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This article describes a predictive model of explosive detonation velocity and pressure based on

first-order approximation of the detonation velocity equation. Detonation pressure was calculated
from equations derived from the ideal detonation theory since that pressure is functionally related
to detonation velocity. In the model calibration process, several product formation hierarchies were
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explored, with the best results yielded by the Kamlet and Jacobs (KJ) hierarchy. The predictive
capacity of our model (labelled DEoS) was tested using different experimental databases, and was
compared with predictions by thermochemical models (BKW-RR, JCZ3-J and JCZS) and by the
empirical KJ method. The prediction values obtained using an experimental database of 238 explosive
substances (75 singles and 163 composites), for a range of densities (1 g/cc to 2 g/cc), were excellent
in terms of both velocity and pressure, with root mean square error values of 1.7% (519 data items)
and 6.0% (263 data items), respectively. We analysed results, broken down by explosive type, in
detail, finding that the model residuals did not correlate with the predictor variables and also that
the model predicts reasonable values for other parameters in the detonation state, such as density,

the Jones parameter, and the Griineisen parameter.

1 Introduction

The search for new substances and compositions for high-
performance explosives has motivated the development of several
models to predict the velocity (D) and pressure (P) of explosive
detonations 117,

Some models use equations derived from the ideal detona-
tion theory (IDT) to formulate thermochemical equations of
state (EoS) that determine the composition and thermodynam-
ics of detonation products, e.g., the Becker-Kistiakowsky-Wilson
(BKW)?2 and the Jacobs-Cowperthwaite-Zwisler-3 (JCZ3)® Eos.
The fact that these EoS depend on parameters whose val-
ues are calibrated from experimental data has led to several
reparametrizations of the same EoS, e.g., BKW-C>, BKW-S?, BKW-
RR 13, JCZS?, and JCZ3-J3.

Other models are eminently empirical in that they use equa-
tions that reflect phenomenological factors observed in testing.
Thus, for instance, it has been experimentally observed that,
within a range of densities, detonation velocity varies approxi-
mately linearly with explosive density. Empirical models include
predictor variables other than density, such as detonation heat,
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obtained once a product formation hierarchy has been established
a priori. Use of empirical models is widespread, but especially
widely employed 8 is the Kamlet and Jacobs (KJ) model® both
for its simplicity and accessibility — properties not shared by the
thermochemical models, which require the use of generally pro-
prietary complex codes.

Bastante et al.# compared the prediction capacity of different
models, both experimental and thermochemical EoS-based. To
evaluate model goodness-of-fit, relative residual (RR) statistics
were used, defined as follows: RR; = (M; — E;)/E; where M; cor-
responds to the calculated values (D and P) and where E; cor-
responds to the measured experimental values. Used as an in-
dicator of residual dispersion was the root mean square residual
(RMSR). One of the conclusions of Bastante et al.% was that the
Xiong17 experimental model is a better predictor of detonation
velocity than the KJ model. Note, however, that the Xiong model
uses far more prediction parameters and is also more complex to
implement.

Another issue pointed out in Bastante et al.# is that it is pos-
sible, using the IDT, to calculate detonation pressure if the ana-
lytical expression for detonation velocity is known. Experimental
models have not taken this circumstance into account, so their
predictive equations for D and P are not compatible with the IDT.

Starting from the premise that a model should be as simple as
possible and should be compatible with the IDT, we developed
a new predictive model from a first-order approximation of ex-
plosive detonation velocity. The proposed model proved to be as
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simple as the KJ model to implement and was an excellent pre-
dictor of the main features that define the explosive performance
of high explosives, that is, detonation velocity and pressure 19,
The following sections describe the development of the model,
the methodology used for calibration, the results and their analy-

sis, and finally, our conclusions.

2 Model development

Let C,H,N.0O, be an explosive composition of density p,, whose
products in the detonation state release energy Q. According to
the IDT?, from D = D(p,, Q), an expression that can be approxi-
mated by the first-order Taylor series, we obtain:

D(p07Q)gD0+p0§7D7WhereDO:D(pﬂ’%(LQ:Q) (1)

The first term on the right-hand side of Equation 1 can be es-
timated from equations obtained from the IDT applied to ideal

gases:
Do /20 (y2-1) (2)

where, 7, is, for the gaseous products, the ratio between spe-
cific heat at constant pressure and specific heat at constant vol-
ume. While y, depends on the temperature T of the detonation
products, its value is not very sensitive to variations in T. The
value of Q can be estimated from the difference between the stan-
dard formation enthalpies of reactants and products, assuming
the latter is known.

The experimental predictive models simplify the determination
of products using certain product formation hierarchies. Bastante
et al.# analysed the predictive capacity of several models, find-
ing that the Xiong !” model obtained the best results in predicting
detonation velocity in terms of minimizing the RMSR. Xiong pro-
posed five hierarchies, applying one or another depending on the
composition of the explosive. Thus, for a given composition, up to
six of the eight products considered by Xiong may appear: H,O,
CO,, CO, CHy, 0,, H,, N,, and C(s) (Table 1).

Table 1 Decomposition of C,H,N.0, explosive according to Xiong'7?,
who proposes choosing a hierarchy according to explosive composition

Type—Oxygen Balance Condition Products

1 - rich or zero d—b/2—2a>=0 H,0, CO,, N,, O,

2 - slightly deficient d—b/2—2a<0 H,0, CO,, CO, CH4, N,, C
3 — deficient d—b/2—a<=0 H,0, CO,, CO, CHy, N,, C

4 — seriously deficient
5 — seriously deficient

d—b/2<=0 and a>=d
d—b/2<=0 and a<d

H,0, CO, CH,, Hy, N,, C
H,0, CO, H,, N,

The issue is that Xiong uses far more parameters than other
empirical models, e.g., the KJ model considers only five products
in its hierarchy, following a simple order of precedence: N,, H,O,
CO,, and O, or C(s). For this reason, in constructing our model,
we considered whether the use of complex hierarchies could be
justified, as they require a large number of parameters to establish
product composition depending on the explosive composition.

Experimentally, however, it was observed that, within a certain
range of densities, the relationship between D and p, is approxi-
mately linear. Thus, from Equation 1 it follows that the value of
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g—pD” should be approximately constant depending on the explo-
sive.

The hypothesis used in developing our model is that said de-
pendency can be expressed as a linear combination of the prod-

ucts established by the hierarchy:

aD

9po

where n; represents the number of moles of product i per

gramme of products, and ¢; represents the value of a dependent

parameter of product i. The ¢; value is obtained by calibrating the
model using experimental data.

= Znici =w 3)

From Equations 1 and 3:

D = Do+wp, @

Equation 4 can be interpreted as a generalization of the
Xiong17 model, according to which D is equal to:

D= 1.045Q% +404w,po;D , O, p, and w, expressed in the IS of Units 5)

where w, is the sum of detonation product co-volumes ex-
pressed in cubic meter per kilogram of explosive. In calculat-
ing w,, Xiong!” introduces corrective multiplicative factors for
certain explosive compositions, e.g., if the composition does not
contain carbon, the value of w, is multiplied by 1.25, if it does
not contain hydrogen it is multiplied by 1.06, etc. Independently
of the explosive, comparing the first term on the righthand side
of Equation 5 with Equation 2, it follows that the Xiong model
assumes a constant value of y,=1.24.

Knowing the function D (p,, Q), detonation pressure can be cal-
culated by applying the IDT. In the detonation state, the IDT 20 is
fulfilled:

_pD* . (dlnP
=y Withy= (8lnp)s ©®)

y=a+[(1+a)?+b]'"” witha=p,/D(9D/dp,) and b=D(@AD/IQ)  (7)

The values a and b are obtained by deriving Equation 4 and,
once entered in Equation 7, we have the following expression:

o 0\2, DDo]'/?
yzﬂ+{(1+w”) + 0} ®)

D D 20

Equation 8 shows, as might be expected, a value of adiabatic
gamma ¥ that increases with the density value and some small
dependence on Q (i.e., explosive composition). Since D(p,, Q) is
known, introducing the calculated value of y in Equation 6 yields
a value for detonation pressure.

In summary, the proposed model obtains detonation pressure
from the function D (p,,Q) by applying the IDT. In Xiong 17, how-
ever, the isentropic expansion coefficient y is calculated by an ex-
perimentally determined function that depends on explosive den-
sity and detonation product composition, for which reason the
model is not compatible with the IDT.
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From the above, for the proposed model it is clear that we need
to define: (i) one or more product formation hierarchies, and (ii)
either an average of 7, independent of the product composition,
or the temperature T to be used to calculate v, as obtained from
the product composition resulting from the hierarchy selected in

().
3  Model calibration method

The objective of model calibration was to determine both the
definitive hierarchy to be used and the set of parameters ® cor-
responding to that hierarchy, namely: (i) the coefficients ¢; from
Equation 3, and (ii) either T at which the value of v, is to be
calculated or the mean value of ¥, independent of the explosive.
Figure 1 illustrates the model calibration process.

Input data

Experimental database Hierarchies
for each explosive: hy
if d-b/2 —2a>= 0: nyH,0 + ,CO, + 5N, + 0,0,
Eo SR EE E R if d-b/2 22 <0 nH,0 + 1,CO, + 5N, + ngH + nC
Entalphy: AHSsq : ? o
Density: p,
Detonation velocity: Dexp

Pressure detonation: Pexp i
J

h;
if d-b/2 ~2a>= 0: nyH,0 + 1,CO, + 5N, + 1,0, + NsCO

with n,=f(a, b, ¢, d)
Parameters and results obtained in the optimization process
for each hierarchy h; with n, = f(a, b, ¢, d)
G Vo Optimization parameters T

Yo=f(n;, T)

Do, w Partial results

variant (i)
(1) 3uepien

Do, w

D, P and residuals D, P and residuals
Results
(i) (ii)

Fig. 1 Diagram illustrating model parameter calibration. For each hier-
archy, the algorithm searches for the set of parameters (¢; and 7, or T)
that maximizes model likelihood: in (i) the value of 7, is held constant,
and in (ii) 7, is obtained from T and the previously calculated composi-
tion of the products (n;).

Our strategy was to calculate optimal ® according to the max-
imum likelihood criterion, using, in the first instance, the simple
KJ hierarchy: H,0, CO,, N,, O,, C (including also the formation
of H, in the event that there was not enough oxygen to oxidize
all the hydrogen to H,0). Other products in different proportions
were subsequently incorporated into the hierarchy (e.g., CO at
different CO/CO, ratios), and the results were compared for all
the hierarchies.

To limit the space of solution to ®, the model was required to
pass through a series of experimental points, in such a way that
the modulus of the relative residual of the detonation velocity
(JRRp|) at each point was less than 1.6% (Table 2. This value is
twice the standard deviation of the experimental error for deto-
nation velocity measurements for Trinitrotoluene explosive (Bas-
tante et al.4).

Note that the constraints in Table 2 largely define relationships
between the coefficients ¢;. For instance, for the decomposition of
nitric oxide, as products we had 0.5 moles of O, and 0.5 moles of
N, per mole of NO. Since the molecular mass of the products was
30 g/mol, the value of both (n;)o, and (»;)n, was 0.5/30. The
value of Q was calculated as the difference between the standard

enthalpies of the formation of reactants and products, resulting
in a value of 2.58 MJ/kg. For this example, the value of v, is
taken as 1.24 (the value used by Xiong). Substituting the values
of v, and Q in Equation 2, we obtain a value for D, (1666m/s).
Imposing the above constraint, we obtain:

0.5
(1-0.016) x 5620 < 1666+ == x (co2 +en2) x 1300 < (140.016) x 5620
Operating and rearranging terms we obtain:

178 < cpp +cnp < 186

Therefore, once one of the two coefficients has been defined,
the variation margin for the other is quite narrow. Using the out-
lined procedure with the remaining constraints we find that the
decomposition of hydrazoic acid defines the relationship between
cn, and cp,, and that of cyanuric triazide, the relationship be-
tween cy, and cc, and so on.

In calibrating the model, the criterion used was to maximize

parameter likelihood using the log-likelihood function23:
1 [RMSR} RMSR? 22 2
= -5 73/23 + 7s%) +log (47[ stP)} ©))]

where the subscripts D and P refer to the detonation pressure,
respectively. Thus, SZD and s%, represent the respective model error
variances. Those two statistics, unknown a priori, are obtained in
the process of maximizing the log-likelihood function.

The model was implemented in Python and resolved using the
Imfit code?3. Note that, in calculating Q, +10 kcal/mol was used
as the standard carbon formation enthalpy value!”. This value
is consistent with that reported by Ornellas?* (+8.75 kcal/mol)
“to account for the highly disordered form that carbon exhibits in
detonation products”.

The main conclusions obtained from analysing calibration re-
sults are as follows:

* The predictive capacity of the model using the KJ hierarchy
is very high, as demonstrated below, with the imposed con-
straints amply satisfied, as shown in Table 2.

* Adding new products (CO, CH,, NO) to this hierarchy
marginally improves predictions, although, from a statistical
point of view, this improvement does not justify the inclusion
of new parameters.

* Results from using the KJ hierarchy do not justify using a
value of v, that varies with composition. Differences are in-
significant in RMSR terms compared to using a fixed value
of y,, not to mention that the calculation is easier.

» More complex hierarchies like those of Xiong!” slightly im-
prove the results using a variable value for 7,. This may
be due to the fact that proportions are better approximated
between the different gaseous products that determine the
value of y,. Nonetheless, as already mentioned, the use of
complex hierarchies that introduce more parameters does
not appear to be justified.
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Table 2 Model constraints (JRRp| < 1.6%), products (KJ hierarchy) and detonation velocity residuals for the final model

Explosive/composition po (g/cc) / D(m/s) [ref] Type Products (mol) H,0/ CO,/ O,/ H,/ N,/ C |RRp|
Nitric oxide/NO 1.30/5620° 1 0/0/0.5/0/0.5/0 -0.1%
Nitroglycerine/C;HgN; Og 1.60/77002 1 2.5/3/0.25/0/1.5/0 0.8%
Pentaerythritol tetranitrate/CsHgN,O;, 1.67/79802 2 4/4/0/0/2/1 0.1%
Trinitrotoluene/C,Hs;N3Og 1.64/69502 3 2.5/1.75/0/0/1.5/5.25 -0.3%
Hexogen/C3HgNgOg 1.80/87542 3 3/1.5/0/0/3/1.5 -0.3%
Cyanuric triazide/C3N;, 1.50/73002! 4 0/0/0/0/6/3 0.4%
Hydrazoic acid/HN, 1.13/757022 4 0/0/0/0.5/1.5/0 -1.0%
Nitroguanidine/CH,N,O, 1.63/79802 5 2/0/0/0/2/1 0.0%

Table 3 Proposed model parameter values obtained after optimization
(KJ hierarchy)

w=Y nic;
Yo CH,0 Cco, Co, CH, CN, Cc
1.23 75 123 72 43 112 18

* The proposed model, using the KJ hierarchy and a fixed
value of y,, shows systematic bias in predicting detona-
tion velocity for the C,N.O4 compositions, with a, ¢, and
d greater than zero. To correct this problem, the value of w
was increased by a small percentage (7%).

We also analysed the influence of the standard carbon forma-
tion enthalpy value on the model results. Oxygen-deficient explo-
sives (types 3 and 4) give an optimal ®, in which the enthalpy
value is approximately +18 kcal/mol, while explosives with a
slightly negative oxygen balance (type 2) give another optimal
solution with an enthalpy value of zero. This is possibly due to
the fact that the KJ hierarchy overestimates Q, although this over-
estimate is offset, at least in part, by the positive carbon enthalpy
value. In statistical terms, we found small differences in the over-
all results between one and another value, which is why the initial
value of +10 kcal/mol was maintained.

The optimal parameter values obtained after calibration are
shown in Table 3, where it can be seen that our value of v, is
slightly lower than that of Xiong!”.

4 Results and model goodness-of-fit

The analysis was carried out in the first instance by comparing
the goodness-of-fit of our model (labelled DEoS) with that ob-
tained for the other predictive models, using different experimen-
tal databases. Table 4 describes the number of explosives and
experimental data included in each database and the compared
models.

The first database was obtained from Pepekin and Gubin®,
who propose BKW-RR parameterization of the BKW EoS. Table 5
in their article shows, for 48 single explosives, values for experi-
mental velocity and velocity calculated using BKW-RR at densities
close to their maximum value. The 48 explosives, representative
of the five types defined by Xiong!”, are composed exclusively of
C, H, N, and O. This database is also used in Baker et al.® where
the velocity predictions are calculated using the Jaguar (JCZ3-J)
parameterization of the JCZ3 EoS.

Using these data, the residuals of the different models were
analysed. Figure 2 shows their distributions in the form of box-
plots. The boxes show the dataset quartiles, while whisker exten-
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sions indicate distribution ranges. Values not included in whiskers
indicate outlier residuals for some explosive compositions; these
values may be due either to the presence of an outlier in the
database itself or to the fact that the model is not a good predic-
tor for some compositions. In general, a smaller/larger whisker
extension and the absence/presence of outliers is an indicator of
greater/lesser reliability of the model.

MAPR =1.7% RMSR =2.1%

_ MAPR = 1.7% RMSR =2.3%
[}
§ o - I
=
MAPR = 1.3% RMSR = 1.6%
oo o R

-4% -2% 0% 2% 4% 6% 8% 10%
Residuals (velocity)

Fig. 2 Boxplot of velocity residuals (48 observations) using the BKW-
RR, JCZ3-J and DEoS models.

Figure 2 shows that the DEoS predictions were excellent, with
less bias, range and residual dispersion than the other two mod-
els, as corroborated and quantified by the RMSR and mean ab-
solute percentage residual (MAPR) values. In our DEoS model,
the mean of the residuals is practically zero, and the range and
outlier values are significantly lower than those for the other two
models.

The second database we used — obtained from McGee et al.l,
a study describing JCZS parameterization of the JCZ3 EoS — was
substantially different from the above database® (just two data
items in common), and contained significantly more experimen-
tal data: n=126 observations for velocity and n=86 observations
for pressure for 71 (25 single and 46 composite) explosives. Prac-
tically all the data were used (Tables 3 and 8 in McGee et al.’s
paper!), except for data on explosives with low densities (<1
g/cc) and explosives with a relatively high percentage (>10%)
of elements other than C, H, N, and O in their composition. In
calculations for the DEoS model, these elements were considered
to be inert, making their contribution to the calculation of the
parameter w negligible.

Figure 3, showing boxplots for the JCZS and DEoS models, de-
picts the MAPR, RMSR values of the velocity and pressure resid-



Table 4 Databases used to analyse prediction goodness-of-fit

Database No. of single/composite explosives No. of experimental data D/P Compared predictive models
First 48/- 48/- BKW-RR, JCZ3-J, DEoS
Second 25/46 126/86 JCZS, DEoS

Third 75/163 519/263 KJ, DEoS

uals and also the 97.5 percentile (P97.5) values, indicative of the
range of the residuals, and therefore, of model reliability. Veloc-
ity residuals are similar in both models, although the DEoS model
had fewer outliers, indicating less dispersion and a smaller range.
The JCZS model tended to underestimate the pressure experi-
mental values (mean residual value -4.7% for JCZS and -0.6% for
DEoS) and also showed greater dispersion (RMSR 7.9% for JZCS
and 6.2% for DEoS).

MAPR = 1.7% RMSR =2.3% P97.5=6.3%
Jczs }’—-@q‘—[ . szs |
MAPR = 1.5% RMSR =2.0% P97.5=4.7%

DEoS }—‘—r,l»—( DEoS

6% -4% 2% 0% 2% 4% 6%

MAPR =6.6% RMSR =7.9% P97.5=157%
SO ¢ O |
@ O 1
(€ T .
MAPR =5.0% RMSR =6.2% P97.5=12.6%

-20% -15% -10% -5% 0% 5% 10% 15% 20%

Model
Model

Residuals (velocity)

Residuals (pressure)

Figure 4 summarizes, for the KJ and DEoS models, the distri-
bution functions for the modulus of detonation velocity and pres-
sure residuals and the main statistical values. It clearly shows that
the DEoS model’s prediction capacity for velocity was excellent,
surpassing that of the KJ model. The KJ showed a dispersion of
the residuals twice that of the DEoS model, as well as a signifi-
cantly greater range of residuals. As for pressure, the DEoS model
results were also significantly better, especially in terms of the ex-
tension of the residual values, although less so than for velocity.

100% //_d

80%

60%

Proportion

MAPR% RMSR% _P97.5% MAPR% RMSR% _P97.5%
DEoS™ 13 17 39 DEoS ™ 49 6.0 126
KJ 25 34 82 KJ 55 7.0 7.0

20%

Fig. 3 Boxplots of velocity residuals (n=126 observations) and pressure
residuals (n=86 observations) for the JCZS and DEoS models.

Therefore, despite including results for explosive compositions
containing elements other than CHNO (= 20% of the database),
the predictive capacity of the DEoS model was excellent, and es-
pecially bearing in mind that the JCZS model offers better predic-
tions than other thermochemical models! 4.

To be able to conduct a more detailed analysis, a third database
was created with a large number of observations and a wide range
of explosive compositions (please see electronic supplementary
information (ESI) for details ). This larger database was com-
posed of n=519 and n=263 velocity and pressure observations,
respectively, for 238 (75 single and 163 composite) explosives.
The main characteristics of the explosives in this database are
summarized in Table 5. Approximately 14% of the compositions
contain percentages of Cl, F, P or Si.

Table 5 Composition and oxygen balance ranges of the analysed explo-
sives

Range (weight %)

[€] 0/43
[H] 0/10
[N] 13 /98
0 0/ 65
H/F/P/Si] 0/13

Oxygen balance -99 / +53

Predicted velocity and pressure values were calculated using
the DEoS and KJ models, and residuals were analysed. Since the
KJ model only included compositions exclusively made up of C,
H, N, and/or O, it included a smaller set of experimental data.

—— DEoS (519 data)
KJ (449 data)
0%
0% 2% 5% 8%

IRRp|

10% 12%

—— DEOoS (263 data)
KJ (224 data)

10% 15% 20% 25%
|RRp|

Fig. 4 Modulus distributions of velocity residuals and pressure residuals
for the KJ and DEoS models.

Note that the dispersion of velocity residuals for the DEoS
model when applied only to CHNO explosives was significantly
lower (RMSR=1.6%) than when applied to explosives con-
taining other elements (Cl, F, P or Si) in their composition
(RMSR=2.2%). The influence of composition on results for the
pressure residuals was minor.

Figure 5 shows boxplots of residuals broken down according to
the types defined by Xiong17 (see Table 1). Given the scarcity of
the corresponding experimental data, and since the analysis only
included CHNO explosives, types 4 and 5 were grouped together.
The DEoS model showed better residual behaviour than the KJ
model for practically all explosive types, most especially for ve-
locity, with residuals more centred around zero, less dispersion
and smaller range. Note that there were only n=6 observations
for pressure residuals for types 4 and 5.

To determine possible biases introduced by the predictor
model, any analysis should include possible correlations between
residuals and between model variables. From Figure 5 it can be
inferred that the KJ model tended to overestimate velocity for the
compositions richer in oxygen (types 1 and 2) and underestimate
velocity for types 4 and 5.

This is corroborated by the evidence in Table 6, which shows
the variables for which correlation with residuals had Pearson cor-
relation coefficients (r) greater than 0.5. It can be deduced, from
its high correlation values, that the KJ model had a tendency to
overestimate the velocity of explosives with higher Q and higher
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-15% -10% -5% 0% 5% 10% -20%  -10% 0% 10% 20% 30%
residuals (velocity) residuals (pressure)

Fig. 5 Boxplots of velocity and pressure residuals for the KJ and DEoS
models according to Xiong's'” types.

oxygen content in their composition, and to underestimate the
pressure of explosives with greater brisance. This would suggest
that it is not appropriate to compare, for example, KJ-predicted
velocity for two explosives with significantly different oxygen con-
tent. Correlation values for the DEoS model, in contrast, were
very low.

Table 6 KJ and DEoS model variables showing correlation coefficients
(r) for velocity and pressure residuals

KJ DEoS
RRp,
0 0.58 0.11
%N -0.63 0.02
%0 0.76 0.04
RRp
% 0.51 0.03
-0.59 -0.26

Pexperimental

Having verified model goodness-of-fit in predicting velocity and
pressure, the next step was to check the goodness-of-fit of pre-
dictions for other parameters derived from the IDT. The correla-
tion coefficient for 7y, as obtained from the experimental data and
Equation 6 and as predicted by the DEoS model (Equation 8), was
r=0.53 (RMSR=7%). It must be remembered that, given the un-
certainty of the experimental values for velocity and pressure, we
cannot expect high correlations between those other parameters,
irrespective of the predictive model used. For instance, correla-
tion for the KJ model was r=0.44.

Correlation between the density of the products in the detona-
tion state (p.;) as obtained from the experimental data and from
the DEoS model was also calculated. The value of p.; was derived
from the IDT:

o (D
pCj - y

The correlation between those parameters was very high
(r=0.99, RMRS=1.9%); this was not the case for values of 7,
attributable to the fact that p.; values are not very sensitive to
variations in y.

Some verifications were also performed on the value of other
parameters of interest in the IDT. For instance, Wood and Fick-
ett2> indicated that “Typical changes in velocity are the order of
one m/s for each cal/g change in the initial energy”. For the DEoS
model, the calculated mean value of g—?’ was 1.0 m/s per cal/g.

Finally calculated were the values of the Jones (&) and the
Griineisen (I') parameters of the explosives contained in the

Po (10
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largest of the databases used. According to the IDT, in the det-
onation state these parameters can be expressed as:

B v\ 14y
O‘P(aE),,Ha‘z (1)

_ dp Oy
r_v(aE)p_H—a (12)

where v and E are the volume and specific energy of the deto-
nation products, respectively.

Since no experimental measurements for these parameters
were available, approximate values as usually taken for them
were used: Y= 0.25 and '~ 0.6 —0.7. These were compared with
mean values obtained from the DEoS model, which, at 0.274-0.02
for y and 0.60+0.6 for I, were consistent with the approximate
values. As both those parameters depend on the partial deriva-
tives of the EoS, this result, in our opinion, additionally supports
the reliability of the DEoS model. Given the simplification regard-
ing product composition, however, guarantees cannot be offered
regarding all explosive compositions.

5 Conclusions

We developed a predictive model (DEoS) of the main features
that define the explosive performance of high explosives, namely,
detonation velocity and pressure. Used as an EoS was a first-
order approximation of velocity, while pressure was obtained by
applying the IDT to the EoS. The parameters for the DEoS model
were calibrated from experimental data following the criterion of
maximizing model likelihood.

While different variants of the DEoS model were analysed, fi-
nally selected was the simplest model, which used the KJ hierar-
chy to establish the reaction products — with, if necessary, hydro-
gen incorporated in very oxygen-deficient explosive compositions.
Although prediction goodness-of-fit could be improved by intro-
ducing more complex hierarchies, on the basis of the available
experimental data, such an improvement would not justify the
increased number of parameters and the additional complexity of
the model.

The goodness-of-fit of the DEoS model was verified by compar-
isons with other models using different experimental databases.
Our results indicate that the DEoS model is less biased and shows
less dispersion and a smaller range of residuals than more com-
plex thermochemical models based on EoS.

In comparing the results of the DEoS and KJ models using a
large database of 238 explosive substances, the predictive capac-
ity for velocity and pressure of the DEoS model was superior
to that of the KJ model. In an analysis broken down by explo-
sive types, satisfactory results for bias and dispersion further con-
firmed the reliability of the DEoS model. Some doubt remains,
however, about the reliability of pressure predictions for explo-
sives very deficient in oxygen for which the availability of experi-
mental data was reduced.

Since, unlike the KJ model, the DEoS model does not show
correlation between the residuals and the predictor variables, it
does not introduce systematic bias when predictions for different
types of explosives are compared.



The DEoS model was also applied to explosive compositions
containing up to approximately 10% Cl, F, P and/or Si. Although
results were not as good as those obtained for the CHNO-type
compositions, predictions were still satisfactory.

Finally calculated were DEoS model predictions for certain pa-
rameters dependent on partial derivatives of the EoS in the deto-
nation state, namely, adiabatic gamma, detonation product den-
sities, and the Jones and Griineisen parameters, with the results
indicating that the model was reasonably successful in predicting
values for these parameters.

In short, our predictive model, based on both detonation the-
ory and experimental results, is easily implemented and offers
excellent predictive capacity for a wide range of explosive com-
positions.
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