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MEASUREMENT OF PHASE  CHANGE  AND  THERMAL 
DECOMPOSITION  KINETICS  USING  THE  LOS  ALAMOS RADIAL 

COOKOFF TEST 

P.M. Dickson, B.W. Asay, B.F. Henson, 
C.S. Fugard, J. Wong. 

Los Alamos National Laboratory, Los Alamos, NM 8 7544. 

Models  describing  the kinetics of  HMX slow  decomposition in terms of reduced  3-step Arrhenius kinetics 
have been  very successful in predicting  time-to-explosion  for  HMX-based  explosives over a wide  range  of 
heating rates.  However, the  detailed reaction  and temperature profiles  predicted by  these  codes  have not 
"been  tested,  and in particular, the accuracy of the  predicted  ignition  location, which may be an  important 
factor in determining  the subsequent  reaction  violence,  is unknown. Experiments  have been conducted to 
make  spatially  and  temporally  resolved  temperature measurements in a  cylindrical charge  of  PBX 9501 
during  external  heating  to  cookoff.  These  data  provide a direct  comparison with the  predictions  of 
thermochemical models, and indicate that the  existing  models do not capture  the detailed response  of the 
process. The  data  have been  used to develop  a modified reduced  kinetic scheme which  models the process 
more accurately. 

INTRODUCTION 

A considerable  amount  of experimental and modelling  work has been done  to investigate  the  processes  involved 
in the  cookoff of high explosives (HE), but  generally the experiments have had relatively  limited instrumentation, 
and thus  the  models  have had only limited data sets against  which they can be judged [l-41. This is true  of both the 
slow  processes  occurring up to ignition and the  fast  processes  occurring  after  ignition. The most common form of 
experiment  has been to  externally heat a confined charge  of HE with some kind of  controlled, or  at  least  known, 
temperature profile. The  time to  explosion is measured, and  some  estimate  of  reaction  violence is obtained  from the 
degree  of  fragmentation of  the  confinement. These  are the  only  data  with  which  to  match a computational  model  of 
the  event. 

McGuire  and  Tarver [4] developed a reduced  3-step  Arrhenius  scheme  to  describe  the  slow  thermal 
decomposition  of  HMX  which  has been very successhl in predicting time-to explosion  for  HMX-based explosives 
over a wide range of heating  rates. The  scheme involves  the following reactions, in which  the  composition of the 
fragments  and  intermediate  products is unspecified,  and was basically a multi-parameter curve  fit to the time-to- 
explosion data from one dimensional  time to explosion  experiments (ODTX). 

1. HMX + fragments 

2. fragments + intermediate gases 

(1 st order  endothermic) 

(1 st  order exothermic) 

3. intermediate gases + final products 
(2nd order exothermic) 

However, despite the  success  of  this scheme, its utility in predicting  the  actual  time and temperature  dependency 
of the thermochemistry is largely  unknown  because, as noted  above,  these  measurements have  not been  made. In 



particular,  the  accuracy  of  the  prediction  of ignition location  within  the  charge,  which may be an important 
parameter in determining  reaction violence, is unknown. 

The  experiments  described here are an  attempt to rectify the lack of  detailed data for the pre-ignition  behaviour 
of PBX  9501  (95%HMX  and 5% binder). In this  case  those  data  comprise  the  time-resolved  temperature 
distribution within a charge  of  PBX 9501  as it is heated externally to ignition,  which  should  provide a sensitive  test 
for both  the  kinetic  model and the  temperature- and composition-dependent thermal properties of the material. 

EXPERIMENTAL 

FIGURE 1. Plan View showing thermocouple placement. 

RESULTS 

Several  experiments  have been  performed to  observe the  behaviour of  the system  when the  heating rate is low 
enough  to  drive  the ignition location away  from the  edge and towards the centre  of  the charge.  Figure 2 shows the 
results from a run  which led to ignition at or  very  near  the  centre. The channels are numbered  from the  edge  to the 
centre. In this  run  the  maximum  temperature  recorded  before  explosion  was  about 262°C on  the  centre 
thermocoude. 
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FIGURE 2. Recorded temperature data. 



These  data  were  compared  to  the predictions of the McGuire-Tarver model using the  outer thermocouple data  as 
the  boundary  condition  for  the code.  Figure 3 shows  the  comparison,  with  just  the r = 0 and r = 0.5 in. data. 
Superficially  the  agreement is reasonable,  and  the  time of explosion is predicted  fairly  accurately,  but it should be 
kept in mind  that  the computational  problem is fairly  tightly  constrained by the  boundary  condition. In detail,  the 
correspondence is poor. 

FIGURE 3. Comparison with model. 

Figure 4 shows  the  region  around 170 "C, at  which a  pronounced endothermic  process is  apparent. Here  the 
model  deviates  substantially from the measurements,  predicting a much  more  gradual endotherm. Figure 5 shows 
the  comparison in the  region  of  ignition,  and  again  the  predicted  location of ignition is considerably  out of 
agreement.  The measured  location was  at  the centre (r = 0 mm),  whilst the predicted  location  is nearer  the edge,  at 
around  r = 8.1 mm. 

FIGURE 4. Comparison  with model in phase-change region. 



FIGURE 5. Comparison with model at ignition. 

It seems  clear from  these  comparisons  that  whilst the McGuire-Tarver kinetic scheme has  served  well in terms of 
predicting  time-to-explosion  for a wide  variety  of  tests, it is not  capturing  the  detailed  behaviour  of  the 
thermochemistry  adequately  to predict ignition location in this test. In order to address this problem, we have made 
some modifications to  the  scheme  and  adjusted  the  thermal  properties  of  PBX 9501 as  required  to  model  the 
experimental data. 

Brill  et al. [5] made  kinetic  measurements  of  the  HMX p to 6 phase  transition,  and showed  that  the  kinetic 
parameters were similar to those attributed to the  decomposition kinetics. Recent  work [6]  has shown  that  the first 
endothermic  step in the McGuire-Tarver  model,  which was introduced  to give  the correct induction  time behaviour, 
does  broadly  represent  the p to 6 phase  transition in HMX.  This  endotherm is the  cause  of  the  dip in the 
temperature  record  at  around 170 'C, but it is  not  well  represented by first order  Arrhenius kinetics. We use a 
combination  of first order and  bimolecular forms  of  the thermodynamic  formulation of conventional  transition  state 
theory  (TST)  kinetics  to  represent  the nucleation and growth  process of  the transition,  with an  overall transition 
energy very similar to that used in the previous  model.  After  the  sharp  phase  transition,  from  around 175 "C up to 
around 195 OC, the  behaviour is at  first  sight energy  neutral,  but comparison with  heat transfer  code  predictions 
indicates that  another  slow  endothermic process is occurring.  A  first  order  Arrhenius  reaction  is used to  model  this. 
Finally bimolecular  and  second  order  exothermic reactions lead to thermal runaway. In summary,  the  following 
stages are being used to represent  the  thermal  decomposition. 

1. HMX(P) -+ HMX(6) 
(first order 'endothermic) 

1. HMX(F) + HMX(6) -+ HMX(6) 
(bimolecular  endothermic) 

3. HMX (6) -+ fragments 
(1 st order  endothermic) 

4. HMX (6) + Pagments -+ intermediate gases , 

(bimolecular  exothermic) 

5 .  intermediate gases -+ final products 
(2nd  order  exothermic) 

The associated  rate  equations for the  reactions  are, 



= Mu -exp kT { TASI -:.E- PAV 
h 

3, = MUMb -exp{ kT TAS2 - E2 - PAV 
h RT 

n, = MjZ,  erp{+). 

M,, Mb, M ,  Md and Me represent  the mass fractions  of p HMX, 6 HMX,  fragments,  intermediate gases and final 
products  respectively.  Table 1 indicates  the  values  of  the  various  kinetic  parameters,  and  Figure 6 shows the 
comparison  between the  new model  and  experiment. The agreement is reasonable. 

TABLE 1. Kinetic parameters. 

Reaction # Z AS (J kg-’ R’) E (J kg-’) AV(m3 kg-‘) hFi (kJ kg-’) 
1 

1.598 x 10l2 1.43 x IO6 5000 5 
3.582 x 1.73 x lo5 100 4 

1.582 x 10l6 2.0 x io5 - 1000 3 
2.13 X 103 1.22 X - 111 2 

460  4.73 X 10” -111 

FIGURE 6 .  Revised model comparison. 

CONCLUSIONS 

Current  thermochemical models are incapable of predicting the location of  ignition  inside  an explosive  charge 
which is being  heated.  Without  such  ability, adequate  assessment of reaction  violence will not be made, since the 8 

ignition  location is one of the primary  variables in the extent of reaction violence. One reason  models  are  deficient 
is because a quantified,  well-characterised  experiment  has  not been previously  available. We have  devised an 
experimental  technique  which permits us to  obtain  detailed  temperature  profiles  inside  an HE sample which  can be 
heated in such a way  as  to  drive  the  location of ignition  into  the  interior  of  the  charge.  These  data  are a 



comprehensive  test of any  model  that  attempts  to  describe  the  thermochemical  behaviour of the HE. Further  tests 
are  being  conducted  to  extend  the  dataset to cover  a  wider  parameter space. A more detailed  kinetic  scheme,  though 
still  reduced,  based  on real decomposition  reactions  which  have  been  observed and measured, is also  being 
developed. 
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