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EXECUTIVE SUMMARY

A brief study of the TNT-equivalence of PBX-9501 is presented herein utilizing a new basis via
application of one-dimensional spherical (1DS) hydrocode models in a 6-ft ID confinement
vessel geometry with no internal furniture. Specifically, TNT-equivalence herein is based upon
two separate features:

(1) matching the peak reflected specific impulse of PBX-9501 to TNT under detonation
process, and

(2) matching quasi-static peak gas pressure of PBX-9501 to TNT at steady-state.

LANL (i.e., J-2) has been using a TNT-Equivalence for PBX-9501 in confinement vessel design
that appears to be in conflict with the LLNL derived quantities using the thermochemical code
CHEETAH. Differences between LANL and LLNL approach to TNT-equivalence have
provided an impetus for this investigation. For both TNT and PBX-9501, 1D spherical
hydrocode models have been developed under confined constant-volume conditions in 6-ft ID
vessels with the use of CTH, as well as application of the thermochemical code CHEETAH.

Although the most widely used methodology for determining TNT-equivalence for HE
detonations (as prescribed in UFC-3-340-02) is the product of the ratio of heat-of-detonation of
the HE in question to that of TNT and the mass of HE in question, results of the 1D spherical
hydrocode modeling provide a different answer. In other words, the ratio of heat-of-detonation
has often been applied to a wide variety of problems, which leads to a constant single-valued
(invariant) factor applied to the weight of the HE in question.

It is necessary to provide an important distinction to design of protective structures, such as
confinement vessels, within the complete regime of dynamic loading; whether the design is
based purely upon impulse-dominated, pressure-dominated loading or a mixed-mode regime. In
other words, as described in UFC-3-340-02;

“A protective element subjected to high intensity shock pressures may be
designed for the impulse rather than the pressure pulse, only if the duration of the
applied pressure acting on the element is short in comparison to its response time.
However, if the time to reach maximum displacement is equal to or less than three
times the load duration, then a simplified pressure pulse representing the full
pressure-time relationship should be used for these cases.”

Although protective elements subjected to high-explosive blast loading are generally designed to
impulsive loads, it actually depends on the pulse duration and natural frequency of the structure
(i.e., square-root of the ratio of structural stiffness to mass). The investigation conducted herein
is limited to 6-ft diameter confinement vessels, for which a purely impulsive load is applicable.
In general, the response time is long compared to the pulse duration, but both the pulse duration
and response time should be calculated for each case to determine the appropriate design criteria.
i.e., impulse-dominated vs. simplified pressure-dominated pulse.
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Results presented herein provide the following conclusions:

1. Peak reflected specific impulse is the key to meaningful scaling of explosives for shock
loading in a confined volume.

a. The structural response of a confinement vessel is directly related to the driving
energy supplied during the detonation; i.e., the peak reflected specific impulse.

b. For the 6-ft ID confinement vessel geometry identified in this study, TNT-
equivalence is shown to be approximately 1.188 for a 40-1b PBX-9501 charge.

c. Both, CTH library JWL EOS and CHEETAH-derived JWL EOS were applied to
hydrocode models, showing minor differences in overall results.

2. The importance of proper accounting for incomplete combustion when determining
equivalent charge for quasi-static pressure.

a. As shown in the foregoing analysis, the TNT-equivalence for quasi-static gas
pressure without afterburn (i.e., vacuum) is approximately 1.49 for the given
vessel geometry and the 40-1b PBX-9501 charge.

b. CTH hydrocode models and CHEETAH constant-volume explosion calculations
results agree within 5%.

3. Using a constant TNT-equivalence conversion factor between PBX-9501 and TNT, for
either the shock loading or the quasi-static pressure, is not applicable to confinement
vessels, i.e., constant-volume explosion applications.

4. Original differences between LANL and LLNL results for TNT-equivalence were based
upon the diverse application of the TNT heat-of-detonation values, where LANL utilized
UFC-3-340-02 values and LLNL uses thermochemical principles.

5. Comparison of CTH 1DS analyses for HMX, LX-14 and PBX-9501 for detonation event,
and CHEETAH analyses for combustion events, shows minor differences in peak
reflected pressure, and particularly peak reflected specific impulse, and peak quasi-static
gas pressure. All three HMX-based high-explosives perform similarly with minor
differences.

As a result of analyses contained herein, coupled with the above listed conclusions, LANL
provides the following recommendations:

1. Tt is recommended that LANL and LLNL remove TNT-equivalency methodology for
Ula SCE vessel design applications, and instead use PBX-9501 as the base explosive.
a. For shock loading of the vessel structure, no TNT conversion factors will be
utilized, thereby ensuring a one-to-one correspondence.
b. Likewise, this change should mitigate any further confusion in vessel design,
especially ensuring the proper quasi-static gas pressure is applied to o-ring seal
and feedthroughs based on the actual explosive.
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2. CHEETAH closed-volume explosion calculations shall be used to determine peak quasi-
static gas pressures in a confinement vessel.

a. CHEETAH has the capability of determining the peak quasi-static gas pressure as
a function of the available oxidizer in the system (i.e., all reactants), resulting in
partial or full-afterburn.

b. Results can be validated through simple (i.e., less sophisticated) thermodynamic
principles and application of BLAST-X or CONWEP.

3. For zero-room pressurization due to a hypothetical confinement vessel failure, for
example a feedthrough blow-out, a combination of CHEETAH calculations and BLAST-
X is recommended.

a. CHEETAH can determine both, the internal gas pressure in the vessel for the
given free-volume and an unconfined detonation in the zero-room.

b. BLAST-X will further determine the rate of pressure increase in the zero-room as
a function of time and available heat-transfer mechanisms. Blast-X can also be
used to validate the results of the CHEETAH analysis.

4. For other facility design applications, a TNT-equivalence methodology is fully
recommended, as described by J. Maienschein and as shown in UFC-3-340-02, which
utilizes the product of the ratio of heat-of-combustion of the explosive in question to that
of TNT and the mass of the explosive.

a. The assumption is that the closed-volume facility is large enough to ensure an
abundance of oxidizer (or a stoichiometric mixture) to adequately combust 100%
of the reaction product fuels.

i.  Assuming an unconfined detonation in a facility room or drift, an upper-
bound solution of peak quasi-static gas pressure is ensured.

b. The resulting TNT-equivalence factor for PBX-9501 in a large closed-volume is
approximately 0.645, given the respective heat-of-combustion of PBX-9501 and
TNT.

c. For this type of analysis, CHEETAH is recommended because it can model the
actual mass of reactants (i.e., HE, oxidizer and inert gases) in determining the
peak quasi-static pressure for partial or full-afterburn.

5. Based on the CTH and CHEETAH analyses results comparing HMX, LX-14 and PBX-
9501 demonstrating similar detonation and combustion performance, LANL recommends
using PBX-9501 as the base explosive for SCE applications in confinement vessels
involving either LX-14 or PBX-9501.
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1.0 PURPOSE

The objective of this study is to determine the appropriateness of the current TNT-equivalence
factors proposed by Lawrence Livermore National Laboratory (LLNL) through application of
their thermochemical equilibrium and kinetics code, CHEETAH, and TNT-equivalence factors
used by Los Alamos National Laboratory as dictated contractually through UFC-3-340-02. A
comparison of TNT-equivalent factors is developed herein by application of 1D spherical
hydrocode models.

2.0 BACKGROUND

A brief background is provided to assist in deciphering the state of TNT-equivalence for SCE
applications. This report does NOT provide an exhaustive assessment and it only deals with the
TNT-equivalence determined specifically for blast loads generated in a constant-volume 6-ft ID
confinement vessel. Brief synopsis on the following is provided below:

e TNT-equivalence data, testing and methods
e LANL approach to TNT-equivalence

e LLNL thermochemical approach

e A note on code of record and standards

2.1 TNT-Equivalence Data, Tests and Methods

Design manuals such as TM 5-855, TM 5-1300, DOE-TIC-11268, and UFC-3-340-02 contain
listings of TNT-equivalent factors for numerous explosives used in the DOE and DoD
communities. TNT-equivalence is a factor that when multiplied by the weight of known
explosive, it results in a TNT charge weight that would produce the same observed effect as the
known explosive. The primary reason for this approach is the abundance of design data based
upon TNT testing, which is available to engineers through graphical representation of empirical
and semi-empirical shock parameters or design equations. A major drawback to utilizing these
TNT-equivalence factors from any of the design manuals is they are inconsistent, even among
each other, and sometimes differ by more than 30-50%. There are a significant number of TNT-
equivalence test processes, as well as analytical methods which all depend on a predetermined
explosive effect being observed or quantified. Kinney and Graham, and Cooper describe
numerous tests, such as:

e Sand Crush

e Trauzl Test (Lead Block)
e Ballistic Mortar

e Ballistic Pendulum

e Plate Dent

e Cylinder

e Air Blast

10
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All of the above tests do not necessarily measure the same output property of the explosive.

Each test, rather, is designed to observe some predetermined, empirically measured output effect.
Theoretical concepts have also been developed (see Cooper, 1994). Several TNT-equivalence
methods have been proposed such as the C-J pressure ratio,

P
Wine = S WExp Eq. (2.1)
F, C—-J(TNT)
or Cooper’s method which takes the ratio of the squares of detonation velocities
2
Wine = ;J(Exm WExp Eq. (2.2)

C-J(INT)

Kinney and Graham also provide a description of the Berthelot method which directly relates the
heat of detonation multiplied by moles of gas released per mole of explosive, and inversely
proportional to the square of the molecular weight of explosive.

~AH
%Wy = 840(An)———2W,

xp

Eq. (2.3)

W) Exp

Lastly, the most widely used theoretical concept is ratio of heat-of-detonation for shock loading,
which will be discussed below in Sections 2.2 and 2.3.

2.2 LANL Approach to TNT-Equivalence

LANL has consistently used the guidance in TM 5-1300 and its successor document, UFC-3-
340-02, to determine the TNT equivalence of specific explosives. UFC-3-340-02 provides tables
of standard detonation parameters for many explosives, including the heat-of-detonation (i.e., the
difference in heats-of-formation between the reaction products and reactants). The UFC
guidance provides a very simple linear relationship for the equivalent mass of a TNT charge.

For example, the equation below is written for the equivalence between PBX-9501 and TNT, as
the product of the ratio of heat-of-detonation of PBX-9501 to that of TNT, and the weight of
PBX-9501.

AH
Wine = ((A;I)%%OIWPBX‘)SM Eq. (2.4)
d

INT

UFC-3-340-02 reports the heat-of-detonation values directly from Dobratz, UCRL-52997, LLNL
Explosives Handbook, which happen to coincide with the maximum theoretical values, not
lower-bound experimental data. The published heat-of-detonation from UFC-3-340-02 for TNT
is 5.90 kJ/g and for PBX-9501 is 6.65 kJ/g. Thus, using the simplified form above, the TNT-
equivalence for shock loading becomes 1.127 as compared with LLNL value of 1.312 (see Table
1 below).

11
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Additionally, UFC-3-340-02 states the following for peak quasi-static gas pressures:

“The data presented in Figure 2-152 and Figures 2-153 to 2-164 are for
INT only and must be extended to include other potentially mass-
detonating materials. Similar to the shock pressures, only a limited
amount of data is available regarding the TNT equivalency of confined
explosions and in particular the effects produced on gas pressures.”

Thus, UFC-3-340-02 provides a simple TNT-equivalence means for determining peak quasi-
static gas pressures given a specified charge-weight to free-volume ratio. In effect, this simple
relationship supposedly accounts for the level of oxidizer in the free-volume such that a null,
partial or full-afterburn may be determined.
L AH;, —AH] | +AH],
INT = P d 7 Wew Eq. (23)
¢[AHTNT _AHTNT]+AHTNT

Figure 2-166 TNT conversion factor for charges

=t
®

TNT Conversion Factor, (l)
)
>

S
IS

0.2

0.02 0.04 0.06 0.08 0.1 0.11
Charge Weight to Free Volume Ratio, W/V¢ (Ibs/cu ft)

Figure 1 — TNT conversion factor.

When the charge-weight to free-volume ratio is beyond 0.1, the conversion factor, ¢, is zero and

the TNT-equivalence is a function of the heat-of-detonation ratio, implying that no afterburn is
predicted for the given confinement volume. On the other extreme, for charge-weight to free-
volume ratio less than 0.02, the TNT conversion factor, ¢, is unity, implying that the TNT
equivalence is only a function of the heat-of-combustion ratio and abundance of oxidizer is
present.

c

AHE,
A — Eq. (2.6)

INT — AH¢ Exp
INT

12
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23 LLNL Thermochemical Approach

LLNL has stated that SCE engineering primarily utilizes their in-house thermochemical
equilibrium and kinetics code, CHEETAH, for TNT-equivalence solutions. The code solves
thermodynamic equations to find, either complete or partial, chemical equilibrium between
product species, thereby directly computing the heat-of-detonation. CHEETAH is much more
sophisticated than a simplified theoretical thermodynamic equilibrium procedure, yet it employs
a similar process. For example, one feature is that CHEETAH computes dozens and dozens of
reaction product gases and their respective temperature-dependent specific heats in determining
peak gas pressures. The simplified thermodynamic equilibrium procedure typically accounts for
3 or 4 reaction product gases including water vapor, which altogether might account for 99% of
product gases.

LLNL utilizes the ratio of energy-of-detonation per unit volume, divided by the respective
theoretical maximum densities;
{ AEY ]
W _ p o(Exp)

TNT — Exp
d
AE7y,
Pornr)

Upon making the slight modification of normalizing the explosion energy (i.e., units of kJ per
unit volume) to the HE density (i.e., grams per unit volume), the equation becomes;

Eq. (2.7)

Wy = AE%‘” W, Eq. (2.8)
AETNT v

Energy-of-detonation per unit volume divided by the HE density becomes the heat-of-detonation,
and in effect, the LLNL format is equivalent to the UFC-3-340-02 as used by LANL. The major
difference between LANL and LLNL methods is with CHEETAH’s application of the lower-
bound heat-of-detonation for TNT.

Table 1 shows the CHEETAH (Version 9) parameters including the TNT-equivalence that are
derived for HMX and PBX-9501 (i.e., 95% HMX, 2.5% Estane and 2.5% BDNPAF). Basically,
for example, the mechanical energy (i.e., impulse-driven condition) ratio of 5.7023 kJ/g for
PBX-9501 to 4.3464 kJ/g for TNT, provides the TNT-equivalence of 1.312, as calculated by
CHEETAH. As stated in Section 2.1, the heat-of-detonation for TNT used in the LANL
calculations is 5.90 kJ/g, or 36% higher than calculated via CHEETAH.
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Table 1 - CHEETAH Detonation Parameters

HE L O e T ———
(gmo)  (gom’)  (caly) (W)  (Kg) Ky (e
TNT 227.132 1.654 -66.504 -4.4621 -4.3464 -0.11567 14.529 1.000 1.000 1.000
HMX 296.156 1.905 60.527 -5.8677 -5.8677 0.00 8.852 1.315 1.350 0.609
PBX-9501 292.870 1.859 27.286 -5.7024 -5.7024 0.00 9.370 1.278 1.312 0.645

In order to understand all details of TNT-Equivalence and determine whether the LLNL
approach is applicable, a set of simplified numerical hydrodynamic calculations with the Sandia
National Laboratories code, CTH, are provided.

2.4  Dynamic Regime for Vessel Design

It is necessary to provide an important distinction to design of protective structures, such as
confinement vessels, within the complete regime of dynamic loading; whether the design is
based purely upon impulse-dominated loading or a pressure-dominated pulse. In other words, as
described in UFC-3-340-02;

“A protective element subjected to high intensity shock pressures may be
designed for the impulse rather than the pressure pulse, only if the duration of the
applied pressure acting on the element is short in comparison to its response time.
However, if the time to reach maximum displacement is equal to or less than three
times the load duration, then a simplified pressure pulse representing the full
pressure-time relationship should be used for these cases.”

Although protective elements subjected to high-explosive blast loading are generally designed to
impulsive loads, it actually depends on the pulse duration and natural frequency of the structure
(i.e., square-root of the ratio of structural stiffness to mass). In general, the response time is long
compared to the pulse duration, but both the pulse duration and response time should be calculated for
each case to determine the appropriate design criteria. i.e., impulse-dominated vs. simplified pressure-
dominated pulse.

A single-degree-of-freedom (SDOF) model may be used to determine whether the blast loading
event is predominantly within the impulse-dominated regime, mixed-mode regime, or pressure-
dominated regime, as described by Baker et al. (1983). Figure 2 depicts the two different regimes
of structural response to the SDOF loading function, impulsive and quasi-static, with the region in
between being the mixed-mode. The ordinate is merely the ratio of dynamic-displacement to
static-displacement. The abscissa represents the product of pulse-duration, T, and fundamental
circular-frequency of the structure, @, giving units of (rad-sec/sec).
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Figure 2 — SDOF structural response model for a pressure-pulse (Baker et al.).

Lastly, the ASME Boiler & Pressure Vessel Code, Sec. VIII, Div. 3 imposes requirements for
design of impulsively loaded vessels, along with the following definition;

Impulsive loading is a loading whose duration is a fraction of the
periods of the significant dynamic response modes of the vessel
components. For a vessel, this fraction is limited to less than 35%
of the fundamental, membrane-stress dominated (breathing) mode.

The above statement implies that an impulsive event is defined as;

<035 Eq. (2.9)

N

where t, = Pressure pulse duration, (msec)
T, = Fundamental period of the structure, (msec)

To mitigate any confusion, please note that in Figure 2 the pulse-duration is T, but in the above
equation pulse-duration is td and fundamental structural period is Ts. Therefore, a vessel design
calculation must begin with determining whether the event is within the impulse-dominated or
pressure-dominated regimes.

15



Number: RPT-SCE-21-2903

Title: Methodology for Determining Impulse and Quasi-Static Pressure Loading for Design Effective Date: 3/14/2022
of 6-ft Inner Diameter Confinement Vessel

2.5 Code of Record and Standards Applicability

A “‘Code of Record’ as defined by DOE O 413.3B, Program and Project Management for the
Acquisition of Capital Assets, is a set of design and operational requirements, including Federal
and State laws, in effect at the time a facility or item of equipment was designed and accepted by
DOE. The Code of Record for LANL application of HE Safety is DOE-STD-1212, Explosives
Safety, which is implemented through LANL’s HE Safety Program P101.8, Explosives Safety. It
is important to note that these two safety programs reference TNT-equivalence as the common
HE identifier when calculations are required or when an HE reference is identified. Therefore, it
is important that this common method be adhered in calculations and documentation. Similarly,
the Code of Record for vessel construction (Per 10 CFR § 851) is the 2015 version of the
industry standard, ASME Boiler and Pressure Vessel Code, Section VIII, Division 3,
Alternatives Rules for the Construction of High-Pressure Vessels, augmented with ASME Code
Case 2564-4, Impulsively Loaded Pressure Vessels Section VIII, Division 3.

From DOE O 413.3B, PROGRAM AND PROJECT MANAGEMENT FOR THE
ACQUISITION OF CAPITAL ASSETS

Code of Record.

A set of design and operational requirements, including Federal and state laws in effect at the
time a facility or item of equipment was designed and accepted by DOE. It is (i) initiated during
the conceptual design phase, placed under configuration control to ensure it is updated to include
more detailed design requirements as they are developed during preliminary design, (ii)
controlled during final design and construction with a process for reviewing and evaluating new
and revised requirements to determine their impact on project safety, cost and schedule before a
decision is taken to revise the Code of Record, and (ii1) maintained and controlled through
facility decommissioning. The Code of Record may be defined in contracts, Standards or
Requirements Identification Documents (or their equivalent), or project-specific documents.
[DOE-STD-1189-2016]

3.0 SHOCK LOADING

Computational models are developed for both PBX-9501 and TNT high-explosives (HE), and
thus evaluate each in a consistent manner. The CTH models are 1D spherical geometry with the
dimensions shown in Figure 3, that include the HE (i.e., TNT or PBX-9501 or HMX), Air at
STP, and 2.5-in thick steel shell. Equation-of-state (EOS) employed in CTH for reaction product
gases is the Jones-Wilkins-Lee (JWL) form, based on cylinder test experimental data derived
from multiple sources. Appropriate HE-radii are applied for different weight TNT, PBX-9501 or
HMX, based on their respective density, as listed in Appendix A.
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Figure 3 — 1D spherical CTH model

The amount of energy delivered by a HE detonation, within a constant-volume structure, such as
a confinement vessel, is directly related to the heat-of-detonation, AHg, of the specific explosive.
As discussed in Section 2.1, the current methodology of equating the equivalent energy output of
a mass of TNT to a different HE, is to determine the product of the mass of the new HE times the
ratio the heats-of-detonation of the new explosive to that of TNT. Although this is the most
widely used and accepted method, actual TNT-equivalence does not follow this process.

The mechanical energy delivered onto the structure is simply the overall internal surface
integrated specific reflected impulse, or the area under the reflected pressure-time curve.
Therefore, the intent herein is to determine the actual weight of a TNT charge that produces the
same peak reflected impulse as would, say a 40-Ib PBX-9501 charge, in a 6-ft ID vessel with no
additional internal equipment. This concept was briefly discussed by King and Vaught relative
to confined explosions in cylinders and spheres, where both peak pressure and impulse are
important parameters depending on geometry. Also, recent work by Locking demonstrates the
variation of TNT-equivalence as a function of positive phase impulse for explosions in free-air.
Furthermore, Xiao et. al. demonstrated the difficulties with much of the current state of TNT-
equivalence, and developed fitting coefficients to free-air burst blast data (i.e., peak side-on
pressure and peak side-on impulse) as a function of scaled distance. The findings support the
notion that at small scaled distances, the TNT-equivalence factor is non-uniform, while in the
far-field range, equivalences appear invariant. Herein, however, through application of actual
vessel geometries, TNT-equivalence factors are developed by comparing to the respective peak
reflected specific impulse.
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3.1 CTH Analyses

Two separate sets of CTH runs were conducted;

(1) high-fidelity cell-sizing to determine peak reflected pressures and impulse at shell
wall for 3-ms span, and

(2) low-fidelity to determine the long-term quasi-static pressure after ~20-ms.

Noted below in Table 2 and Table 3, a listing of details of the HE-charge mass for PBX-9501
and TNT respectively and spherical dimensions for modeling in CTH. Each separate 1D
spherical CTH analysis contains the HE-charge weight modeled as the exact HE radii for TNT or
PBX-9501, along with the appropriate volume of air at standard temperature and pressure.

The closest tracer particle (see Figure 3), situated at 1.5 cell-widths away from the shell-wall, is
monitored for peak reflected pressure and specific impulse. Cell sizing throughout was
maintained at 0.05 cm/cell, except within the vicinity of the air-steel interface, which was refined
to 0.01 cm/cell in order to achieve accurate representation of peak reflected pressures and
impulses. A typical plot of the pressure-time history is shown below, namely a 40-1b bare
spherical charge of PBX-9501. For all hydro runs, the peak reflected impulse (ir) was chosen as
the temporal region from the time-of-arrival (ToA) to the lowest pressure after the first pulse, as
shown in Figure 6. This was consistently maintained to ensure adequate comparison, and thus
each pressure plot for both PBX-9501 and TNT charge weight results were scanned to precisely
determine the lowest pressure after the first pulse.

Results of computational effort are shown in Figure 7, comparing peak reflected impulse of TNT
to PBX-9501. The first feature to notice is the linear relationship between HE-weight and peak
reflected impulse, which is to be expected. The second feature to notice is a diverging trend
between TNT and PBX-9501 as a function of HE-weight. This implies that for a peak reflected
impulse using PBX-9501, the weight ratio of TNT to PBX-9501 results in successively higher
values.

It is evident that if TNT-equivalence can be measured in terms of specific impulse, then Figure 7
shows that the actual TNT-equivalent factor is not a constant (i.e., a uniform single-valued
number) throughout a range of explosive weights, but is actually variable. More importantly,
what these calculations demonstrate is that the effective TNT-equivalent values are much lower
than determined via CHEETAH.
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Table 2 — Geometric Details for PBX-9501 charges

PBX-9501 CHARGE: CTH Results

Po CHEETAH uses p, = 1.859
(gem®)  (Ib/in’) CTH uses p, = 1.84
1.859  0.0671606 UCRL-52997 uses p, = 1.855
Weight HE Volume HE Radius Vessel Free Vol.
(Ib) (2 (in’) (e (in) (cm) (in’) (cm’)

10 4535.924 | 148.806744  2440.0 3.28800  8.35153 |[195283.3  3200119.92
15 6803.886 [ 223.345116  3660.0 3.76382  9.56011 |195208.9 3198899.929
20 9071.847 | 297.793488  4880.0 4.14262  10.52227 | 195134.4  3197679.939
25 11339.809 372.24186  6100.0 4.46251  11.33477 | 195060  3196459.949
30 13607.771| 446.690232  7319.9 4.74212  12.04499 | 194985.5 3195239.959
35 15875.733 | 521.138604  8539.9 4.99216  12.68008 | 194911.1 3194019.968
40 18143.695| 595.586976  9759.9 5.21938  13.25722 [ 194836.6 3192799.978
45 20411.657| 670.035348 10979.9 | 5.42837  13.78807 [194762.2 3191579.988
50 22679.618 744.48372  12199.9 | 5.62241  14.28091 | 194687.7 3190359.998
55 24947.580 | 818.932092 13419.9 | 5.80390  14.74190 [ 194613.3 3189140.008
60 27215.542| 893.380464 14639.9 [ 5.97470  15.17573 | 194538.8 3187920.017
65 29483.504| 967.828836 15859.9 | 6.13625  15.58608 | 194464.4 3186700.027
70 31751.466 | 1042.277208 17079.9 | 6.28972  15.97590 | 194389.9 3185480.037
75 34019.428 | 1116.72558 18299.9 [ 6.43605  16.34756 | 194315.5 3184260.047
80 36287.390| 1191.173952 19519.8 | 6.57601  16.70305 | 194241  3183040.056
85 38555.351 | 1265.622324 20739.8 | 6.71025  17.04403 | 194166.6 3181820.066
90 40823.313 | 1340.070696 21959.8 | 6.83932  17.37188 [ 194092.1 3180600.076
95 43091.275| 1414.519068 23179.8 | 6.96370  17.68780 | 194017.7 3179380.086
100 45359.237| 1488.96744 24399.8 | 7.08379  17.99282 |193943.2 3178160.095

Table 3 — Geometric Details for TNT charges

TNT CHARGE: CTH Results

20 9071.8 | 334.7026 5484.8 | 4.30715 10.94017| 195097.4932
25 11339.8 | 418.3782 6856.0 | 4.63974 11.78494|195013.8175
30 13607.8 | 502.0539 8227.2 | 4.93046 12.52336 | 194930.1419
35 15875.7 | 585.7295 9598.4 | 5.19042 13.18368 | 194846.4663
40 18143.7 | 669.4052 10969.6 | 5.42667 13.78374 | 194762.7906
45 20411.7 | 753.0808 12340.8 | 5.64397 14.33567| 194679.115
50 22679.6 | 836.7565 13712.0 | 5.84570 14.84809 | 194595.4393
55 24947.6 | 920.4321 15083.2 | 6.03440 15.32739| 194511.7637
60 27215.5 | 1004.108 16454.4 | 6.21199 15.77845| 194428.088
62 28122.7 | 1037.578 17002.9 | 6.28026 15.95185 | 194394.6177
65 29483.5 | 1087.783 17825.6 | 6.37996 16.20510 | 194344.4124
70 31751.5 | 1171.459 19196.8 | 6.53952  16.61039 | 194260.7367
75 34019.4 | 1255.135 20568.0 | 6.69166 16.99682 | 194177.0611
80 36287.4 | 1338.81 21939.2 | 6.83718 17.36643 | 194093.3854
85 38555.4 | 1422.486 23310.4 | 6.97675 17.72094 | 194009.7098
90 40823.3 | 1506.162 24681.6 | 7.11095 18.06181 | 193926.0341
95 43091.3 | 1589.837 26052.8 | 7.24027 18.39028 | 193842.3585
100 45359.2 | 1673.513  27424.0 | 7.36513  18.70742 | 193758.6828

Po CHEETAH uses p, = 1.654
(gem’) (/i) CTH uses p, = 1.630
1.654  0.059755 UCRL-52997 uses p, = 1.654
HE Weight HE Volume HE Radius Vessel Free Vol.
(Ib) &) ()  (em) (in) (cm) (in’) (cm’)
10 45359 | 167.3513 2742.4 | 3.41859  8.68321 | 195264.8445 3199817.504
15 6803.9 | 251.0269 4113.6 | 3.91331 9.93980 | 195181.1688 3198446.305

3197075.107
3195703.909
3194332.711
3192961.513
3191590.314
3190219.116
3188847.918

3187476.72
3186105.522
3185557.042
3184734.323
3183363.125
3181991.927
3180620.729

3179249.53
3177878.332
3176507.134
3175135.936
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Figure 4 — Typical P-t history in 6-ft ID vessel.
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Figure 5 — Comparison of PBX-9501 and TNT for equal mass 40-1b charges.
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Figure 7 — Peak reflected impulse comparison with CTH JWL.
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Peak Reflected Impulse Comparison
20-1b to 60-1b TNT and PBX-9501
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Figure 8 — Linearized equations for peak reflected impulse with CTH JWL.

Linear trends of Figure 7 and Figure 8 are represented by Eq. (3.1) and Eq. (3.2), where y

represents the specific impulse:

gy =42.26x—0.60

Yoy = 34.837x +34.867

Eq. 3.1)

Eq. (3.2)

Using the above linear equations to determine the equivalent weight of TNT for a given weight
of PBX-9501, Table 4 presents results of Figure 7 and Figure 8 revealing that, in fact, there is a
non-uniform TNT-equivalence and furthermore, it is not a constant single-value of 1.312 as

presented in CHEETAH calculations (shown in Table 1).

Table 4 — TNT-Equivalence for Peak Reflected Impulse Using

Reference JWL in CTH 1DS Model

PBX Weight i,, (psi-ms) TNT Weight TNT-
(Ib) " (Ib) Equivalence
10 422 11.11 1.111
20 845 23.25 1.163
30 1267 35.37 1.179
40 1690 47.51 1.188
50 2112 59.62 1.192
60 2535 71.77 1.196
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Obviously, this exercise is only representative of a 6-ft ID empty vessel, minus the HE-ball
volume. Other geometries would need to be investigated to determine whether the trends of
Figure 7 are consistent and whether additional reaction products combustion has any effect.
However, it is believed that for impulse conditions only (i.e., mechanical energy in CHEETAH
terminology) the divergent linear trends will be consistent for other vessel geometries and
structures, because full-combustion occurs subsequent to a detonation and only drives the peak
gas pressure.

3.2 CHEETAH JWL Function

The CHEETAH derived JWL fit to both TNT and PBX-9501 were implemented into CTH as a
User function. Similar 1D spherical analyses were conducted throughout the range of 20-Ib to
60-1b, showing a P-t comparison, as depicted in Figure 9 between CTH JWL and CHEETAH
JWL results for a 40-1b charge. Specific impulse results comparison of TNT and PBX-9501 are
presented in Figure 10 using the CHEETAH derived JWL function, emphasizing a similar trend
exhibiting the linearity between HE-weight and peak reflected impulse. Likewise, the divergent
feature between TNT and PBX-9501 is indicative of their respective heats-of-detonation.

Comparison of 40-1b PBX-9501 using CTH-JWL

. and CHEETAH-JWL Data
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Figure 9 — Comparison of CTH JWL and CHEETAH JWL.
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Peak Reflected Impulse Comparison for 20-lb to 60-1b of
PBX-9501 and TNT with CHEETAH JWL
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Figure 10 — Peak reflected impulse comparison with CHEETAH JWL.

Linear trends of Figure 10 and Figure 11 and are represented by Eq. (3.3) and Eq. (3.4):

Vppy =46.3x-27
Your =37.48x+0.80

Data from Figure 11 linear functions is listed in Table 5.

Eq. (3.3)

Eq. (3.4)
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Peak Reflected Impulse Comparison for 20-1b to 60-1b of
PBX-9501 and TNT with CHEETAH JWL
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Figure 11 — Linearized equations for peak reflected impulse with CHEETAH JWL.

Table S — TNT-Equivalence for Peak Reflected Impulse Using
CHEETAH JWL in CTH 1DS Model

PBX Weight ir, (psi-ms) TNT Weight TNT-
(Ib) © (Ib) Equivalence

10 436 11.61 1.161

20 899 23.96 1.198

30 1362 36.32 1.211

40 1825 48.67 1.217

50 2288 61.02 1.220

60 2751 73.38 1.223

Although the CTH reference JWL and the CHEETAH derived JWL parameters differ, in some
instances by a significant amount, the results of Table 4 and Table 5 clearly show that the TNT-
equivalence based on specific impulse are within a very narrow range for the 20-1b to 60-1b
charge sizes. However, a value of 1.312, as computed by CHEETAH (see Table 1) is not
evident in either Table 4 nor Table 5, and might possibly reach a value of 1.312 at much higher
HE charge sizes. Figure 12 provides an overall comparison between the CTH JWL and
CHEETAH derived JWL, showing differences that may be attributable to theoretical
thermochemical construct (i.e., CHEETAH JWL) vs experimental data (CTH JWL).
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Peak Reflected Impulse Comparison for 20-1b to 60-lb
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Figure 12 — Peak reflected impulse comparison with CTH and CHEETAH JWL.

It is evident by inspection of Figure 12 that either CTH reference JWL or the CHEETAH-
derived JWL functions would provide similar (but not consistent) results in terms of peak
reflected specific impulse, and by extension a similar TNT-equivalence.

4.0 PEAK EXPLOSION QUASI-STATIC GAS PRESSURE

Herein, two conditions are discussed; (1) confinement vessel gas pressure from detonation and
partial secondary combustion (i.e., limited oxygen availability) and (2) Ula facility zero-room
gas pressurization from an assumed vessel breach, where the zero-room atmosphere is assumed
to have an abundance of oxidizer for a full-combustion afterburn.

4.1 Confinement Vessel Gas Pressure

The previous section dealt with the mechanical energy, i.e., a high-explosive detonation
producing a specific impulse that drives the structural response of a structure. Here, the
discussion focuses on peak quasi-static gas pressure, which has two components;

1. reaction products expansion from detonation event and
2. additional secondary (full or partial) combustion of reaction product gases with available
oxidizer.
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Thus, in determining the peak gas pressure, the 1D spherical model cell-sizing was maintained at
0.05 cm/cell throughout as the interest here is not in peak reflected pressures and impulse, but
rather the long-term quasi-static pressure. In other words, we would like to determine the actual
mass of TNT that results in a peak gas pressure equivalent to a specific mass of PBX-9501.
Again, the concern is not with specific impulse, but rather the long-term quasi-static pressure.
Thus, each numerical run was extended to 60-ms thus ensuring that no further pressure
perturbations would affect the steady-state quasi-static pressure, long before heat-transfer effects

are active.

It should be understood that the CTH-library JWL EOS function does not capture the effects of
additional oxidizer, or oxygen deficient environments. As such, these results are purely based on
the gas expansion due to a detonation only, no further combustion afterburn is considered in the

analysis.

A typical plot of a pressure-time history is shown in Figure 13 to 6-ms time-frame, while Figure
14 and Figure 15 provide an extended view to 60-ms resulting in a steady-state behavior.

40-1b PBX-9501 in 6-ft ID Vessel

2 10* T T T T T T
1.510* _
&
7 . L |
% 110
2
[=%}
5000 -
0 I 1 1 1 1 1
-0.001 0 0.001 0.002 0.003 0.004 0.005 0.006
Time, (s)

Figure 13 — Typical P-t history to 6-ms.
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40-1b PBX-9501 Extended Run
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g 10t -
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Figure 14 — Typical P-t history extended to 60 ms.
40-1b PBX-9501 Extended Run
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Figure 15 — Zoom view of P-t history extended to 60-ms.
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In order to determine a consistent means of choosing the peak gas pressure for all numerical
runs, an arbitrary value of 40-ms was chosen to select the pressure. No additional effort was
made to extend the time-scale beyond the 60-ms limit, as this seemed reasonable.

Peak Gas Pressure Comparison for 20-1b to 60-1b PBX-9501 and TNT
2500 T T T T T T T T T T T T T

Linear Functions

y_=14098 +22.17x R=0.99896
TNT

2000 [~ -

y =17624 +32.131x R=0.99762
PBX-9501

1500 =

—&— TNT

—®— PBX-9501

1000 [~

Peak Gas Pressure, (psi)

0 10 20 30 40 50 60 70
HE Weight, (Ib)
Figure 16 — Peak gas pressure comparison for PBX-9501 and TNT in vacuum.

Based on Figure 16, the peak gas pressures will result in TNT-equivalent factors as shown in
Table 6, and it should be noted that each data point of Figure 16 is a separate CTH analysis.

Yonr = 22.17x+140.98 Eq. (4.1)
Vppx_oso; =32.131x+176.24 Eq. (4.2)

Table 6 — TNT-Equivalence of PBX-9501 Based on Peak Gas
Pressure using CTH-JWL in Vacuum

PBX Weight [ |, . [ TNT Weight TNT-
(Ib) & (P (Ib) Equivalence
10 497.6 16.1 1.61
20 818.9 30.6 1.53
30 1140 45.1 1.50
40 1461 59.6 1.49
50 1783 74.1 1.48
60 2104 88.5 1.475
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In comparing CHEETAH constant-volume explosion calculations between TNT and PBX-9501
under a vacuum environment, a similar divergent trend of peak gas pressure vs HE-weight is
evident as shown in Figure 17, leading to a non-constant TNT-equivalent factor. The geometry
used herein is a 6-ft ID vessel with no additional equipment/furniture, with the exception of
reducing the free-volume by the volume occupied by the HE.

Peak Gas Pressure Comaprison of TNT and PBX-9501

3000 Using CHEETAH for Vacuum Condition
I I I I

2500 = Linear Equations

y...=-11.5+18.115x R=0.99998
TNT

2000 |- Ypmosy = 39.65+27.325%x R=0.99994

1500

Peak Gas Pressure, (psi)

1000

TNT-Vacuum
PBX-9501 Vacuum

500 [~

0 20 40 60 80 100
HE Weight, (Ib)
Figure 17 — CHEETAH comparison of peak gas pressure under vacuum for TNT and PBX-9501.

The above figure is based on a vacuum condition using CHEETAH constant-volume explosion
models. Thus, Figure 17 can be compared directly with the CTH steady-state gas pressure
results of Figure 16 and Table 6. Additionally, the effective TNT-equivalent factor for gas
pressure appears to be a higher value than 1.312 as directly computed by CHEETAH (see Table
1). The linear equations of Figure 17 are represented by the following functions, and values
listed in Table 7.

Ypr =18.115x-11.5 Eq. (4.3)

Vogros = 27.325x—39.65 Eq. (4.4)
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Table 7 — TNT-Equivalence of PBX-9501 Based on Peak Gas
Pressure in Vacuum Using CHEETAH

PBX Weight P,, (psi) TNT Weight TNT-
(Ib) & (P (Ib) Equivalence

10 233.6 13.53 1.353

20 506.9 28.61 1.431

30 780.1 43.70 1.457

40 1053.4 58.78 1.470

50 1326.6 73.87 1.477

60 1599.9 89.0 1.483

Figure 19 shows a comparison of peak gas pressure using CHEETAH, but accounting for
available oxidizer in the vessel volume resulting in partial afterburn. Table 8 shows the TNT-
equivalence of Figure 18 data, resulting in a TNT-equivalence of 1.45 for 40-1b PBX-9501.

Peak Gas Pressure Comaprison of TNT and PBX-9501
Using CHEETAH for Afterburn Condition

3000 I I I I
2500 |-
y  =188.17 +17.591x R=0.99987
TNT
-—y =104.33 +27.54x R=0.99997
PBX-9501
2000 -
7
£
g
2
8 1500
=™
3
S
~ 1000 |- ~T
PBX-9501
500 —
0 | | | |
0 20 40 60 80 100

HE Weight, (Ib)

Figure 18 — CHEETAH comparison of peak gas pressure with afterburn for TNT and PBX-9501.
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Table 8 — TNT-Equivalence of PBX-9501 Based on Peak Gas

Pressure with Afterburn Using CHEETAH

PBX Weight P,, (psi) TNT Weight TNT-
(Ib) & (P (Ib) Equivalence

10 379.7 10.89 1.089

20 655.1 26.55 1.328

30 930.5 42.20 1.407

40 1205.9 57.86 1.447

50 1481.3 73.51 1.470

60 1756.7 89.17 1.486

Based purely on CHEETAH calculations and assuming no afterburn (i.e., vacuum), it appears
that the effective peak gas pressure TNT-equivalent factor for PBX-9501, in a 6-ft ID air-filled
vessel, ranges from 1.35 to 1.48 for HE-weights between 10-1b and 60-1b, respectively. For the
partial afterburn case, TNT-equivalence factors range from 1.09 to 1.49 for PBX-9501 weights
from 10-1b to 60-1b respectively. Again, this does not conform to the value of 1.312 directly
provided from the thermochemical code CHEETAH, nor does it imply a uniform factor. Finally,
Figure 19 shows the CTH steady-state gas pressure data compared with CHEETAH calculations

for the vacuum case.

2500

2000

1500

1000

Peak Gas Pressure, (psi)

500

Peak Gas Pressure Comparison for 20-lb to 60-1b PBX-9501 and TNT

—&— INT-CTH

—W— PBX-9501-CTH
—®— TNT-CHEETAH
—— PBX-CHEETAH

HE Weight, (Ib)

70

Figure 19 — Peak gas pressure for TNT and PBX-9501 with CTH 1D spherical and CHEETAH.
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4.2 Ula Facility Zero-Rooms

Previously in Section 2.2, the LANL approach to utilizing TNT-equivalence was described,
specifically referring to UFC-3-340-02. Herein, the guidance is extended to discuss oxygen rich
environments at Ula facility.

Thus, UFC-3-340-02 provides a simple TNT-equivalence means for determining peak quasi-
static gas pressures given a specified charge-weight to free-volume ratio, Eq. (4.5). In effect, this
simple relationship accounts for the amount of oxidizer in the free-volume such that a null,
partial or full-afterburn may be determined.

$[ AHG,, - AHY, |+ AHY,,
TNT — ¢ d d WExp Eq (45)
¢|:AHTNT _AHTNT]+AHTNT

Figure 2-166 TNT conversion factor for charges

o
©

Full Combustion
Afterburn

TNT Conversion Factor, ¢
o
o

N
~

No Combustion
02 Afterburn

0 0.02 0.04 0.06 0.08 0.1 0.11
Charge Weight to Free Volume Ratio, W/V; (Ibs/cu ft)

Figure 20 — TNT conversion factor.

When the charge-weight to free-volume ratio is beyond 0.1, the conversion factor, ¢, is zero and
the TNT-equivalence is only a function of the heat-of-detonation ratio, implying that no
afterburn is predicted for the given confinement volume. On the other extreme, for charge-
weight to free-volume ratio less than 0.02, the TNT conversion factor, ¢, is unity, implying that
the TNT equivalence is only a function of the heat-of-combustion ratio and abundant oxidizer is
present.

Wonr _ Ay, EP Wy, Eq. (4.6)
AI_ITNT
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Given a 40-1b PBX-9501 charge, the W/V ratio of 0.02 in Figure 20 corresponds to a free-
volume of;

/4

= or V =2000 ft°
0.02

which is considered, for this case, the lower-bound volume for which a full-combustion afterburn
is expected. Thus, for Ula facility zero-room volumes at, or above, 2000 ft*, there is enough
oxygen available for a full secondary combustion. Table 9 lists detonation and combustion
properties for common SCE explosives used currently, or in the near future, at Ula facility zero-
rooms. The TNT-equivalence for full-combustion is based on Eq. (4.6), using the heat-of-
combustion, AHe, ratio for the given explosive to that of TNT.

Table 9 — Detonation/Combustion Properties of SCE Explosives

Density Mol Weight AHy AH, O, Balance TNT-Equiv

HE (g/cm3) (g/mol) (kJ/g) (kJ/g) % by Mass | (Full Combustion) Composition
PBX-9501 1.8592 292.870 5.7024 9.3699 -26.875 0.645 95% HMX; 2.5% Estane; 2.5% BDNPA-F
LX-14 1.8537 289.373 5.6169 9.5931 -29.466 0.660 95.5% HMX; 4.5% Estane 5702-F1
HMX 1.905 296.156 5.8677 8.8519 -21.609 0.609 Pure HMX
TINT 1.654 227.132 4.3464 14.5290 -73.963 1.000 Pure TNT
TATB 1.937 258.149 4.1566 11.4318 -55.780 0.787 Pure TATB
PBX-9502 1.941 263.090 3.9909 11.1804 -54.926 0.770 95% TATB; 5% Kel-F 800
LX-17 1.943 265.6320 3.9019 11.0546 -54.498 0.761 92.5% TATB; 7.5% Kel-F 800

* Data taken from CHEETAH, Ver. 9

Based on the above combustion data of Table 9 and calculated TNT-equivalences, Table 10 lists
the TNT-equivalent weight for three separate base-weights of explosives utilized in current and
future SCE applications.

Table 10 — TNT-Equivalent Weight for Full Combustion with Oz Rich Atmosphere

TNT-Eq. Weight
Base HE Base HE Weight | O, Rich - Full Combustion St T
(Ib) in Ula Facility (Ib)
40 26
PBX-9501 45 29 95% HMX; 2.5% Estane; 2.5% BDNPA-F
50 32
40 31
PBX-9502 45 35 95% TATB; 5% Kel-F 800
50 39
40 26
LX-14 45 30 95.5% HMX; 4.5% Estane 5702-F1
50 33
40 30
LX-17 45 34 92.5% TATB; 7.5% Kel-F 800
50 38
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5.0 COMPARISON OF JWL EOS AND HMX-BASED EXPLOSIVES

This section provides a comparison of CTH-derived JWL EOS for TNT, HMX, LX-14 and PBX-
9501 with CHEETAH-derived JWL EOS parameters. Likewise, a comparison of detonation and
combustion properties and parameters for HMX-based explosives only (HMX, LX-14 and PBX-

9501) is provided that demonstrates a close resemblance in overall performance.

5.1 JWL EOS Comparison

The CTH code has an extended equation-of-state (EOS) library for high-explosive reaction
products. The bulk of experimental data has been fit to the Jones-Wilkins-Lee (JWL) EOS, and
derived from cylinder tests measuring the expansion and velocity of the metal cylinder wall.
JWL parameters have been documented in many different sources, including Gibbs and
Popolato, LLNL Explosives Handbook, and many other references. For TNT, HMX, LX-14 and
PBX-9501, please note that Table 11 through Table 14 provide the library functions embedded in
CTH, while Table 15 through Table 18 contain the CHEETAH derived data. Note that actual
JWL format in CTH and CHEETAH differ slightly, including the units for JWL coefficients.

JWL form in CTH

’ P(p.T)= Aexp(—Rl ";’]+Bexp(—R2 Z’)HopcVT

JWL form in CHEETAH

—(1+a))
\ pe o] 22 s poal - 22
V() V() V()

Table 11 — JWL Parameters for TNT in CTH

CTH JWL PARAMETERS - TNT
o T, Vo AG BG Rl R2 WG cv T, E, Dc, Pey

(gem’®) | (eV) (K) (cm’/g) | (dyn/em?) | (dyn/cm?) VA (erg/gleV) eV) (K) (dyn/cm?) (cmvs) | (dyw/emd) | (GPa)
1.63 [ 0.02568 | 298.00 [0.6134969] 3.71E+12 [3.23E+10[ 4.15 0.95 0.3 6.724E+10 0.350 4062 7.01E+10 | 6.93E+05 | 2.10E+11 ] 21.01
Unit Conversions Note: WG is ®
leVv 1 GPa 1erg
11604.53 K 1.00E+10 dyn/cm® 1 dyn-cm

35



Number: RPT-SCE-21-2903

Title: Methodology for Determining Impulse and Quasi-Static Pressure Loading for Design

of 6-ft Inner Diameter Confinement Vessel

Effective Date: 3/14/2022

CTH JWL PARAMETERS - HMX

Table 12 — JWL Parameters for HMX in CTH

P, T, v, AG BG R1 R2 WG Ccv Tea E, D¢, P,
(g/em’) | (eV) | (K) (ecm’/g) | (dyn/em?) | (dyn/em®) VA (erg/gleV) V) | (K) (dyn/cm’) (kmv/s) (dyn/cm®) | (GPa)
1.891 0.02568 | 298.00 |0.52882073| 7.78E+12 | 7.07E+10 4.20 1.00 0.30 9.909E+10 0.350 | 4062 1.29E+11 9.110 4.15E+11 | 41.50
Unit Conversions Note: WG is »
leV 1 GPa 1erg
11604.525 K 1.00E+10 dyn/cm® 1 dyn-cm
Table 13 — JWL Parameters for LX-14 in CTH
CTH JWL PARAMETERS - LX-14
o T v, AG BG R1 R2 WG Ccv Tey E, Dc, Pcy
(g/cm®) (eV) (K) (cm’/g) | (dyn/em?) | (dyn/cm®) 1 (erg/gleV) | (eV) (K) |(dywem®)| (cnvs) | (dyn/em?)| (GPa)
1.835 | 0.0256798 | 298.00 |0.544959 | 8.261E+12 | 1.724E+11 4.55 1.32 0.38 |5.527E+10[ 0.350 4062 | 1.02E+11]|8.80E+05|3.700E+11| 37.00
Unit Conversions Note: WG is ®
1eV 1 GPa 1erg
11604.53 K 1.00E+10 dyn/cm” 1 dyn-cm
Table 14 — JWL Parameters for PBX-9501 in CTH
CTH JWL PARAMETERS - PBX-9501
o T, v, AG BG Rl R2 WG cv Tey E, D, Pey
(gem’) | (eV) | (K) (cm’/g) | (dyw/em?) | (dyn/em?) P (erg/g/eV) (eV) (K) (dyn/cm®) (cm/s) (dyn/cm®) | (GPa)
184 [0.0256798]  298.00 | 0.5434783] 8.52E+12] 1.80E+11| 4.6 1.3 038 |5527E+10[ 0350 4062 1.02E+11 8.80E+05 | 3.70E+11 | 37.00
Unit Conversions Note: WG is o
leV 1 GPa 1erg
11604.53 K 1.00E+10 dyn/cm’ 1 dyn-cm

CHEETAH develops the JWL functions internally from the thermochemical and thermodynamic
conditions of the explosive. As alluded to earlier, the functional form in CHEETAH is slightly
different than that in CTH, yet has the same characteristics as the CTH functions. However, the
individual parameters in some instances vary greatly, as evident from comparison of Table 11
through Table 14 with Table 15 through Table 18 below.

Table 15 — JWL Parameters for TNT in CHEETAH

CHEETAH JWL PARAMETERS - TNT

Po T, v, A B C Rl R2 9] - E, D¢, Pc,
(gem’) | (eV) | (K) (ecm’/g) | (GPa) | (GPa) (GPa) (eV) (K) (kl/cm®) (kmv/s) (dyn/ecm®) | (GPa)
1.654 | 0.02568 | 298.00 [0.6045949] 1594.00 | 50.80 1.536 6.732 2.302 0.38778 0.350 4062 -7.189 720971 | 2.15E+11 [ 21.49

(dyn/ecm®) (dyn/cm®)  (dyn/cm?)
1.594E+13 5.08E+11

1.54E+10
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Table 16 — JWL Parameters for HMX in CHEETAH

CHEETAH JWL PARAMETERS - HMX

Po T, Vo A B C RI R2 ® Tes E, D, Pc,
(g/em®) | (eV) | (K) (cm’/g) (GPa) (GPa) (GPa) (V) | (K) (ki/cm®) (kmy/s) (dyn/cm®) | (GPa)
1905 | 0.02568 | 298.00 [0.52493438] 4437.00 [ 122.60 2.548 7.543 2364 0.56 0350 | 4062 1118 9.11886 3.96E+11 | 39.6019057

(dyn/em?)  (dyn/em?)  (dyn/cm’)
4.437E+13 1.226E+12 2.548E+10

Table 17 — JWL Parameters for LX-14 in CHEETAH

CHEETAH JWL PARAMETERS - LX-14

Do T, v, A B C RI R2 © Te, E, Dc, Pey
(g/em®) (eV) K) | (em¥g) | (GPa) (GPa) (GPa) (V) K) | &Iem) | (knvs) | (dyn/em®) | (GPa)
1.85375 | 0.0256798 | 298.00 [0.539447] 3281.00 110.30 2251 7268 | 236 | 051701 | 0350 | 4062 | -10.41 | 8.85201 |3.485E+11]| 34.853

(dyn/cm2) (dyn/cm2) (dyn/cm2)
3.2810E+13 1.1030E+12 2.2510E+10

Table 18 — JWL Parameters for PBX-9501 in CHEETAH

CHEETAH JWL PARAMETERS - PBX-9501

o T, v, A B ¢ RI R2 o Tey E, Dc Pey
(gem’) | (eV) | (K) (cm’/g) | (GPa) (GPa) | (GPa) V) | (K) (k/em®) (km/s) (dyn/cm®) | (GPa)
1.8592 [0.0256798]  298.00 [0.5378657] 3570.00 [ 11220 | 2352 7377 2356 0.5308 0350 | 4062 -10.60 8.90935 3.69E+11 | 36.89

(dyn/em?®) | (dyn/em®) (dyn/cm?®)
3.57E+13 1.122B+12 2.35E+10

Figure 21 and Figure 22 depict the CTH and CHEETAH JWL EOS for PBX-9501 and TNT. There
are clear and obvious differences between the two EOS pairs, although within the region of
interest, i.e., between relative specific volumes of 1.0 to 0.75 for PBX-9501 and TNT, the

differences are not negligible, but workable.
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PBX-9501 JWL - CTH & CHEETAH
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Figure 21 — PBX-9501 JWL EOS from CTH and CHEETAH

JWL for TNT - CHEETAH and CTH Values
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Figure 22 — TNT JWL EOS from CTH and CHEETAH
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However, in order to determine whether there are significant issues with either code, the JWL EOS
developed within CHEETAH is implemented herein as a USER function in subsequent CTH
analyses for comparison, applying the 1D spherical model. Figure 23 and Figure 24 demonstrate
the differences in the pressure-time history for a 40-1b PBX-9501 charge and 40-1b TNT charge,
respectively, using the JWL EOS from CTH and CHEETAH. There are many obvious differences,
such as peak reflected pressure, specific impulse and phasing of late-time reflections. To a lesser
degree, in both the PBX-9501 and TNT curves, the peak pressure ToA between the CTH and
CHEETAH curves are within 3us. Nonetheless, it is evident there is slightly more energy in the
P-t curve with the CHEETAH JWL formulation.

Comparison of Pressure Profiles for 40-1b PBX-9501

2 10° with JWL from CTH and CHEETAH
T T T T T

1.510*

CTH JWL
CHEETAH JWL

Pressure, (psi)
S
S
I

5000 [~

| | | | | |
0
-0.0005 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035

Time, (s)

Figure 23 — Comparison of CTH JWL and CHEETAH JWL EOS for PBX-9501
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Comparison of Presure Profiles for 40-1b TNT
with CTH and CHEETAH JWL
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Figure 24 — Comparison of CTH and CHEETAH JWL EOS for TNT.

5.2 HMX-Based Explosives Comparison

A comparison of detonation and combustion parameters for HMX, LX-14 and PBX-9501 is
provided herein to demonstrate that performance of all three explosives is consistent with minor
variability. LX-14 is 95.5% HMX and 4.5% Estane 5702-F1, while PBX-9501 is 95% HMX,
2.5% Estane and 2.5% BDNPA-F. Thus, it would seem logical that both LX-14 and PBX-9501
would have similar detonation properties. The major difference between CTH-library data
(Table 19) and CHEETAH (Table 20) is the density of LX-14 (i.e., 1.835 vs 1.85375 g/cm?),
while differences between other parameters are slight.

Table 19 — Data Derived from CTH Library

. Density Mw AH; AHy AH, Pcy Dcy

HE Composition 3

(g/em’) (g/mol) (kJ/g) (kJ/g) (kJ/g) (GPa) (kmy/s)
TNT 100% TNT 1.63 227.1 0.284 4.56 14.98 21.01 6.93
HMX 100% HMX 1.905 296.2 0.253 6.78 9.43 41.50 9.11
0 V)
LX-14 95.5% HMX 4.5% 1.835 289.4 0.0628 6.59 9.593* 37.00 8.80
Estane
95% HMX 2.5% Estane
PBX-9501 1.84 292. .0954 . 4 . .
950 > 5% BDNPA-F 8 92.9 0.095 6.65 9.40 37.00 8.80
*Cheetah
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Table 20 — Data Derived from CHEETAH

. Density MW AHf AHd AHc PC-J DC-J

HE Composition 3

(g/em’) (g/mol) (kJ/g) (kJ/g) (kJ/g) (GPa) (kmy/s)
TNT 100% TNT 1.654 227.132 0.2783 4.3464 14.53 21.49 7.21
HMX 100% HMX 1.905 296.156 0.2532 5.8677 8.852 39.6 9.19
0 0,
LX-14 93.5% HMX 4.5% 1.85375 289.373 0.0632 5.6169 9.593 34.853 8.85
Estane
95% HMX 2.5% Estane

PBX-9501 5 5% BDNPA-F 1.8592 292.87 0.1142 5.7022 9.37 36.89 8.91

Two separate evaluations are performed for each high-explosive formulation, using a 1DS CTH
model of a 40-Ib spherical HE-charge in a 6-ft ID vessel under vacuum conditions only;

(a) CTH-library HE parameters and EOS functions and

(b) CHEETAH-derived HE parameters and EOS functions.

Because the CTH JWL EOS cannot determine either partial or full afterburn, the CHEETAH
analyses likewise were conducted under vacuum conditions thus having a direct comparison of

detonation performance.
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Figure 25 — Comparison of LX-14 performance with CTH and CHEETAH JWL EOS.

Comparison of above results show that, aside from the slightly higher HE-density, the
CHEETAH-derived EOS properties run hotter than the CTH library EOS functions, resulting in
slightly higher peak reflected pressure and peak reflected specific impulse.
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40-1b LX-14 with CTH and CHEETAH JWL
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Figure 26 — LX-14 results comparison with CTH JWL and CHEETAH JWL.

Now, comparing all three HMX-based explosives under pure vacuum detonation, Figure 27
depicts the very slight variations. The right-hand side figure is displaced in time by 0.5 ms for
LX-14 and PBX-9501 showing similarities. As evident from results listed in Table 21 for
detonation pressures, all three explosives, HMX, LX-14 and PBX-9501, show similar peak
reflected pressures but more importantly similar peak reflected specific impulse, which is the
driving energy supplied to the confinement vessel.

Comparison of HMX, LX-14 & PBX-9501
T
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Figure 27 — Detonation results for HMX, LX-14 and PBX-9501 using CTH library EOS
parameters.
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Additionally, two separate CHEETAH constant-volume explosion analyses were performed for
each high-explosive formulation, resulting in peak gas pressure under the following conditions;

(a) vacuum and
(b) partial afterburn.

CHEETAH analyses utilize the internal detonation and combustion variables derived from the
thermochemical principles, which are those listed in Table 20 above. Therefore, free-volume
quantities of oxidizer and inert gases are included to form a complete set of reactants. From
Table 21 two right-most columns, the vacuum and partial afterburn peak gas pressures are listed
for all explosives. It is evident, again, that HMX-based explosives LX-14 and PBX-9501
perform similarly on a macro-scale for blast detonations resulting in peak gas pressures that are
within 1.5% of each other.

Table 21 — CTH and CHEETAH Results for HMX, LX-14 and PBX-9501

40-1b HE CTH 1DS Model CHEETAH
CTH JWL EOS CHEETAH JWL EOS Gas Pressure
HE Density HE Diam. P, iy t, tp P, i, t, ty #Vacuum | *Afterburn

(gem’) | (em) | () | (psi) |(psims)| (ms) | (ms) | (ps) |[(psims)| (ms) | (ms) (psi) (psi)
HMX 1.905 [ 13.150 | 5.177 | 16824 | 1653 | 0.193 | 0.225 | 21466 | 1834 | 0.191 | 0.222 1050 1187
LX-14 1.835 | 13.315 5242 ] 18565 | 1712 | 0.192 | 0.223 | 20740 | 1817 | 0.191 [ 0.220 1039 1184
PBX-9501 | 1.840 | 13.257[5.219] 17808 | 1717 | 0.193 | 0.224 | 19836 | 1837 | 0.190 | 0.218 1046 1201

# Detonation only.

* Partial afterburn per free-volume.

From the foregoing analysis results, it is technically acceptable to use PBX-9501 as the base
explosive for all SCE applications where either PBX-9501 or LX-14 are employed in
confinement vessels.

6.0 CHEETAH VERIFICATION

Additionally, a significant number of constant-volume explosion calculations were conducted
with CHEETAH for the same set of HE’s utilized in CTH. The goal with CHEETAH was to
determine the amount of TNT that would result in the same peak quasi-static gas pressure as
would a 40-1b PBX-9501 charge in a 6-ft ID vessel, with an arbitrary free-volume of 54% (minus
the HE-ball), herein referred to the demonstration vessel.

Recall that the CHEETAH solutions provide a TNT-equivalence for peak gas pressures and are
generally all less than unity for common explosives relative to TNT. The reason is that TNT has
the highest heat-of-combustion among many HE’s, thereby resulting in a heat-of-combustion
ratio that’s lower than 1.0. This methodology would be a correct assumption and would be used
in design, if and only if, there is a complete 100% combustion consideration of both explosives,
i.e., PBX-9501 and TNT, for example. However, in limited oxygen environments such as
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confinement vessels, the amount of afterburn (or secondary fireball) will be extremely limited
and thus reaction product gas expansion from the detonation process will be predominant in
producing quasi-static gas pressure.

Table 22 provides results from constant-volume explosion CHEETAH calculations, with HMX
(i.e., similar to PBX-9501) and TNT for the representative 6-ft ID demonstration vessel. Results
show that 40-1b of HMX (or PBX-9501) produces a peak gas pressure of 1988 psi (using Ula
Drift 05 ambient conditions), whereas a 62-1b TNT charge will produce the same peak gas
pressure. This exercise results in a TNT-equivalence of 1.550, which is greater than the standard
TNT-equivalence constant of 1.312 for mechanical energy per CHEETAH solution.

Furthermore, Table 7 shows a resulting TNT-equivalence of 1.47 for 40-1b PBX-9501 in the
same vessel geometry, whereas 40-1b HMX in Table 22 results in TNT-equivalence of 1.55.

Table 22 — Constant Volume Explosion with CHEETAH
TNT-Equiv for Constant-Volume Explosion with 40-lb HMX CHEETAH

HMX 40 (b) TNT Mass [TNT Mass | Air Mass | Vi/Mgeactants | Gas Pressure |
Mass 18143.695 (g) (Ib) (2 (®) (cm’/g) (atm) (ps))  |Note: 1 atm=13.2 psi
Volumerroy | 1131 () 35 15875.73 70.29 108.455 | 88.5794 1169 |(@ Ula Drift 05)
Free-Volume | 61.074  (f) 40 18143.69 70.24 94.951 | 99.9684 1320 | o—m
Free-Volume | 1729423.1 (cm?) 45 20411.66 70.18 84.437 | 111.3962 1470
V/Myeeranss | 85.64742 (cm’/g) 50 22679.62 70.12 76.019 | 122.8635 1622 TNT-Equivalence
Pressure | 150.4689 (atm) 55 24947.58 70.07 69.128 1343716 1774 1.550
Pressure {1986 Y(psi) 60 | 2721554 | 7001 63382 | 1450175 | 1926

62 28122.73 | 2018.81 57.377 | 150.5466 (_ 1987 >
65 29483.50 69.96 58.518 | 157.5037 2079

These results require further investigation, and comparison with CTH calculations at extended
computational time and possibly different geometries. Table 23 provides an extended listing
based on demonstration vessel properties, presenting both UFC-3-340-02 Fig. 2-152 (see Figure
28 in this report) gas pressure and CHEETAH constant-volume explosion calculation with TNT
only, at sea level conditions, and thus provides an apples-to-apples comparison without imposing
a TNT-equivalence. Figure 29 compares UFC Fig. 2-152 data (i.e., Figure 28 below) for the
demonstration vessel with CHEETAH constant-volume explosion calculations utilizing TNT. It
is evident that UFC Fig. 2-152 provides consistently conservative peak gas pressures to
approximately 150-1b TNT, however it’s unknown whether the UFC Fig. 2-152 data is purely
based on a detonation or if the peak quasi-static pressure is based on full-combustion as well.
Beyond 150-1b, CHEETAH results show higher gas pressures. Thus, if a consistent set of TNT-
equivalence value (or values) can be determined for peak quasi-static gas pressure of other
explosives such as PBX-9501, then use of Fig. 2-152 is wholly acceptable and encouraged.
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Table 23 — Comparison of UFC-3-340-02 with CHEETAH

Vessel Free-Volume
Gas Pressure
1729309.821 |(cm3)
Fig. 2-152 CHEETAH
HE Weight HE Volume | (W/V)1ys (V{W reactants) Sea Level | Sea Level Ula Prais/P cheetan

(Ib) (@ () (Ib/ft) (em’/g) (psi) (s | (psi)**

10 4535.924 | 0.096846816 |  0.16401 262.74709 609 474 426 1.28368
15 6803.886 | 0.145270224 |  0.24621 195.21183 839 640 574 1.31144
20 9071.847 | 0.193693632| 0.32854 155.24493 1063 806 724 1.31897
25 11339.809 [ 0.24211704 |  0.41100 128.82734 1277 973 874 1.31249
30 13607.771 | 0.290540448 |  0.49359 110.06760 1485 1141 1024 1.30167
35 15875.733 | 0338963856  0.57631 96.05748 1666 1310 1176 1.27217
40 18143.695 | 0.387387264|  0.65917 85.19588 1841 1479 1328 1.24462
45 20411.657 | 0.435810672| 0.74216 76.52867 2016 1650 1481 1.22210
50 | 22679.618 | 0.48423408 | 0.82528 69.45184 2188 1821 1635 1.20158
55 24947.580 | 0.532657488 |  0.90853 63.56445 2357 1993 1790 1.18256
60 | 27215.542 |0.581080896 | 0.99192 58.58987 2522 2166 1945 1.16425
65 29483.504 | 0.629504304| 1.07544 54.32941 2695 2340 2101 1.15163
70 | 31751466 |0.677927712| 1.15909 50.64154 2872 2515 2258 1.14194
75 34019.428 | 0.72635112 |  1.24288 47.41853 3047 2691 2416 1.13240
80 | 36287.390 |[0.774774528| 1.32680 44.57693 3221 2867 2575 1.12332
85 38555.351 | 0.823197936|  1.41086 4205282 3394 3045 2734 1.11459
90 | 40823.313 [0.871621344| 1.49506 39.79582 3565 3223 2894 1.10597
95 | 43091.275 |0.920044752| 1.57939 37.76564 3734 3403 3056 1.09733
100 | 45359.237 | 0.96846816 |  1.66385 35.92974 3890 3583 3217 1.08565
125 | 56699.046 | 1.2105852 | 2.08823 28.87357 4647 4501 4042 1.03248
130 | 58967.008 | 1.259008609| 2.17351 28.72214 4795 4687 4209 1.02306
140 | 63502.932 | 1.355855425| 2.34450 26.62737 5086 5062 4546 1.00473
145 | 65770.894 | 1.404278833|  2.43021 25.68834 5219 5251 4715 0.99389
150 | 68038.855 | 1.452702241| 2.51605 24.81191 5351 5441 4886 0.98344
160 | 72574.779 | 1.549549057| 2.68815 23.22338 5612 5824 5230 0.96358
175 | 79378.665 | 1.694819281| 2.94736 21.18098 6017 6406 5753 0.93924
200 | 90718.474 | 1.936936321|  3.38220 18.45778 6898 7397 6642 0.93254
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Figure 2-152 Peak gas pressure produced by a TNT detonation

in a partially contained chamber
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Figure 28 — Peak gas pressure plot from UFC-3-340-02 (Fig. 2-152)
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Peak Gas Pressure Comparison for TNT Detonation in 6-ft ID Vessel
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Figure 29 — Peak gas pressure comparison for TNT in 6-ft ID vessel at sea level.
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7.0 CONCLUSIONS

LANL (J-2, Dynamic Structure Design and Engineering) has been using a TNT-Equivalence for
PBX-9501 in confinement vessel design that appears to be in conflict with the LLNL derived
quantities using the thermochemical code CHEETAH. Differences between LANL and LLNL
approach to TNT-equivalence has provided an impetus for this investigation. For both TNT and
PBX-9501, 1D spherical hydrocode models have been developed under confined constant-
volume conditions in 6-ft ID vessels with the use of CTH, as well as application of the
thermochemical code CHEETAH.

Although the most widely used methodology for determining TNT-equivalence for HE
detonations is the product of the ratio of heat-of-detonation of the HE in question to that of TNT
and the mass of HE in question, results of the 1D spherical hydrocode modeling provide a
different answer. In other words, the ratio of heat-of-detonation have often been applied to a
wide variety of problems, which leads to a constant single-valued (invariant) factor applied to the
weight of the HE in question. Results presented herein provide the following conclusions:

1. Peak reflected specific impulse is the key to meaningful scaling of explosives for shock
loading in a confined volume.

a. The structural response of a confinement vessel is directly related to the driving
energy supplied during the detonation; i.e., the peak reflected specific impulse.

b. For the 6-ft ID confinement vessel geometry identified in this study, TNT-
equivalence is shown to be approximately 1.188 for a 40-1b PBX-9501 charge.

c. Both, CTH library JWL EOS and CHEETAH-derived JWL EOS were applied to
hydrocode models, showing minor differences in overall results.

2. The importance of proper accounting for incomplete combustion when determining
equivalent charge for quasi-static pressure.

a. As shown in the foregoing analysis, the TNT-equivalence for quasi-static gas
pressure without afterburn, i.e., vacuum, is approximately 1.49 for the given
vessel geometry and the 40-1b PBX-9501 charge.

b. CTH hydrocode models and CHEETAH constant-volume explosion calculations
results agree within 5%.

3. Using a constant TNT-equivalence conversion factor between PBX-9501 and TNT, for
either the shock loading or the quasi-static pressure, is not applicable to confinement
vessels, i.e., constant-volume explosion applications.

4. Original differences between LANL and LLNL results for TNT-equivalence were based
upon the diverse application of the TNT heat-of-detonation values, where LANL utilized
UFC-3-340-02 values and LLNL uses thermochemical principles.

5. Comparison of CTH 1DS analyses for HMX, LX-14 and PBX-9501 for detonation event,
and CHEETAH analyses for combustion events, shows minor differences in peak
reflected pressure, and particularly peak reflected specific impulse, and peak quasi-static
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gas pressure. All three HMX-based high-explosives perform similarly with minor
differences.

8.0 RECOMMENDATIONS

The following recommendations are provided for LANL and LLNL project management to
consider:

1. TItis recommended that LANL and LLNL remove TNT-equivalency methodology for
Ula SCE vessel design applications, and instead use PBX-9501 as the base explosive.

a. For shock loading of the vessel structure, no TNT conversion factors will be
utilized, thereby ensuring a one-to-one correspondence.

b. Likewise, this change should mitigate any further confusion in vessel design,
especially ensuring the proper quasi-static gas pressure is applied to o-ring seal
and feedthroughs based on the actual explosive.

2. CHEETAH closed-volume explosion calculations shall be used to determine peak quasi-
static gas pressures in a confinement vessel.

a. CHEETAH has the capability of determining the peak quasi-static gas pressure as
a function of the available oxidizer in the system (i.e., all reactants), resulting in
partial or full-afterburn.

b. Results can be validated through simple (i.e., less sophisticated) theoretical
thermodynamic principles and application of BLAST-X or CONWEP.

3. For zero-room pressurization due to a hypothetical confinement vessel failure, for
example a feedthrough blow-out, a combination of CHEETAH calculations and BLAST-
X 1s recommended.

a. CHEETAH can determine both, the internal gas pressure in the vessel for the
given free-volume and an unconfined detonation in the zero-room.

b. BLAST-X will further determine the rate of pressure increase in the zero-room as
a function of time and available heat-transfer mechanisms.

4. For other facility design applications, a TNT-equivalence methodology is fully
recommended, as described by J. Maienschein and as shown in UFC-3-340-02, which
utilizes the product of the ratio of heat-of-combustion of the explosive in question to that
of TNT and the mass of the explosive.

a. The assumption is that the closed-volume facility is large enough to ensure an
abundance of oxidizer (or a stoichiometric mixture) to adequately combust 100%
of the reaction product fuels.

i.  Assuming an unconfined detonation in a facility room or drift, an upper-
bound solution of peak quasi-static gas pressure is ensured.

b. The resulting TNT-equivalence factor for PBX-9501 in a large closed-volume is
approximately 0.645, given the respective heat-of-combustion of PBX-9501 and
TNT.
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c. For this type of analysis, CHEETAH is recommended because it can model the
actual mass of reactants (i.e., HE, oxidizer and inert gases) in determining the
peak quasi-static pressure for partial or full-afterburn.

5. Based on the CTH and CHEETAH analyses results comparing HMX, LX-14 and PBX-
9501, demonstrating similar detonation and combustion performance, LANL
recommends using PBX-9501 as the base explosive for SCE applications in confinement
vessels involving either LX-14 or PBX-9501.
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APPENDIX A

TNT CHARGE: CTH Results

Po CHEETAH uses p, = 1.654 Vessel Inner Radius & Empty -Volume EXCALIBUR Volume Mole cular Weight Note: CTH analysis conducted with vessel volume

(g/em’) = (Ib/in’) CTH uses p, = 1.630 (in) (cm) () Percent (1t 227.132  g/mole of 113.1 ft* minus the HE volume.

1.654  0.059755 UCRL-52997 uses p, = 1.654 36 91.44 113.0973355 54% | 61.07256119

CTH Analysis - 1D Spherical Model
UFC-3-340-02 Blast Curve (Fig. 2-7) (Fig. 2-152 - 2008) Reference JWL from CTH JWL from CHEETAH

HE Weight HE Volume HE Radius R Z P, P, I ta U Free-Vol| W/V; P, P, I t, tpeak P, P, i t, toeak P,
(Ib) ) (in’) (cm?) (in) (cm) (in) (cm) (ft) (ft/Ib'?) (psi) (ps)) | (psims/b'?)  (psiqms) | (ms/b"?)  (ms) | (fms) = (km/s) (ft)) (Ib/ft%) (psi) (psi) | (psirms) | (ms) (ms) (psi) (psi) | (psi-ms) | (ms) (ms) (psi)
10 45359 | 167.3513 27424 | 3.41859  8.68321 | 32.58141  82.75679 2.71511763| 1.260245966 564 4404 162.0803 349.19 | 0.1183636 0.255007 | 6.406346  1.95 113.00 | 0.08850 [ 366

15 6803.9 | 251.0269 4113.6 | 3.91331  9.93980 | 32.08669  81.50020 2.67389109| 1.084209715 737 6099 202.3798 499.11 | 0.0922998 0.227631|7.265611  2.21 112.95 | 0.13280 [ 510

20 9071.8 | 334.7026 5484.8 | 4.30715 10.94017| 31.69285  80.49983  2.6410707| 0.972978765 884 7595 238.2738 646.77 | 0.0775831 0.210593|7.915362  2.41 112.90 | 0.17714 | 645 4997 728 0.262 | 0.320 580 5748 757 0.258 | 0312 685
25 11339.8 | 418.3782 6856.0 | 4.63974 11.78494| 31.36026  79.65506 2.61335513| 0.893754884 1013 8943 271.4304 793.67 | 0.0679131 0.198579|8.441238  2.57 112.86 | 0.22152 | 765 6400 884 0.250 | 0.301 692 840
30 13607.8 | 502.0539 8227.2 | 4.93046 12.52336| 31.06954  78.91664 2.58912852| 0.8332587 1129 10181 302.669 940.46 | 0.0609689 0.189445 | 8.885662  2.71 112.81 | 026594 [ 897 7949 1085 0.241 | 0.287 834 9150 1110 0.238 | 0.281 968
35 15875.7 | 585.7295 9598.4 | 5.19042 13.18368| 30.80958  78.25632 2.56746466| 0.784901442 1235 11330 332.4965 1087.62 | 0.0556894 0.182164|9.271571  2.83 112.76 | 0.31040 [ 1016 9638 1254 0.234 | 0.276 910 1125
40 18143.7 | 669.4052 10969.6 | 5.42667 13.78374| 30.57333  77.65626 2.54777742| 0.744974637 1333 12407 361.273 1235.54 | 0.0515061 0.176148|9.613916  2.93 112.71 | 035489 [ 1131 11246 1459 0.229 | 0.268 1024 | 12502 1506 0.226 | 0.263 1220
45 20411.7 | 753.0808 12340.8 | 5.64397 14.33567| 30.35603  77.10433 2.52966956| 0.711201981 1424 13421 389.085 1383.93 | 0.048095 0.171069(9.921319  3.02 112.66 | 0.39943 | 1247 12608 1610 0.224 | 0.261 1125 1350
45.08  20447.9 | 754.4197 12362.7 | 5.64731 14.34416| 30.35269  77.09584 2.52939101| 0.71070276 1426 13437 389.5246 1386.32 | 0.0480454 0.170994| 9.926 3.03 112.66 | 0.40014 | 1249 13043 1613 0.224 | 0.260

50 22679.6 | 836.7565 13712.0 | 5.84570 14.84809| 30.15430  76.59191 2.51285799| 0.682094601 1509 14385 416.2256 1533.39 | 0.045243  0.166676| 10.20151  3.11 112.61 | 0.44400 | 1361 15560 1781 0.221 | 0.255 1245 16929 1882 0.219 | 0.251 1520
55 24947.6 | 920.4321 15083.2 | 6.03440 15.32739| 29.96560  76.11261 2.49713299| 0.656630084 1590 15305 4427688 1683.83 | 0.0428149 0.162823 | 10.45906  3.19 | 112.56 | 0.48861 | 1472 15542 1949 0.215 | 0.248 1350 1600
60 27215.5 | 1004.108 16454.4 | 621199 15.77845| 29.78801  75.66155 2.48233437| 0.634078748 1666 16185 468.8142 1835.35 | 0.0407168 0.159401|10.69753 326 | 112.52 | 0.53326 | 1573 18454 | 2105 0.211 0.242 1490 | 19979 | 2245 0.209 | 0.239 1770
62 28122.7 | 1037.578 17002.9 | 6.28026 15.95185| 29.71974  75.48815 2.47664528| 0.625748638 1695 16526 479.1192 1896.30 | 0.0399548 0.158137(10.78802 329 | 11250 | 0.55113 [ 1612

65 29483.5 | 1087.783 17825.6 | 6.37996 16.20510| 29.62004  75.23490 2.46833668| 0.613903267 1738 17030 494.4373 1988.00 | 0.0388809 0.156329(10.91966  3.33 112.47 | 0.57794 | 1670

70 31751.5 | 1171.459 19196.8 | 6.53952 16.61039| 29.46048  74.82961 2.45503962| 0.595697566 1807 17844 519.6965 2141.82 | 0.0372571 0.153547[11.12783 339 | 112.42 | 0.62267 | 1764

75 34019.4 | 1255.135 20568.0 | 6.69166 16.99682 | 29.30834  74.44318 2.44236161| 0.579147976 1873 18630 544.6376 | 2296.83 |0.0358078 0.151007|11.32374  3.45 11237 | 0.66743 | 1858

80 36287.4 | 1338.81 21939.2 | 6.83718 17.36643 | 29.16282  74.07357 2.43023525| 0.564007641 1936 19391 569.2955  2453.02 [0.0345036 0.148672|11.50896  3.51 11232 | 071223 | 1953

85 38555.4 | 1422.486 23310.4 | 6.97675 17.72094| 29.02325  73.71906  2.4186042| 0.550079121 1997 20130 593.6982  2610.39 [0.0333217 0.14651 | 11.68486  3.56 | 112.27 | 0.75708 | 2047

90 40823.3 | 1506.162 24681.6 | 7.11095 18.06181| 28.88905  73.37819 2.40742078| 0.537202266 2056 20848 617.8944  2769.03 |0.0322451 0.144503 | 11.85213  3.61 112.23 | 0.80196 | 2140

95 43091.3 | 1589.837 26052.8 | 7.24027 18.39028 | 28.75973  73.04972 2.39664426| 0.525245541 2113 21546 641.9181 2929.01 |0.0312594 0.142634|12.01143  3.66 | 112.18 | 0.84687 [ 2232

100 | 45359.2 | 1673.513 27424.0 | 7.36513 18.70742| 28.63487  72.73258 2.38623953| 0.514099723 2168 22227 665.7495 3090.14 | 0.030351 0.140877|12.16413  3.71 112.13 | 0.89183 | 2323
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Dry Air Density EXCALIBUR Vessel
TNT CHARGE: CTH Results 0.0012041 gfem’ 61.07  f
Py CHEETAH uses p, = 1.654 0.0011790 g/em’ (@ STP) 1729309.821 cm’
(g/em’)  (Ib/in’) CTH uses p, = 1.630
1.654  0.059755 UCRL-52997 uses p, = 1.654 CONSTANT-VOLUME EXPLOSION
GENERIC 6-ft ID EMPTY - CHEETAH
Gas Quantities No Afterburn (Sea Level) w/Afterburn (Sea Level) Vacuum (Sea Level)
HE Weight HE Volume HE Radius Free-Volume Air Moles Mass of Air Mass O, Mass N, VmM,eactant Pressure Vim,,ciant Pressure V{M,eocant Pressure

(Ib) @ | @)  (em) | @  (m) (cm’) (mole) 3] ) © (cm’/g) (atm) (psi) (cm’/g) (atm) (psi) (cm’/g) (atm) (psi)
10 45359 | 167.3513 27424 | 3.41859  8.68321 3199817.50 130.78949 3771.97 878.91 2893.06 385.15393 22.19 326.18 385.1539289 23.941072 351.934 705.43901 11.972 175.995
15 6803.9 | 251.0269 4113.6 | 3.91331 9.93980 | 3198446.31 130.73345 3770.35 878.53 2891.82 302.47534 28.23 414.94 302.4753426 30.542746 448.978 470.09114 17.990 264.454
20 9071.8 | 334.7026 5484.8 | 4.30715 10.94017| 3197075.11 130.67740 3768.74 878.15 2890.58 248.98207 34.28 503.95 248.9820715 37.038553 544.467 352.41721 24.025 353.167
25 11339.8 | 418.3782 6856.0 | 4.63974 11.78494| 3195703.91 130.62135 3767.12 877.78 2889.34 211.53895 40.35 593.20 211.5389495 43.476021 639.098 281.81285 30.077 442.129
30 13607.8 | 502.0539 8227.2 | 4.93046 12.52336| 3194332.71 130.56531 3765.50 877.40 2888.10 183.86475 46.44 682.70 183.8647458 49.5542619 728.448 234.74327 36.146 531.339
35 15875.7 | 585.7295 9598.4 | 5.19042 13.18368| 3192961.51 130.50926 3763.89 877.02 2886.86 162.57756 52.55 772.44 162.5775605 55.233243 811.929 201.12215 42.231 620.796
40 18143.7 | 669.4052 10969.6 | 5.42667 13.78374| 3191590.31 130.45321 3762.27 876.65 2885.63 145.69503 58.67 862.43 145.6950306 60.952998 896.009 175.90631 48.333 710.501
45 20411.7 | 753.0808 12340.8 | 5.64397 14.33567| 3190219.12 130.39717 3760.65 876.27 2884.39 131.97824 64.81 952.67 131.9782424 66.704167 980.551 156.29398 54.453 800.452
50 22679.6 | 836.7565 13712.0 | 5.84570 14.84809 | 3188847.92 130.34112 3759.04 875.89 2883.15 120.61309 70.96 1043.16 120.6130851 72.4842 1065.518 140.60413 60.589 890.651
55 24947.6 | 920.4321 15083.2 | 6.03440 15.32739| 3187476.72 130.28508 3757.42 875.52 2881.91 111.04255 77.14 1133.89 111.0425538 78.29081 1150.875 127.76697 66.741 981.099
60 27215.5 | 1004.108 16454.4 | 6.21199 15.77845| 3186105.52 130.22903 3755.81 875.14 2880.67 102.87268 83.32 1224.87 102.8726804 84.123349 1236.613 117.06934 72.911 1071.794
62 28122.7 | 1037.578 17002.9 | 6.28026 15.95185| 3185557.04 130.20661 3755.16 874.99 2880.17 99.93000 85.81 1261.34 99.92999803 86.463385 1271.012 113.27341 75.384 1108.142
65 29483.5 | 1087.783 17825.6 | 6.37996 16.20510| 3184734.32 130.17298 3754.19 874.76 2879.43 95.81695 89.53 1316.11 95.81694907 89.980674 1322.716 108.01750 79.098 1162.739
70 31751.5 | 1171.459 19196.8 | 6.53952 16.61039 | 3183363.13 130.11694 3752.57 874.39 2878.19 89.66200 95.75 1407.59 89.66200115 95.862093 1409.173 100.25878 85.302 1253.934
75 34019.4 | 1255.135 20568.0 | 6.69166 16.99682( 3181991.93 130.06089 3750.96 874.01 2876.95 84.24569 101.99 1499.33 84.24568689 101.90419 1497.992 93.53455 91.522 1345.379
80 36287.4 | 1338.81 21939.2 | 6.83718 17.36643 | 3180620.73 130.00484 3749.34 873.63 2875.71 79.44257 108.25 1591.31 79.44257153 108.15579 1589.890 87.65086 97.760 1437.075
85 38555.4 | 1422.486 23310.4 | 6.97675 17.72094 | 3179249.53 129.94880 3747.72 873.26 2874.47 75.15410 114.53 1683.55 75.1541005 114.42707 1682.078 82.45936 104.015 1529.024
90 40823.3 | 1506.162 24681.6 | 7.11095 18.06181 | 3177878.33 129.89275 3746.11 872.88 2873.23 71.30177 120.82 1776.04 71.30176514 120.71645 1774.532 77.84469 110.287 1621.225
95 43091.3 | 1589.837 26052.8 | 7.24027 18.39028 ( 3176507.13 129.83670 3744.49 872.50 2871.99 67.82225 127.13 1868.79 67.82225267 127.02365 1867.248 73.71578 116.577 1713.680
100 45359.2 | 1673.513 27424.0 | 7.36513 18.70742| 3175135.94 129.78066 3742.87 872.13 2870.75 64.66394 133.46 1961.79 64.66393932 133.34854 1960.224 69.99977 122.884 1806.389
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APPENDIX B

PBX-9501 CHARGE: CTH Results Generic 6-ft ID Vessel Mole cular Weight
Po CHEETAH uses p, = 1.859 Ri 91.44 cm 292.87 g/mole
(gfem’)  (Ib/in’) CTH uses p, = 1.84
1.859  0.0671606 UCRL-52997 uses p, = 1.855 CTH Analysis - Reference JWL from CTH CTH Analysis - with CHEETAH JWL
1D Spherical 1D Spherical
Weight Volume HE Radius Vessel Free Vol. P, i t, tocak P P, i t, toeak P,
(Ib) (@ (in*) (em’) (in) (cm) (in’) (em’) (psi) (psi-ms) (ms) (ms) (psi) (psi) (psi-ms) (ms) (ms) (psi)
10 4535.924 | 148.896744  2440.0 3.28800  8.35153 | 195283.3 3200119.92
15 6803.886 | 223.345116  3660.0 3.76382  9.56011 |195208.9 3198899.929
20 9071.847 | 297.793488  4880.0 414262 10.52227 | 195134.4 3197679.939 7318 833 0.222 0.224 785 8232 888 0.218 0.262
25 11339.809 372.24186  6100.0 4.46251  11.33477 | 195060 & 3196459.949 978
30 13607.771 | 446.690232  7319.9 4.74212  12.04499 | 194985.5  3195239.959 12131 1263 0.204 0.241 1152 13560 1369 0.2 0.235
35 15875.733 | 521.138604  8539.9 4.99216  12.68008 | 194911.1 = 3194019.968 1321
40 18143.695 [ 595.586976  9759.9 5.21938  13.25722 | 194836.6 3192799.978 17808 1717 0.193 0.224 1451 19836 1837 0.19 0.218
45 20411.657| 670.035348 10979.9 [ 5.42837 = 13.78807 | 194762.2 3191579.988 1678
50 22679.618 744.48372  12199.9 | 5.62241  14.28091 | 194687.7 3190359.998 23373 2117 0.186 0.213 1775 28275 2287 0.183 0.208
55 24947.580 | 818.932092 13419.9 | 5.80390 = 14.74190 | 194613.3 3189140.008
60 27215.542 | 893.380464 14639.9 | 597470 = 15.17573 | 194538.8 3187920.017 27681 2519 0.178 0.203 2070 31056 2744 0.176 0.199
65 29483.504 | 967.828836 15859.9 [ 6.13625 = 15.58608 | 194464.4 3186700.027
70 31751.466 | 1042.277208 17079.9 | 6.28972 = 15.97590 | 194389.9 3185480.037
75 34019.428 | 1116.72558 18299.9 | 6.43605 = 16.34756 | 194315.5 3184260.047
80 36287.390 | 1191.173952 19519.8 | 6.57601 = 16.70305 | 194241 = 3183040.056
85 38555.351 | 1265.622324 20739.8 | 6.71025 = 17.04403 | 194166.6 3181820.066
90 40823.313 | 1340.070696 21959.8 | 6.83932 = 17.37188 | 194092.1 3180600.076
95 43091.275| 1414.519068 23179.8 | 6.96370 = 17.68780 | 194017.7 3179380.086
100 45359.237| 1488.96744 24399.8 | 7.08379 = 17.99282 |193943.2 3178160.095
Dry Air Density EXCALIBUR Vessel
PBX-9501 CHARGE: CTH Results 0.0012041  glem’ 6107  ff
Po CHEETAH uses p, = 1.859 0.0011790 g/em’ (@ STP) 1729309.821 cm’
(g/em®)  (Ib/in’) CTH uses p, = 1.84 28.84 g/mol CONSTANT-VOLUME EXPLOSION - GENERIC 6-FT ID VESSEL
1.859  0.0671606 UCRL-52997 uses p, = 1.855 PBX-9501 Weight GENERIC 6-ft ID EMPTY VESSEL CHEETAH (Vacuum) CHEETAH (Conservative) CHEETAH (w/Afterburn)
HMX ESTANE | BDNPAF (Sea Level Conditions) (Sea Level Conditions) (Sea Level Conditions)
Weight Volume HE Radius 95% 2.50% 2.50% Volume of Air | Mole Air =~ Mass of Air Mass O, Mass N, VM eiant Pressure VM eant Pressure VM, ot Pressure
(Ib) © (in') em) | () (cm) © ©® ©® (cm’) (mole) ©® ©® ©® (cm’/g) (atm) (psi) (cm’/g) (atm) (psi) (cm’/g) (atm) (psi)
10 4535.924 | 148.896744  2440.0 3.28800  8.35153 | 4309.128 113.398 113.398 3200119.920 | 132.198552 3812.61 888.37427 2924.23196 705.50567638 17.04660 250.585 383.3153798 32.10 471.90 383.3153798 26.486509 | 389.3516823
15 6803.886 | 223.345116  3660.0 3.76382  9.56011 6463.691 170.097 170.097 3198899.929 | 132.148153 3811.15 888.03559 2923.11715 470.15781 25.88686 380.537 301.3554773 41.08 603.83 301.3554773 35.725228 | 525.1608516
20 9071.847 | 297.793488 4880.0 4.14262  10.52227 | 8618.255 226.796 226.796 3197679.939 | 132.097755 3809.70 887.69691 2922.00233 352.4838766 34.82100 511.869 248.2372674 50.12 736.71 248.2372674 44.896443 | 659.9777121
25 11339.809 372.24186  6100.0 4.46251  11.33477 | 10772.819 283.495 283.495 3196459.949 | 132.047356 3808.25 887.35823 2920.88752 281.8795166 43.82831 644.276 211.0145459 59.21 870.40 211.0145459 54.066431 | 794.7765357
30 13607.771| 446.690232  7319.9 4.74212  12.04499 | 12927.383 340.194 340.194 3195239.959 | 131.996958 3806.79 887.01956 2919.77271 234.8099432 52.89685 777.584 183.4809114 68.35 1004.81 183.4809114 63.256787 | 929.8747689
35 15875.733 | 521.138604 8539.9 4.99216  12.68008 | 15081.946 396.893 396.893 3194019.968 131.94656 3805.34 886.68088 2918.65790 201.1888194 62.01891 911.678 162.2889248 717.54 1139.90 162.2889248 72.475718 | 1065.393055
40 18143.695| 595.586976 9759.9 5.21938  13.25722 | 17236.510 453.592 453.592 3192799.978 | 131.896161 3803.89 886.34220 2917.54308 175.9729765 71.18913 1046.480 145.4738958 86.78 1275.59 145.4738958 81.726431 | 1201.378536
45 20411.657| 670.035348 10979.9 | 5.42837  13.78807 | 19391.074 510.291 510.291 3191579.988 | 131.845763 3802.43 886.00353 2916.42827 156.3606543 80.40355 1181.932 131.806737 96.05 1411.87 131.806737 91.010031 | 1337.847456
50 22679.618 744.48372 12199.9 | 5.62241 = 14.28091 | 21545.638 566.990 566.990 3190359.998 | 131.795364 3800.98 885.66485 2915.31346 140.6707965 89.65919 1317.990 120.4791577 105.35 1548.70 120.4791577 100.32659 | 1474.800873
55 24947.580| 818.932092 13419.9 | 5.80390 = 14.74190 | 23700.201 623.690 623.690 3189140.008 | 131.744966 3799.52 885.32617 2914.19865 127.8336401 98.95370 1454.619 110.9377793 114.70 1686.06 110.9377793 109.67588 | 1612.235436
60 27215.542 | 893.380464 14639.9 | 5.97470  15.17573 | 25854.765 680.389 680.389 3187920.017 | 131.694567 3798.07 884.98749 2913.08383 117.1360098 108.28519 1591.792 102.7909893 124.08 1823.92 102.7909893 119.05736 | 1750.143192
65 29483.504 | 967.828836 15859.9 | 6.13625 = 15.58608 | 28009.329 737.088 737.088 3186700.027 | 131.644169 3796.62 884.64882 2911.96902 108.0841688 117.65214 1729.486 95.75385686 133.49 1962.27 95.75385686 128.47052 | 1888.516644
70 31751.466 | 1042.277208 17079.9 | 6.28972  15.97590 | 30163.893 793.787 793.787 3185480.037 | 131.593771 3795.16 884.31014 2910.85421 100.3254479 127.05327 1867.683 89.61412137 142.93 2101.10 89.61412137 137.91485 | 2027.348295
75 34019.428 | 1116.72558 18299.9 | 6.43605 = 16.34756 | 32318.456 850.486 850.486 3184260.047 | 131.543372 3793.71 883.97146 2909.73939 93.60122311 136.48751 2006.366 84.21041374 152.41 2240.39 84.21041374 147.38977 | 2166.629619
80 36287.390 | 1191.173952 19519.8 | 6.57601 = 16.70305 | 34473.020 907.185 907.185 3183040.056 | 131.492974 3792.26 883.63278 2908.62458 87.71752644 145.95396 2145.523 79.41786661 161.19 2369.55 79.41786661 156.89485 | 2306.354295
85 38555.351 | 1265.622324 20739.8 | 6.71025 17.04403 | 36627.584 963.884 963.884 3181820.066 | 131.442575 3790.80 883.29411 2907.50977 82.52602938 155.45183 2285.142 75.1383459 171.45 2520.33 75.1383459 166.42958 | 2446.514826
90 40823.313 | 1340.070696 21959.8 | 6.83932  17.37188 | 38782.148 | 1020.583 1020.583 3180600.076 | 131.392177 3789.35 882.95543 2906.39496 77.91136532 164.98047 2425.213 71.29365999 181.02 2660.96 71.29365999 175.99359 | 2587.105773
95 43091.275| 1414.519068 23179.8 | 6.96370 = 17.68780 | 40936.711 1077.282 1077.282 3179380.086 | 131.341779 3787.90 882.61675 2905.28014 73.78245538 174.53929 2565.728 67.82073887 190.61 2802.02 67.82073887 185.58651 | 2728.121697
100 45359.237| 1488.96744 24399.8 | 7.08379  17.99282 | 43091.275 1133.981 1133.981 3178160.095 131.29138 3786.44 882.27808 2904.16533 70.06643643 184.12779 2706.679 64.66814722 200.22 2943.29 64.66814722 195.20797 | 2869.557159
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CHEETAH RESULTS - TNT

APPENDIX C

Po M, AH; (AHg)mech | (AHQ)Total (AH,) D¢y Pcy C Note: P, ; was estimated using:
(gfem’) | (g/mol) | (caly) (/g | (kg | (kl/g) | (calg) (K/g) (km’s) (GPa) (km/s) 5
1.654 | 227.132 | -66.504 -0.278253| -4.3464 | -4.4621 | 34725  14.52894 | 7.20971 21.49 5.52135 p = PO,
Cc-J 4
CHEETAH JWL PARAMETERS - TNT
Po To Vo A B C R1 R2 & TC -J Eo DC-J PC -J
(gfem?’) | (eV) (K) (em’g) | (GPa) | (GPa) | (GPa) (eV) (K) (KJ/em®) (km/s) | (dyn/en?) | (GPa)
1.654 | 0.02568 | 298.00 |0.6045949| 1594.00 | 50.80 | 1.536 6.732 2.302 0.38778 0.350 4062 -7.189 7.20971 | 2.15E+11| 21.49
CTH JWL PARAMETERS - TNT
Po T, Vo AG BG RI R2 WG cv Tey E, D Pey
@m) | V) | K | (cm'/g |(dynwem’) |(dyn/em’) A (erg/geV) | (eV) (K) (dyn/em®) | (cnvs) | (dywem?) | (GPa)
1.63 | 0.02568 | 298.00 |0.6134969| 3.71E+12 |3.23E+10] 4.15 0.95 0.3 6.724E+10 | 0.350 4062 7.01E+10 | 6.93E+05 | 2.10E+11 | 21.01
Unit Conversions Note: WG is o
1l eV 1 GPa 1 erg
11604.53 K 1.00E+10 dyn/cm’ 1 dyn-cm

P:Aexp{—R1 l}+Bexp{

P(p,T)= Aexp(—R1

JWL form in CHEETAH

o

JWL form in CTH

. . ~(l+)
V() v()

p”J+Bexp[—R2 p“j+a)pCVT
P P
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JWL for TNT - CHEETAH and CTH Values
T T T T T T T

140 =

120 -

100 CHEETAH-JWL |
CTH-JWL

Pressure, (GPa)

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

Relative Volume (v/vo)

Figure 30 — Comparison of TNT JWL EOS’s between CTH and CHEETAH.

The JWL EOS in CHEETAH for TNT, developed from thermochemical principles, matches quite well with the CTH
JWL EOS over a narrow range of reaction product specific volume. Below a specific volume of ~0.5 cm?/g, the respective

EOS diverge greatly. Certainly
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JWL for TNT - CHEETAH Values
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Figure 31 — CHEETAH JWL EOS and C-J point.
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JWL for TNT - CTH Values
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Figure 32 — CTH JWL EOS and C-J point.
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CHEETAH RESULTS - PBX-9501

APPENDIX D

Po Mw AHf (AHd)Mech (AHd)Tota] (AH«.) DC-J PC-J Cs m PC-J was estimated uSing:
(gfem’) | (g/mol) (calg) &J/g) &g (/g | (caly) (Klg | (kms) (GPa) (km/s) p. D>
1.8592 | 292.87 27.286  0.1141646] -5.7022 | -5.7022 | 2239.5 9.370068 | 8.90935 |36.8942053| 6.77642 P, = "TH
CHEETAH JWL PARAMETERS - PBX-9501
Po T, v, A B C R1 R2 o Tey E, D¢ Pe,
(glem®) | (eV) (K) (cm’/g) | (GPa) (GPa) | (GPa) (eV) (K) (K/em®) | (knvs) | (dyn/em?®) | (GPa)
1.8592 [0.0256798 | 298.00 | 0.5378657| 3570.00 | 11220 | 2352 | 7377 2.356 0.5308 0.350 4062 -10.60 | 8.90935 | 3.69E+11 | 36.89
CTH JWL PARAMETERS - PBX-9501
Do T, v, AG BG R1 R2 WG CV Ty E, D¢ Pc,
(gfem)) | (eV) (K) (cm’/g) | (dynw/em’) | (dyn/em’) 1 (erg/gleV) | (eV) (K)  |@dyn/em?)| (cm/s) | (dynem®) | (GPa)
1.84  [0.0256798 | 298.00 |0.5434783[ 8.52E+12 | 1.80E+11| 4.6 1.3 038 |5527E+10|  0.350 4062 | 1.02E+11| 8.80E+05 | 3.70E+11 | 37.00
Unit Conversions Note: WG is o
leV 1 GPa 1 erg
11604.53 K 1.00E+10 dyn/cm® 1 dyn-cm
JWL form in CHEETAH

P=4 exp{—R1 l} +B exp{—R2 i
v v

o o

JWL form in CTH

v ~(I+o)
VD

P(p.T)= Aexp(—}el ‘;" ]+ Bexp(—Rz %) +wpC,T
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APPENDIX E

CHEETAH RESULTS - HMX

Po M, AH; (AH)meeh | (AH@)total (AH) D¢ Pey [ Note: P ; was estimated using:
(g/em’) | (g/moD) | (caly)  (kI/g) kJ/g) (k/g) (callg)  (kl/g) (kms) (GPa) (kmvs) p.D?
1.905 | 296.156 | 60.527  0.253245| -5.8677 -5.8677 2115.7 8.852089| 9.18856 |40.2096136| 7.01856 F._, = "TC_J

CHEETAH JWL PARAMETERS - HMX

Pe T, v, A B C R1 R2 ® Tey E, D, P,
(gem’) | (eV) K) | em¥g) | GPa) | (GPa) | (GPa) (eV) K | &iemd) | kmvs) |(dynemd)| (GPa)
1.905 | 0.02568 | 298.00 [0.524934] 4437.00 | 12260 | 2548 | 7.543 2.364 0.56 0.350 4062 | -11.18 | 9.11886 |3.96E+11] 39.60191

CTH JWL PARAMETERS - HMX

Po T, v, AG BG R1 R2 WG (Y Tey E, Dcy Pcy
@em) | V) | (K) | (emg) |(dyn/em®) | (dyn/cm®) 1 (erg/gleV) | (eV) (K) |dynem®) | (km/s) |(dyn/em’)| (GPa)
1.891 0.02568 | 298.00 |[0.528821| 7.78E+12 | 7.07E+10 4.20 1.00 0.30 9.909E+10 0.350 4062 1.29E+11| 9.110 [4.15E+11| 41.50
Unit Conversions Note: WG is ®
leV 1 GPa 1 erg
11604.53 K 1.00E+10 dyn/cm’ 1 dyn-cm
JWL form in CHEETAH

~(1+w)
‘ P= Aexp{—Rl v} + Bexp {—RZ v} + C[v]
v 17 17

o o o

JWL form in CTH

‘ P(p,T) = Aexp(—RI %}+ Bexp[—R2 %j+ wpC,T
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CHEETAH RESULTS - LX-14
Po M, AH; (AH)meah | (AH@)Total (AH,) D¢y Py Cq Note: P was estimated using:
(g/em’) | (g/mol) | (caly)  (kl/g) (/g) (KJ/g) (callg) (/g | (km/s) | (GPa) | (kmvs) p,D},
1.85375 | 289.373 | 15.108 0.063212| -5.6169 | -5.6169 2292.8  9.593075| 8.85201 | 34.853 | 6.728 Fe, 71
CHEETAH JWL PARAMETERS - LX-14
Po TO Vo A B C R1 R2 (O] TC-J E0 DC-J PC»J
(g/em’) (eV) (K) | (em’lg) | (GPa) (GPa) (GPa) (eV) (K) | W/em®) | (knvs) | (dyn/em?®)| (GPa)
1.85375 | 0.0256798 | 298.00 |0.539447| 3281.00 110.30 2.251 7.268 236 | 051701 | 0350 | 4062 | -10.41 | 8.85201 [3.485E+11| 34.853
(dyn/em2) (dyn/cm2)  (dyn/cm2)
3.2810E+13 1.1030E+12 2.2510E+10
CTH JWL PARAMETERS - LX-14
Po T, Vo AG BG R1 R2 WG Ccv Te E, D¢y Pey
(g/em) | (eV) (K) | (em’/g) | (dyn/em®) | (dyn/em’) A rggeV)| (V) | (K) |(dyn/em?)| (cmis) | (dyn/em?’)| (GPa)
1.835 | 0.0256798 | 298.00 |0.544959 | 8.261E+12 | 1.724E+11 4.55 1.32 0.38 |5.527E+10 0.350 | 4062 |[1.02E+11|8.80E+05[3.700E+11| 37.00
Unit Conversions Note: WG is ®
leV 1 GPa 1 erg
11604.53 K 1.00E+10 dyn/cm’ 1 dyn-cm
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ZERO-ROOM PEAK GAS PRESSURES UNDER DETONATION AND FULL-COMBUSTION FOR PBX-9501 AND TNT

Dry Air Density Mw (N2)
Zero-Room Volume PBX-9501 - p, 0.0012041 g/cm3 28 g/mole
100000 ¢ (g/em’) (Ib/in*) 0.0011790  g/lem’ (@ STP) Mw (O,)
2831684659 cm’ 1.859  0.06716064 28.84 g/mole 32 |g/mole
PBX-9501 Weight
PBX-9501 HMX ESTANE BDNPAF Empty Room CHEETAH

Weight Volume HE Radius Room Free Vol 95% 2.50% 2.50% Volume of Air Moles of Air Mass of Air Moles O, Mass O, Moles N, Mass N, V{Myectant Pressure Increase

(Ib) (@ (in®) (cm’) (in) (cm) () (cm’) (@ ) @ (cm’) (mole) @ (mole) (@ (mole) @ (cm’/g) (atm) (psi) (psi)
0.001 0.5 0.01488967 0.2 0.15262 0.38764 | 99999.99999  2831684659.0 0.43091 0.01134 0.01134 2831684659.0 115742.4 3338011.20 24305.91 777789.018 91436.51 2560222.184 848.3148 1.0109359 13.34435 0.14435
10 4535.9 | 148.896744  2440.0 3.28800 8.35153 | 99999.91383  2831682219.2 4309.128 113.398 113.398 2831682219.2 115742.3 3338008.33 24305.89 777788.348 91436.43 2560219.979 847.1637 1.0700294 14.12439 0.92439
15 6803.9 1223.345116  3660.0 3.76382 9.56011 | 99999.87075  2831680999.2 6463.691 170.097 170.097 2831680999.2 115742.3 3338006.89 24305.88 777788.013 91436.39 2560218.876 846.5893 1.0994786 14.51312 1.31312
20 9071.8 1297.793488  4880.0 4.14262 10.52227 | 99999.82767  2831679779.2 8618.255 226.796 226.796 2831679779.2 115742.2 3338005.45 24305.86 777787.678 91436.35 2560217.773 846.0157 1.1288615 14.90097 1.70097
25 11339.8 372.24186  6100.0 4.46251 11.33477 | 99999.78458  2831678559.2 10772.819 283.495 283.495 2831678559.2 115742.2 3338004.01 24305.85 777787.343 91436.31 2560216.670 845.4428 1.1581782 15.28795 2.08795
30 13607.8 |446.690232  7319.9 4.74212 12.04499 [ 99999.7415  2831677339.3 12927.383 340.194 340.194 2831677339.3 115742.1 3338002.57 24305.84 777787.008 91436.27 2560215.567 844.8707 1.1874293 15.67407 2.47407
35 15875.7 1521.138604  8539.9 4.99216 12.68008 [ 99999.69842  2831676119.3 15081.946 396.893 396.893 2831676119.3 115742.1 3338001.14 24305.83 777786.672 91436.23 2560214.463 844.2994 1.2166151 16.05932 2.85932
40 18143.7 |1595.586976  9759.9 5.21938 13.25722 | 99999.65533  2831674899.3 17236.510 453.592 453.592 2831674899.3 115742.0 3337999.70 24305.82 777786.337 91436.19 2560213.360 843.7288 1.2457359 16.44371 3.24371
45 20411.7 |670.035348 10979.9 5.42837 13.78807 [ 99999.61225  2831673679.3 19391.074 510.291 510.291 2831673679.3 115742.0 3337998.26 24305.81 777786.002 91436.15 2560212.257 843.1590 1.2747922 16.82726 3.62726
50 22679.6 744.48372  12199.9 5.62241 14.28091 [ 99999.56916  2831672459.3 21545.638 566.990 566.990 2831672459.3 115741.9 3337996.82 24305.80 777785.667 91436.11 2560211.154 842.5900 1.3037842 17.20995 4.00995
55 24947.6 |[818.932092 13419.9 5.80390 14.74190 [ 99999.52608  2831671239.3 23700.201 623.690 623.690 2831671239.3 115741.9 3337995.38 24305.79 777785.332 91436.07 2560210.051 842.0218 1.3327126 17.59181 4.39181
60 27215.5 |893.380464 14639.9 5.97470 15.17573 99999.483 2831670019.3 25854.765 680.389 680.389 2831670019.3 115741.8 3337993.95 24305.78 777784.997 91436.03 2560208.948 841.4543 1.3615773 17.97282 4.77282
65 29483.5 |967.828836 15859.9 6.13625 15.58608 [ 99999.43991  2831668799.3 28009.329 737.088 737.088 2831668799.3 115741.8 3337992.51 24305.77 777784.662 91435.99 2560207.845 840.8876 1.3903791 18.35300 5.15300
70 31751.5 | 1042.27721 17079.9 6.28972 15.97590 [ 99999.39683  2831667579.3 30163.893 793.787 793.787 2831667579.3 115741.7 3337991.07 24305.76 777784.327 91435.96 2560206.742 840.3216 1.4191183 18.73236 5.53236
75 34019.4 | 1116.72558  18299.9 6.43605 16.34756 | 99999.35375  2831666359.3 32318.456 850.486 850.486 2831666359.3 115741.7 3337989.63 24305.75 777783.992 91435.92 2560205.639 839.7565 1.447796 19.11091 5.91091
80 36287.4 | 1191.17395 19519.8 6.57601 16.70305 [ 99999.31066  2831665139.4 34473.020 907.185 907.185 2831665139.4 115741.6 3337988.19 24305.74 777783.657 91435.88 2560204.536 839.1920 1.4764099 19.48861 6.28861
85 38555.4 | 1265.62232  20739.8 6.71025 17.04403 [ 99999.26758  2831663919.4 36627.584 963.884 963.884 2831663919.4 115741.6 3337986.75 24305.73 777783.321 91435.84 2560203.433 838.6283 1.5087889 19.91601 6.71601
90 40823.3 1340.0707  21959.8 6.83932 17.37188 | 99999.2245  2831662699.4 38782.148 1020.583 1020.583 2831662699.4 115741.5 3337985.32 24305.72 777782.986 91435.80 2560202.330 838.0654 1.5334554 20.24161 7.04161
95 43091.3 [ 1414.51907 23179.8 6.96370 17.68780 [ 99999.18141  2831661479.4 40936.711 1077.282 1077.282 2831661479.4 115741.5 3337983.88 24305.71 777782.651 91435.76 2560201.227 837.5033 1.5618867 20.61690 7.41690
100 45359.2 [ 1488.96744  24399.8 7.08379 17.99282 | 99999.13833  2831660259.4 43091.275 1133.981 1133.981 2831660259.4 115741.4 3337982.44 24305.70 777782.316 91435.72 2560200.124 836.9419 1.5902577 20.99140 7.79140

(P =t
n

R 82.05736
T 298.15
P 1

cm’-atm/mole-K

K
atm (@ sea level)

Specific Volume Air

24465.40  |cm’/mole

6-ft ID Vessel Limit

R 82.05736
T 298.15
P 0.89821

cm’-atm/mole-K.

K
atm (@ Ula 05 Drift)

Specific Volume Air

27238.05 |cm’/mole
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APPENDIX H

HE Data Derived from CTH Library

.. Density MW AHf AHd AHc PC-J DC-J
HE Composition 3
(g/cm’) (g/mol) (kJ/g) (kJ/g) (kJ/g) (GPa) (kmy/s)
TNT 100% TNT 1.63 227.1 0.284 4.56 14.98 21.01 6.93
HMX 100% HMX 1.905 296.2 0.253 6.78 9.43 41.50 9.11
0, V)
LX-14 95.5% HMX 4.5% 1.835 289.4 0.0628 6.59 9.593* 37.00 8.80
Estane
0 0
pBX-9501 | 27 HMX 2.5% Estane | o) 2929 | 0.0954 6.65 9.40 37.00 8.80
2.5% BDNPA-F
*Cheetah
HE Data Derived from CHEETAH
. DenSity Mw AHf AHd AHC PC-J DC-J
HE Composition 3
(g/cm’) (g/mol) (kJ/g) (kJ/g) (kd/g) (GPa) (km/s)
TNT 100% TNT 1.654 227.132 0.2783 4.3464 14.53 21.49 7.21
HMX 100% HMX 1.905 296.156 0.2532 5.8677 8.852 39.6 9.19
V) 0
LX-14 93.5% HMX 4.5% 1.85375 289.373 0.0632 5.6169 9.593 34.853 8.85
Estane
95% HMX 2.5% Estane
PBX-9501 1.8592 292.8 0.1142 5.7022 3 36.8 8.91
2.5% BDNPA-F ? 7 7 9.37 ?
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