and initial species versus distance at user-specified times. The lafter file has written
the database for plotting using XPLOT.

To use XPLOT, simply type,
xplot

XPLOT will ask some questions (See Appendix B) concerning plot scaling (automatic scaling is an option),
and which plots are desired. Execution time is on the order of seconds on ali computational platforms.
XPLOT creates an RSCORS graphics output file, caiied a metafile, that can now be used to display. The
format of the display software is:

popxxx filename.met,
where “xxx" is the device, and the filename in this case is “xplot” Examples of valid graphics devices are:

X11  Xwindows (for most workstations)
X12 Xwindows (for most workstations)
TK4  Tektronix 4014

TO5 Tektronix 4105

T15 Tektronix 4115/4125

alp  Alphanumeric

VGA VGA Color Graphics (for PC)
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CGA CGA Color Graphics (for PC)

For workstations, it is strongly recommended that you use the Xwindow drivers to plot on-screen. If you
have not used Xwindows, we suggest that you get help from your system manager. We have yet to find
two systems that had Xwindows installed in exactly the same way. Included in mupopx11.xxx is the best
guess as where to look for the libraries and “C" include blocks on your system, but changes might be re-
quired. If you must get plots out immediately, use poppst.xxx. This driver creates a postscript output file
called popout.pst which you can directly print to black and white hardcopy postscriptprinters.

The pop software will offer the user a choice of screen tormats (rectangular produces the largest plots,
while square is usetul for papers). Then, it will inquire as to which “frame” the user desires. For beginners,
just type “n <ret>" for “next and carriage return” until you feel comfortable with the pop software. On-line
help is available. The pop software is very powertul, allowing the user to plot multiple plots on one page,
and to edit particular plot from large plot files to create smaller plot files containing only the desired plots
from the large file.
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Appendix A XCHEM INPUT & OUTPUT FILES

A.1 Ignition Experiment with Constant Temperature Boundary

An input file for the One-Dimensional Time to Explosion (ODTX) experiments is given in this section. In
the ODTX experiments, preheated aluminum anvils were used to confine 1.27 cm diameter spherical sam-
ples of explosive. Heaters were used to control the temperature of the anvils to £0.2 K, and the primary
measurement was the time to breach of confinement. The anvil confinement sealed the samples to pres-
sures up to 1500 atm. These well controlled experiments provide a simple one-dimensional geometry with
constant boundary temperature conditions.

The following input file, xchem.in, also contains an example of input for a generic reactive material and
nonreactive material, TATB and nichrome, respectively. The TATB reacts by a three-step mechanism. Fol-
lowing the input file, a partial listing of the output file xchem.out is given. This output file was obtained by
running XCHEM on a CRAY.

) S si1x comment lines focllow

PR I I R R I R i o e R R R R R AR AR EREE R R R EEEE]

ok ok ok EFF kXA R kK kK ALHE!\,’ ‘JER(D'IOI«J lr,l EE R 20 2 2 20 25 2 2 28 2% 2 b 2 4
HEA A A A A A LT A 1.27 c¢m diameter sphere of THNT R el
FEEAF e F I AL Constant Temperature BC = 540.54 F FRAFEEAE I A E T LS
ER 2R 2R R 2R R 0 25 20 R b 2k 2 2% 3 May l 1993 * ok ok ok ok k ok ok k ok ok ok kK

IR A R RN SRR E R R R EE RS SRR R E R SRR R RS R R EE R R RS ERE S SRS EESESERESIEIEEESEESESE SRS

.false. $ rstart, indicates desire to read a restart file

‘vchem.rst2’ § name of the restart file to read data from

-1 S rttime, time desired to read a restart file (-1 1s last time)
false. 5 startw, indicates desire to write a restart file

¥chem.rst'’ § name of the restart file to write data to

5.0 5 rwtime (s), time interval to write a restart file

0. S zmultl, time dependent multipler on external temp bc, K/s

1. 5 texdiwv, time dependent divider on exponent for external bc, s
540.5%4 5 texcon, temperature constant for external temp bo, ¥

0. 5 fex, exterior flux, cal /(s cm

0. 5 hex, exterior convective film coefficient. cal/(s cm" K)

0. 5 ecgex, emmlssivity 2 Stefan-Boltzmann at exterior, cal/ls e ¥
300. 5 trex, free field radiation temperature at exterior, ¥

0 5 zmult2, time dependent multipler on internal temp bc, V/s

1 5 tindiv, time dependent divider on exponent for internal bc, s
300, S tincon, temperature constant for internal temp be, ¥

0 S fin, 1nterior flux, cal/(sec cm

0. 5 hin, 1nterior convective film coefficient, cal/(s cm V)

39



0. 5
300 $
1. $
0. S

esin, emmissivity x Stefan-Boltzmann at interior, cal/(s cm® KY)
trin, free field radiation temperature at interior, K
flag for left-hand boundary,

alex, b.c.
alin, b.c.

flag for rt-hand boundary,

1=Dirichlet, 0=Neumann

1=Dirichlet, O0=Neumann

geom, type of geometry O=cart; l=cyl; 2=

spher

refit, indicates desire to activate grid refinement
time, the initial starting time, s
time to signal finish of the simulation, s

timfin, the
dtmult, the
prntdt, the
dtplot, the

nlayer, number of layers in the geometry

timestep multiplier,

usually 10 or less

time interval between printouts, s
time interval between lines on 3D plots,s

location of layer boundary 1
location of layer boundary 2 - must be greater than 1
nnode, number of nodes 1in layer 1
initial temperature of layer 1, K
re, relative error for the stiff solver
ae, absolute error for the stiff solver

ncont, the number of contact resistances

(should be less than re)

tkill, lower temp limit to terminate execution, K

true s
.true. 4
‘plot.inp’ §

‘ODTX for TNT

iplot, indicates desire for plots
zzcol, indicates desire for color plots

name of the plot data file to be written

at 540.5K’

1 ‘hmx’ 5
2 'tatb’ S
3 rdxe S
4 ‘'tnt’ 5
5 ‘nc’ 5
6 ‘genrt’ 3
7 ‘alum’ S
8 ‘'cu’ s
9 ‘be’ o
10 "ti’ s
11 'ss304" S
12 ’'gennrt’' 5
1 S
1 4 1.0 4
.true. 4

3003

oy

47

1 'solid’

material
material
material
material
material
material
material
material
material
material 10
material 11
material 12
nentry, the

O~ O U b W N

o

rbadd indicates desire

1is
1s
is
is
is
is
is
is
is

tnt

nitrocellulose

generic reactive material
aluminum

copper

beryllium

is titanium

is 304 stainless steel
is generic nonreactive material

following 1 entries are for volume fraction
volume fraction for layer 1, material 4

(tnt)

to add sixth reactive material

imax, number of species; jmax, number of reactions
species 1 for generic rxn is a solid
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2
3
6
0.
0
0
0

3
0
2
2
1
1
0

.

0
0
0
0
1

N

‘solid’ % species
‘gas’ § species
.0, 6.0, 6.0, 6.0, 0.0

26, 0.43, 273., 623.

.26, 0.43, 273., 623.
.00191, 0.00142, 293., 433.
.00191, 0.00142, 293., 433.
000., 0., 1.842

., 0., 0.

9.5, 45., 43.5

for generic rxn is a solad

for generic rxn 1s a gas

CHNOC1 composition (example is tatb)

specific heat data - low T, cal/gK

specific heat data - high T, cal/gK

thermal conductivity data - low T, cal/cmsK
thermal conductivity data - high T, cal/cnsK
stemperature, K, latententhalpy,cal/g,density.g/cc
Steri1c factors

In of pre-exponential factors

w

L

ALY LY U UY A U LT AN U U Uy Uy A A 0y O

1148., 30211., 27190. activation energy / universal gas constant, K
50., 900., 950. energy release for rxn , cal/g

,0,0 concentration exponents j=1, i=1, i1max

, 1,0 concentration exponents j=2, 1i=1,1max

,2,0 concentration exponents j=jmax, 1=1,1max

1., 1..0. coeff differences 3J=1, 1=1, 1max

1.,-1.,1. coeff differences 3j=2, i=1,imax

0..-1.,1. coeff differences j=jmax, i=1, imax

true. n6add adds sixth nonreactive material (nicrome)
.103, 0.103, 273., 900. specific heat data - low T, cal/gK

.103, 0.103, 933., 2700. $ specific heat data - high T, cal/gK

.023, 0.023, 273., 933. $ thermal conductivity data - low T, cal/cmsK
.023, 0.023, 933., 1200. $ thermal conductivity data - high T, cal/cmsK
600., 65., 8.36 Stemperature,K, latententhalpy,cal/g,density,g/cc

The following output file is only a partial listing:

P A R E R E R R R R R R R R R E R R R IR RS SRR R R FEEEERESESEEEESEEEEEEIEESS
Ak khkhkhkhkhhkhkdhhkhhkhkkhhkkhkhkhkhhkhkhkrhhhrxhdhhkkrhhhthrhkhhkhhdhkkhhkhk

Ak khkkhkhkhhkhhkhkrhkhkixhkhkhhkhhdhhkrhhkhkhkhkrxhhkrhkhkrhkhhkrhhkhhkhhrhkhkdkhhxk

* * * * * Kk Kk k% * * * ok ok ok ok ok * * * %
* * * * * * * * * * * * k * ke
* * * * * * * * * ok * K * %
* ok * ok * * Kk k ok ok ok kK K * * % * * K
* * * * * * * * * * * ok
* * * * * * * x * * * * *
* * * * * ok k kK * * * ok ok ok ok ok * * * K

khkkhkhkhkhkdrhkhkhkhkhhhhkdhhkhhhhkhhkdkkrhohohhkrhohhhkhrrhdhhkhdhhhrdhkdhdkhdd

Kk rkhkhkhkhkhkhkhkhkhhkdhbhhhkhhhhhkhrhrdhhkhkhhkhkhkhhkhkhkhhhdhkhdhdhdodddtdhdhhdr

Welcome to XCHEM version 1.0

Layer 1 start at node 1 and ends at node 50 for a total of 50 nodes
Low pressure viscocity (poise)=1.5296422224694E-4

Low pressure thermal cond (erg/cm-s-K)=1927.96807923

Residual gas mixture density (gm/cc) = 06.308448591901%

Gas viscosity high pressure constant=36.92860896051

Gas thermal cond high pressure constant=1005.016688296
Times= 3.446
Time= 175.3
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Distance

0

.63500E-02
.76200E-01
.15240
.19050
.22860
.26670
.30480
.333138
.35242
.37147
.38735
.39687
.40164
.40640

41115

.41315
.41354
.41394
.41434
.41473
.415132
.41553
.415%92
.41632
.41672
41712
.41751
.41791
.41821
.41870
.41910
.41989
.42069
.42148
0.42228
h.42307
.42386
.42466
.4254°%
.42704
.42863
.43021
.43815
.44763
.46872

Temp
560.
561.
565.
568.
573.
580.
591.
602.
613.
630.
652.
675.
692.
720.
779.
348.
876.
921.
1036.
1591.
1596.
1597.
1181.
951.
892.
859.
835.
818.
303.
792.
782.
767.
754 .
744.
735.
727.
721.
715.
710.
700.
£93.
ABE.

prwwwowmr—'\!mowmm»wo

sb\ﬂ&~’NQQ)0\NOkOHbL~)\Obt—*ADh\IG\OOC"P—‘N‘-»-'\D

[S ===l R el el ie]

o O

TNT

.8563
.8507
.8321
.8162
.7940
L7630
.7183
.6699
.6258
.5644
.4870
.4141
L3602
.2841
.1485
.4788E-01
.2521E-01
.6545E-02
.1069E-04
.1039E-14
.9839E-24
.1178E-24
.4693E-12
.1925E-02
.1610E-01
.3773E-01
.A110E-01
.B289E-01
L1042
L1222
.1399
.1697
.1979
L2207
L2417
L2597
L2769
L2915
L3056
.3285
L3517
L3697
L4399
.49%8
.5608
L6027
L6314

637

752

Oy M
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0.58738 556 .6 0.6750
0.60643 550.2 0.6657
0.62071 545 .4 0.6481
0.62230 544.8 0.6451
0.62389 544.3 0.6419
0.62548 543.8 0.6384
0.62706 543.2 0.6346
0.62865 542.7 0.6303

location of max temp point=0.415528125 cm
nondimensional location of max temp point=0.66098484848

Sandia National Laboratories

Completion of XChem

A.2 Ignition Experiment with Linearly Ramped Temperature Boundary

In the linearly ramped ODTX experiments, a 2.54 cm diameter cylinder of nitrocellulose ball powder was
heated with a linear increase in temperature until a burst disk relieved confinement. These experiments
provide a simple one-dimensional geometry with variable boundary condition.

The following input file, xchem.in, also contains an example of input for a generic reactive material and
nonreactive material, respectively. The generic reactive material has constant thermal conductivity and
heat capacity. The generic reactive material has a simple one-step reaction mechanism. Following the
input file, a partial listing of the output file xchem.out is given.

7 $ seven comment lines follow

Ak hh hkhhkhk bk A A A AR AR A A A A A A AT ERA AT A T A KA A ARARAT A AN T ARAALA R A AN A h ARk hokh ok xokxk
*ok ok A A A ko ko R ok XCHRM VERE:ION l.D I R R R E R E R E R R R R R ]
FoAA KK KA A KKK KKk Gandia National Laboratories Fohh ok khkhkoh ko kkokokokk
A KK kA ok ok k ok ok ok ok ok K Ramr)ed Boul]cial-y CCWnCliti(Jn dohkokdkok ok ohk ok ok ok Ak hk ok ok k
d ok ko ok ok ok ok ok ok ok ok ok Ak W ok 0.02 K/S, TC):7279.4,- tlgn:g().'ﬁ !nirl A hkhhkdhhhdohkkkhhhh ik
dk ok k ok ok kkk ok ok ok x ok ok ok M\f\y L’ lgq} ok h ok ko h kA ok kR ok ok ok Kk

R R R R R A I i i I I R RN SRR R R R EEEEEEEREEEE SRR

RESTART PARAMETERS:
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$§ rstart, indicates desire to read a restart file
$ name of the restart file to read data from

-1 S rttime, time desired to read a restart file
$

false startw, indicates desire to write a restart file
'wxchem.rst’ § name of the restart file to write data to
5.0 S rwtime, time interval to write a restart file,s

fin, interior flux, cal/ (s cm:)

hin, interior convective film coefficient, cal/(s cm* K)

esin, emmissivity x Stefan-Boltzmann at interier, cal/(s cm?kY)
trin, free field radiation temperature at interior, K

alex, b.c. flag for left-hand boundary, l1=Dirichlet, 0=Neumann
alin, b.c. flag for rt-hand boundary, 1=Dirichlet, O=Neumann

0.02 $ zmultl, time dependent multipler on external temp bc, K/s
1000000. $ texdiv, time dependent divider on exponent for external bc, s
279.4 $ texcon, temperature constant for external temp bc, K
0. § fex, exterior flux, cal/(s cm) )
0. $ hex, exterior convective film coefficient, cal/(s cm® K)
0. $ esex, emmissivity x Stefan-Boltzmann at exterior, cal/(s emK*)
300. $ trex, free field radiation temperature at exterior, K
0. $ zmult2, time dependent multipler on internal temp bc, K/s
1. $ tindiv, time dependent divider on exponent for internal bc, s
300. $ tincon, temperature constant for internal temp bc, K

$

$

$

$

$

s

1 $ geom, type of geometry O=cart; l=cyl; 2=spher

.true. $ refit, indicates desire to activate grid refinement
0.0 $ time, the 1nitial starting time, s

10000. $ timfin, the time to signal finish of the simulation, s
10. $ dtmult, the timestep multiplier, usually 10 or less
100.0 $ prntdt, the time interval between printouts, s

100.0 $ dtplot, the time interval between lines on 3D plots, s
1 $ nlayer, number of layers in the geometry

0.0 $ location of layer boundary 1

1.27 $ location of layer boundary 2 - must be greater than 1
20 $ nnode, number of nodes in layer 1

279 .4 $ initial temperature of layer 1, K

1.E-06 5 re, relative error for the stiff solver

1.E-10 $ ae, absolute error for the stiff solver (should be less than re)
0 $ ncont, the number of contact resistances

800. $ tkill, lower temp limit to terminate execution, K

.true. $ iplot, indicates desire for plots
.true. $ zzcol, indicates desire for color plots
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‘plot.inp’  § name of the plot data file to be written
‘ODTX for NC at 0.02 Kr/s’

MATERIAL PARAMETERS :

1 “hmx ! $ material 1 is hmx

2 ‘tatb’ 5 material 2 is tatb

3 ‘rdx! $ material 3 is rdx

4 ‘tnt’ 5 material 4 1s tnt

5 ‘nc’ 5 material 5 1s nitrocellulose

6 ‘genrt’ 5 material 6 is generic reactive material

7 ‘alum’ 4 material 7 is aluminum

8 ‘eu’ % material 8 is copper

9 ‘be’ 5 material 9 is beryllium

10 ‘tir 5 material 10 1s titanium

11 ’58304’ 5 material 11 is 304 stainless steel

12 ‘'genntrt’'$ material 12 1s generic nonreactive material

1 % nentry, the following entries are for volume fraction

1 5 1.0 5 volume fraction for layer 1, material 6 (generic reactive mat.)
Ltrue., $ réadd indicates desire to add gixth reactive material

2 1 5 imax, number of species; jmax, number of reactions

1 ‘gol1d’ ¢ species 1 for generic rxn 1s a solid

2 fgas { apecies 2 for generic rxn 1s a gas

18.14,26.77,16.10,38.98,0.0 % CHMOC1 composition (example 1s RDA:NG:HNC)
0.47, 0.47, 273., 623 S gpecific heat data - low T, cal/gFK

0.47, 0.47, 273., 623. 5 specific heat data - high T, cal/gFK
0.00064%, 0.000645, 293., 433. & thermal conductivity data - low T, rcal/cmsFK
0.00064%, 0.000645, 293., 433. & thermal conductivity data - high T, cal/cusK
1000., 0., 1.6 5 T,¥,latententhalpy,cal/qg,density,g/cc

0. 4 Steric factors

14.0 5 In of pre-exponential factors

10766, % activation energy / universal gas constant
1017. % energy release for rxn

1, 0 % concentration exponents j=1, i=1, imax

-1., 1. 5 coetf differences =1, i=1, 1max

false. % nbadd adds Ath nonreactive material (nicrome)
0,103, 0,103, 273., 900, 5 ospecific heat data - low T, cal/g¥

N.103, 0,103, 933%., 2700, S specific heat data - high T, cal/qgK

0.023. 06.023, 273., 933, % thermal conductivity data - low T, cal/cmskK
0.023%, 0.023%, 933., 1200. % thermal conductivity data - high T, cal/cms¥
1600., 65., 8.36 5 T, K, latent enthalpy, cal/g, density, o/cc

The following output file is only a partial listing:

Khk khkxhkhkhkhhhhhhkhdohhhhdhhhhhk khhkhhhrdhbw kr bk hhhhdhdkhhbkhkhkkhkkkh
Aok ok ok ok kok ok kck ok ke ok ok ok ok ko h ok ok ok k ok ok ok ok ok h ok ko ok ok h ok ok ok ko ok ke k ok ok ok ok ok ko
Kk ok ok ok ok ok ok ok ok ok k ok ko ok ok ok ko k kb k ok ok ok oh ok ok ok h ok kAN RNk kR ok ko ok k b hk kb ok ok ok

E # * LA * * d ok ok ok ok ok * * * k
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* * * * * * * * * * ok * k * ok

* * * * * Y * * Kk L 4 * *
* * * * * ok ok ok ok hok ok * k k * * % * * *
* % - * * * * * * * * k
* & * * * * * * * * * * *
* K * * * &k kkx * * * Kk w * * * &

IR R R R R R R R R S R R R R R R R R R E R R R SR R N AR R R AR RS LR RS ERER RS SR

IR E R E E R R R R R R R R R R R RS R E RS R R E R R RN R R R R RS RE R RN RS

Welcome to XCHEM version 1.0
Layer 1 start at node 1 and ends at node 20 for a total of20 nodes
Low pressure viscocity (poise)=1.5872186276507E-4
Low pressure thermal cond (erg/cm-s-K)=1936.271672124
Residual gas mixture density (gm/cc) = 0.3076575218571
Gas viscosity high pressure constant=34.38357539012
Gas thermal cond high pressure constant=822.6976242246
Time= 100.0
Time= 6797,
Distance Temp NC

0.31750E-01 849 .4 -0.9929E-10
0.33734E-01 551.6 0.8027
0.35719E-01 534.3 0.8239
0.37703E-01 525.4 0.8351
0. 7687E-01 519.4 0.8428
0.  €72E-01 515.0 0.8485
0.4 “S6E-01 511.4 0.8531
0.45.41E-01 508.4 0.8570
0.476. "E-01 505.8 0.8604
0.496( =-01 503.5 0.8632
0.5159. :-01 501.5 0.8658
0.63500E~-01 492.6 0.8776
0.87312E-01 481.9 0.8917
0.11112 474 .9 0.9013
0.15081 466.7 0.9123
0.19844 459.7 0.9217
0.24606 454.5 0.9287
0.29369 450.3 0.9344
0.38100 444 .2 0.9424
0.47625 439.0 0.9490
0.57150 434 .7 0.9541
0.66675 431.1 0.9582
0.85725 425.1 0.9645
1.0477 420.0 0.9690
1.2382 415.2 0.9724

location of max temp point=3.175E-2 cm
nondimensional location of max temp point=2.5641025641028E-2

Sandia National Laboratories
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Completion of XChem

A.3 Ignition Experiment with a Radiation and Convective Boundary

in the convective and radiatively heated ODTX experiment, a 5 cm diameter cylinder of NC:NG:RDX pro-
pellant with a 0.64 cm aluminum shell was heated until thermal ignition. These experiments provide a
simple one-dimensional multi-layered geometry with a convective and radiatively heated boundary condi-
tion.

The following input file, xchem.in, uses the generic reactive material with constant thermal conductivity
and heat capacity to represent the propellant. The generic reactive material has a simple one-step reac-
tion mechanism. Following the input file, a partial listing of the output file xchem.out is given.

7 $ seven comment lines follow

I R R R R R R R R R RN N R R N R R RN R R SRR R R R R E SRR E R R R SRR R R R R R R RE R R R RS SRR EE]
LR R R SRS R REESESESE] XCHEM VERSION l.o RS RS RS RS E R EREESEERSS.]
LE R EEEEEEEE SRR R R Sandia Natlonal Laboratories I EEEEREEEEEEE R SRR RS S
hdhkhhkhohkohkhokdkhkh NC:NG:RDX 38'1:39.7:22.2 by Wt Jok kok ok ok kok ok hohk ok ok h ok ok ok okok
AE R E R ES EREEE SRR EES Igl\lti@n Experlmeht With Rad/COnV BC *hkk ko hkkk ok Aok kohkkok ok ok ok ok
IE R R SRR REES S E RS RS May l’ 1993 IR R B EEREREEEEERE RS SR

R R A R E A R R EE R R R RS R SR RS R R R R R SRR SRR R SRR SRR EREEER RSl ERERES RS

.false. $§ rstart, indicates desire to read a restart file
‘xchem.rst2’$ name of the restart file to read data from

-1 $ rttime, time desired to read a restart file
.false. $ startw, indicates desire to write a restart file
‘Xchem.rst’ $ name of the restart file to write data to

5.0 $ rwtime, time interval to write a restart file, s

0. $ zmultl, time dependent multipler on external temp bc, K/s
1. $ texdiv, time dependent divider on exponent for external bc, s
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850. 5 texcon, temperature constant for external temp bc, K

0. 5 fex, exterior flux, cal/s-ocm” 2

0.0001356 % hex. exterior convective film coefficient, cal/s-cm”2K
2.198E-113 $ esex, emmigsivity x Stefan-Boltzmann at exterior, cal/s_cm”2K 4
850 . S otrex, free field radiation temperature at exterior, K

0 5 zmult2, time dependent multipler on internal temp bc, K/s

1. 5 tindiv, time dependent divider on exponent for internal be, =
300 % tincon, temperature constant for internal temp bec, K

0 % fin, interior flux, cal/s-cm”2

0. % hin, 1nterior convective film coefficient, cal/s-cm”2K"4

0. % esin, emmlssivity x Stetan-Boltzmann at interiov, cal/s_ocm” 2K 4
300, S trin, free field radiation temperature at interior, K

0. S alex, b.c. flag for left-hand boundary, l=Dirichlet, O=Neumann
0 A

alin, b.c. flag for rt-hand boundary. l=Dirvichlet, O=Neumann
GENERAL INPUT PARAMETERS:

geom, type of geometry O=zcart; l=cyl; 2=zspher

1. s

true. S refit, indicates desire to activate grid refinement

0.0 5 time, the initial starting time, s

4000.0 % timfin, the time to signal finish of the simulation, s
10. S dtmult, the timestep multiplier, usually 10 or less

10.0 5 prntdt, the time interval hetween printouts, s

20.0 S dtplot, the time interval between lines on 3D plots, s

2 5 nlayer, number of layers in the geometry

0.0 5 location of layer boundary L. com

2.5 v location of layer boundary 2 - must be greater than 1, cm
2.7 4 location of layer boundary 3 - must be greater than 2, com
40 5 nnode, number of nodes in layer 1

20 5 nnode, number of nodes 1n layer 2

3G0.0 S initial temperature of layer 1, K

300.0 % dinitial temperature of layer 2, K

1.E-06 % re, relative error for the stiff solver

1.E-10 S ae, absolute error for the stiff solver (should be less than re)
0 % neont, the number of contact resistances

800, Sotkill, lower temp limit to terminate execution, K

PLOTTING PARAMETERS:
Ltrue, Soaplot, indicates deasirs for plots
-

Ltrues, zzceol, indicates desire for color plots

o

‘plot oinp’ name of the plot data file to be wiitten

ODTE for Propellant at 850 K7

MATER TAL PARAMETER?:

1 b ! Somaterial 1oilg hmx
2 "tath'’ S omaterial 2 i tath
; ‘relw’ Somaterial 3o1s ordx
4 ‘tnt e Somaterial 4 o1s tnt
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5 ‘nc’ $ material 5 1s nitrocellulose
6 ‘genrt’ $ material 6 1s generic reactive material
7 ‘alum’  $ material 7 i1s aluminum
8 ‘cu’ $ material 8 1s copper
9 'be’ $ material 9 1is beryllium

10 "ti- $ material 10 1s titanium

11 88304’ $ material 11 1s 304 stainleg steel

12 ’gennrt$ material 12 is generic nonreactive material
2 % nentry, the following 2 entries are for volume fraction

1 6 1.0 § volume fraction for layer 1, material 6 (generic reactive mat.)
2 7 1.0 § volume fraction for layer 2, material 7 (aluminum)

Ctrue., 5 rhadd indicates desire to add sixth reactive material
21 $ imax, number of speciles; jmax, number of reactions

1 'solid’ § species 1 for generic rxn 1s a solid
2 ‘gas’ S species 2 for generic rxn 1s a gas

18.14,26.77,16.10,38.98,0.0 % CHNOC1 composition (example is RDX:NG:NC)
0.47, 0.47, 273., 623, % specitic heat data low T, cal/gk
0.47, 0.47, 273., 6213. & specific heat data high T, cal/qgE
0.000645, 0.000645, 293., 433. ¢ thermal conductivity data - low T, cal/cmsk
0.000645, 0.00064%, 293., 433%3. 5 thermal conductivity data - high T, cal/cmsk
3000., 0., 1.6 Stemperature K latententhalpy,cal/g,density , og/cc
0. 45 Steric factors

14.0 5 1ln of pre-exponential factors

10766, S activation enerdgy / universal gas constant, ¥
1017. $ energy release for vxn, cal/g

1,0 5 concentration exponents j=1, 1=],1max

1., 1. 4 coetf differences =1, i1-1, imax

false. 5 nbadd adds s1xth nonreactive material (nicrome)
0.103, 0,103, 273., 900. 4 specifilc heat data low T, cal/qgF¥
0.103, 0.103, 933., 2700. S ospecitic heat data - high T, cal/g¥
0.023%, 0.023, 273., 933, 5 thermal conductivity data low T, cal/cmsk
0.023, 0.02%, 933., 1200. % thermal conductivity data high T, cal/cmsk
1600., 65%., 8.36 Stemperature, ¥, latententhalpy, cal /g, density, g . co
The following output file is only a partial listing:

(A B EEEREEREEEEREEESEEIPEEIEEEIEE I I I I I I I I I I I I I IR 20 IR SR I A

LR 2R 2h 2 2h 2b 2h 20 SE b 2E b 2 2B IR IR IR IR IR 2k 2NOR B JETEE I IR 2R RN IR AR 2 IR IR IR S S A S G S S S S S S S S S S S g

BB A SRS SRS SEERERESEEESEEEEEEEI IS I I I I I I I I I IR I A

* w * * * K k ok Kk * * * ok ok ok Xk * L *

* x * * * * * * * & * h *

* x > * * * * * x * * * * ok

* k * W * LIE Ak BE 2B 2B 2 4 * F * * * LR

* * * * * * * * * * *

* & ” * * * * * * * * * ok

* w * ’” * r Kk ok h " *x LR SR 2 2 X3 * R *

ok k ok ok ok ok h ok ok ok ok ok bk ok ok ok ok ko kA Rk ok Ak ko ko k ok ok ok ok ok ok ok kk ok h ok ok ok Rk ok ok ok ok ko ko

kk ok ok ok ko k ko k ok hkk ok kA k ok h ko h ok ok Rk b kT ok kb ok ok d ko h ok ok ok k ok ok ok R Ak ok bk ok

Welcome tao XCHEM version 1.0

Layer | start at node 1 and ends ar node 42 for a total of 42 nodes

49




Layer 2 start at node 43 and ends at node 62 for a total of 20 nodes
Low pressure viscocity {polse)=1.4905955254702E-4

Low pressure thermal cond (erg/cm-s-K)=1728.57291669

Residual gas mixture density (gm/cc) = 0.345611268209

Gas viscosity high pressure constant=40.83756844474

Gas thermal cond high pressure constant=1074.386531671

Time= 10.0

Time= 611.9

Distance Temp GENERIC
0.31250E-01 307.1 1.060
1.0312 325.8 1.000
1.0938 328.7 1.000
1.6562 372.5 1.000
1.7188 380.0 1.000
1.9062 407.6 0.9998
1.9688 419.0 6.9996
2.125¢ 455.8 0.9974
2.2031 482.0 0.9930
2.2188 488.4 0.9916
2.2344 495.3 0.9895
2.3281 557.0 0.9600
2.3359 565.1 0.9546
2.3516 584.1 0.9416
2.3594 585.4 0.9337
2.3672 608.5 0.9236
2.3750 623.9 0.9124
2.39086 666.0 0.8808
2.4004 707.2 0.8512
2.4023 718.1 0.8438
2.408z 758.9 ¢.8171
2.4102 778.4 0.8054
2.4121 800.3 0.7931
2.4141 830.8 0.7798
2.4160 916.3 0.7583
2.418¢0 1571. 0.5839
2.4199 2419. 0.4802E-07
2.4258 2366. 0.1118E-20
2.439%5 2365, 0.4932E-14
2.4414 2363. 0.5792E-09
2.4434 2614. 0.2246E-02
2.4453 1084. 0.7120
2.4473 855.5 0.7382
2.4492 g11.5 0.7532
2.4648 689.3 0.8044
2.4727 656.4 0.8174
2.4805 630.2 0.8268
2.4844 618.4 0.8306
2.6850 578.5 0.

location of max temp point=2.2343749999939 cm
nondimensional location of max temp point=0.7152288732393
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Appendix B -- XPLOT Example

Figure B.1 shows an example of the typical interactive exchange between the user and the XPLOT graph-
ics driver. A number of questions are asked which determine scaling and choice of plots desired by the
user. User responses are in bold face, while XPLOT screen responses are in regular type. The somewhat
archaic "0" or "1" notation used to distinguish “yes” or “no” was used because of the varying ways in which
different computing platforms handle FORTRAN character data.

xplot

RSCORS version 3.13 <10/31/91> SUN
name of plot data input file

hit <ret> for default <plot.inp>

<return>

user-supplied values for time min and max?
1=yes, 0=nc

0

do you want a plot of the initial/adjusted grids?
1=yes,G=no

1

do you want 3D temperature and species plots?
1=yes, 0=no

1

Following applies to the temperature plot:
User-supplied values for z min and max?
1=yes, 0=no

0

Following applies to a species plots:
User-supplied values for z min and max?
1=yes, 0=no

0

do you want a color fringe plot?

1=yes, 0=n0

1

do you want a 3D grid plane plot?

1=yes, 0=no

1

THE NUMBER OF BGPMETA FRAMES IN FILE xplot.met IS 7
THE NUMBER OF 16-BIT WORDS IN FILE xplot.met IS 401408

Figure B.1. Listing of XPLOT Screen Interaction with user

As indicated by the last two lines in Figure B.1, XPLOT has created a metafile named xplot.met. The POP
software can now be used to display the data. Figure B.2 is a copy of the screen I/O interaction between
POPX12 and the user. POPX12 opens an X12 window on the machine and interactively displays each
plot one at a time. Again, user replies are in bold face. Note that the user in this case has specified the
metafile name as xplot.met and selected 256 colors without double buffering. The desired CRT display
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format is rectangular, which has been indicated by typing “r". After this initial information, the user types “n"
to obtain the next plot, POPX12 plots the next plot, and the plot remains on-screen until a <return> is hit,
and the user hits another “n" to repeat the cycle and obtain the next plot.

popx12

** POP RSCORS Post Option Processor **

** Interactive Version 3.0u <9/5/92> **

Copyright (c) Sandia National Laboratories 1981-1992. All Rights Reserved.

Enter input_file_name or help
xplot.met

FILEID RSCORS DATE 6/28/93 TIME 15:37:10
USER ID rijgross

Select X window option by number
1. 224 colors without double buffering of display
2. 256 colors without double buffering
3. 224 colors with double buffering
4. 256 colors with double buffering
5. Help
Enter option
2

This version of POP has been LINKed to device type XWIND
VDI terminal type number 779.00

Aspect ratio 0.7821 Mode interactive

Make sure you are using the correct driver.

ENTER only RETURN for HELP to questions.
ENTER HELP to next question for CRT selection help
and general RSCORS documentation.

Enter CRT display format desired :

r

Next frame is 1

What next :

N for next frame

F or F# for specific frame number #

S or S# for skip of specified number of frames # (can be negative)
C for CRT display format change

NEWFILE for new input file

EDIT for frame edit (extraction of frame to another file)
EDITFILE for edit from command file

SETWIDTH for reset of software line width for interactive CRT
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BUG for adding debug mesh overlay to next displayed frame
E for END

Next frame is 1

What next :

n

Next frame is 2
What next :
n

Next frameis 3
What next :
n

Next frameis 4
What next :
n

Next frameis 5
What next :
n

Next frameis 6
What next :
n

Next frameis 7
What next :
n

Next frameis 8
What next :

n

Next frameis 10

What next :

n

Processed 10 frames from 399360 instructions
All Done - POP

Figure B.2. Example of User Interaction with POPX12

Figure B.3 gives another POP example, this time for outputting to a black and white postscript printer. Af-
ter typing “poppst”, the user must again specify the name of the metafile (“xplot.met"), an option specifying
color and mode of interaction with the POP software (beginners should specify one of the batch options),
type of display (hit <return> for help on choices), and line width (always type “n”).
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poppst

** POP RSCORS Post Option Processor **

** Interactive Version 3.0u <9/5/92> **

Copyright (c) Sandia National Laboratories 1981-1992. All Rights Reserved.

Enter input_file_name or help

xplot.met

FILE ID RSCORS DATE 6/29/93 TIME 14:08:52
USER ID rigross

This VDI PostScript driver has ten options.
1. black & white, batch, no polygon fill
. black & white, interactive, no polygon fill
. black & white, batch, polygon fill
. black & white, interactive, polygon fill
. color, batch
. color, interactive
. color, batch, black-white interchange
. color, interactive, black-white interchange
9. color, batch, black background
10. color, interactive, black background
Enter option number
1

All Done - POP

This version of POP has been LINKed to device type PSTb&w
VDI terminal type number 799.10

Aspect ratio 0.7500 Mode batch

Make sure you are using the correct driver.

O ~NOOS WD

ENTER only RETURN for HELP to questions.

ENTER HELP to next question for CRT selection help
and general RSCORS documentation.

Enter CRT display format desired :

s

The current minimum line width is 0.05

Do you want to reset <Y or N> ;

n

POP output file name is popout.pst
You must queue file to device
Processed 10 frames from 399360 instructions

% lIpr -Pprinter popout.pst

Figure B.3. Example of User Interaction with POPPST
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Appendix C -- Derivation of the Concentration Exponent Matrix and the
“Progress Variable” Matrix

XCHEM input allows the user the capability to add another reactive material to the database and use it in
normal XCHEM calculations, either alone or in combination with the materials in the standard XCHEM da-
tabase. Two matrices that are part of the database of a reactive material are: (1) the matrix of concentra-
tion exponents, and (2) the coefficients on the j reaction rates, which form what we term the progress
variable matrix. These two matrices convey the important characteristics of the species and reactions to
the chemical kinetics software that computes the right-hand side of equation (32). Since some users may
wish to add different materials, or even change the reaction mechanisms ot materials currently present in
the database, familiarity with the procedure fcr determining the individual values in the two matrices is re-
quired In this section, we explain in detail the methodology used in determining the matrices for concen-
tration exponents and the progress variables for a sequential step mechanism, used for HMX and RDX,
and for an autocatalytic three-step mechanism, such as the one used tor TATB and TNT.

C.1 Sequential Step Mechanism (HMX and RDX)

The sequential step mechanism, as given in Section (2.4), is.

species equation 1 (i=1) A—->B (C.1)
species equation 2 (i=2) B—-2C (C.2)
speciesequation 3 (i=3) 2C—-D (C.3)

To determine the values of the concentration exponent matrix, we need only examine terms on the left-
hand side of the above equations. Let A be material 1, let B be material 2, and C be material 3. In words,
the concentration exponent value, p . is the material concentration multiplier of species reaction equation i
for material j. In the first species reaction equation in the above mechanism, material 1, or A, has the un-
derstood multtiplier 1. Thus, on the left-hand side of species equation 1, material 1 has a concentration ex-
ponent of value "1". For species equation 1, material 2 is not present on the left-hand side, so the
concentration exponent has a value of “0". Likewise, material 3 in species equation 1, which is u ,, also
has a value of “0". Thus, the first row of the concentration exponent matrix is :

My, =100

To compute the second row of the concentration exponent matrix, we focus on the second species reac-
tion equation. Since only material B (material 2) is present in this second equation, we expect that only
i,, has a nonzero value. Thus, the second row of the concentration exponent matrix is:

My = |01 0
For the third row, only material C (material 3) is present, and thus ., will be the only nonzero term. The

multiplier on material C for this reaction is 2, so that is the proper value for i in this case. The third row,
then, is:

Mg, = [0 0 2]

The entire concentration exponent matrix for this sequential step mechanism, which is the mechanism
used in XCHEM for both HMX and RDX is:

55



100
h,=1010 (C.4)
002

In order to determine the progress variable matrix, we resort to basic chemical kinetics and write the basic
time-dependent change in concentration of each species as

dN,,
= = ~KiNa (C.5)
e Ny N
gi = Na— KN (C8)
(©7)
dN,g

"a?— = k2NB_ kBNCNC

where N, (dimensionless in XCHEM) tracks the creation or destruction of species i, and k; are the kinetic
coefficients. Using Equation (4), the above system is reduced to:

dNg
o = ry=r, (C.9)
dN
T = Iy~ 1 (C.10)

where the r;'s are the reaction rates. The progress variable matrix is obtained by taking the coefficients on
the above equation system, so that:

}1od
v,=|1-10 (C.11)
0 1 -1

C.2 Auto-catalytic Three-Step Mechanism (TATB and TNT)

The auto-catalytic three-step mechanism, as given in Section (2.4), is:
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species equation 1 (i=1) A-> B (C.12)
species equation 2 (i=2) A+B->C (C.13)
species equation 3 (i=3) 2B-C (C.14)

Again, we need the concentration exponent matrix, p , and the progress variable matrix, v . In determin-
ing the concentration exponent matrix, we may note that the first species equation is identical to that of the
sequential step mechanism. Thus, the first row of the concentration exponent matrix for this mechanism s
identical to the first row determined from the sequential step mechanism:

My, =[100]

The second species equation contains both A and B on the left-hand side, each with a coefficient of “1”, so
that the second row is composed as:

My = (110

Finally, the third species equations only contains B on the left-hand side with a coefficient of “2", so that the
third row is composed as:

Hy = [._0 2 Q)
so that the entire concentration exponent matrix for the autocatalytic three-step mechanism is:
100
HU =110 (C.15)
020

Again, to determine the progress variable matrix, we write the basic change in concentration of each of the
three species as:

dN, (C.16)
T ~KyNpy=kNgNg = -1, =1,

dNg

dt KiNa=kNaNg—k3NgNg = 1y =1, =13 (C.17)
aN
d}Q = kKyNyNg+ kyNgNg = 1, + 1, (C.18)

where the r,'s are the reaction rates. The progress variable matrix is obtained by taking the coefficients on
the above equation system, so that:
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1-10
1 -1 -1
01 1
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