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Background — Self-Heating & Critical Temperature of an Explosive Material

Exothermic
: Reaction

Heat Heat Retained

Increase Rate

* Self-heating is a process where thermal energy is liberated from a
material as a results of a slow chemical decomposition.

* |If the rate of thermal heat generated from this chemical
decomposition exceeds the systems ability to dissipate the thermal
energy then the temperature of the material will increase until a
catastrophic event occurs.

* The Critical Temperature is defined as the lowest constant surface
temperature at which a material in a specific shape, size and
composition can begin to self-heat catastrophically.

* Two predictive models of critical temperature Frank-Kamenetskii and

Semenov Heat Escape

Slows Rxn Rate
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Background — Frank-Kamenetskii and Semenov Predictive Models

* Frank-Kamenetskii Model
* Assumes conductive heat transfer

. . . E,/R R - gas constant
¢ Temperature grad|ent in the I’eaCtIng Mass Tc = AszZE Q_beatofdecomposjtjon
* Worst-case predictive model l [ TCZMRa] p—dens'u;v'
E, - activation energy
* Mimics a viscous melt with no stirring Z - frequency factor
A - thermal conductivity
* Semenov Model A - radius of sphere, cylinder or slab

d — shape factor

* Assumes perfect stirring Ea _ o) leQZEa] R
: 2
* Convective heat transfer Te SaRT; S- surface area of charge
: . , a- heat flow coefficient at boundary
* Uniform temperature in the reacting mass T- critical temperature

* Heat loss to thermal gradient at vessel boundary
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Critical Temperature via Predictive Models

* Heat of decomposition used as 500 cal/g
* Density used were bulk densities for the material.

* Decomposition Kinetic Parameters (E, & Z) determined by

variable ramp rate DSC. R - gas constant - 1.987 cal/(mol*K)

Q - heat of decomposition - 500 cal/g

Log Heating Rate Versus 1/T (K) p - density - 1.00 g/cm?

1.60000 o 5

20000 E, - activation energy - From DSC
£ Loone s Z - frequency factor - From DSC
= 1 00000 .. A - thermal conductivity - 0.000507 cal/cm*S*C
£ oo A - radius of sphere, cylinder or slab
c .., . .
£ oo /- s0ss.xs 13203 O - shape factor - 2.75 for right cylinder
o 0:40000 | o-® V- volume of charge
~ 0:20000 S- surface area of charge

0.00000 5o

D001%E 000185 00019 00019 000194  0001% 000168 a- heat flow coefticient at boundary - 0.0022 cal/(cm?*s*C) steel
Reciprical Peak Temperature (1/K) T;- critical temperature
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Critical Temperatures via Predictive Models: CXM-AF-5

CXMAF-5 Critical Temperature

* From parameters the critical temperature for

o o increasing sample diameters were calculated.
| * Estimates from the Frank-Kamenetskii model
O P r (Sem Model)

o | predict at a 20” diameter the critical

-+=+« Power (F-K Model)

temperature for this material was 117.5°C
= i * Estimates from the Semenov model predict at a
o .= o P 20” diameter vessel the critical temperature for
i this material was 157.5°C
1400 Tc (°C) Tc (°C) Tc (°C) Tc (OC)
4 Material 1.0” Diameter 2.0” Diameter 3.0” Diameter 20.0” Diameter
e i | F-K Semenov F-K Semenov F-K Semenov F-K Semenov
oo 2 0 . E il IR S CXM-AF-5 174.0 193.5 159.5 183.7 151.5 178.6 117.5 157.5
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Critical Temperatures via Predictive Models: CXM-7

240.0
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CXM-7 Critical Temperature

10.0 15.0

Diameter (in)

* From parameters the critical temperature for
o semerov o increasing sample diameters were calculated.

® F-K Model

T * Estimates from the Frank-Kamenetskii model
o ] predict at a 20” diameter the critical
temperature for this material was 140.2°C

* Estimates from the Semenov model predict at a

20” diameter vessel the critical temperature for
this material was 172.3°C

y = 185,035 0222

I T T Al i Tc (°C) Tc (°C) Tc (°C) Tc (°C)
Material 1.0” Diameter 2.0” Diameter 3.0” Diameter 20.0” Diameter
| F-K Semenov F-K Semenov F-K Semenov F-K Semenov
CXM-7 185.2 200.0 173.9 192.6 167.6 188.6 140.2 172.3
20.0 25.0 30.0
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Validation of Values from Thermal Prediction Models

* The results from the predictive models were validated using a series of Slow Cook Off tests.

* In this series of tests the size of the containment vessel used for the explosive was increased between tests.
* The vessel used were right cylinders of 1 in., 2 in., and 3 in. diameters.

* Samples were initially heated to 120 °C and then allowed to equilibrate for 6 hours.

* Samples were then heated at 3.3 °C/min. until an event occurred.

* Post test evaluation of the differences between the oven and sample temperatures were evaluated to
measure onset of self-heating within the samples for comparison to the predictive models.
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Slow Cook-Off Testing (SCO) — Test Apparatus Setup

SSReontainer
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Slow Cook-Off Testing (SCO) — Test Apparatus Setup

To PLC Controller +— — — — & — ;— ——

Foam Board Tc1|te2| Teg| [vea Plywood Box
Insulation (14"x14"x14")
(1" thick) o -No window
\4 Thermocoupleg Thermocouples
(sample temp) (air/"oven” temp)

Cylinder with welded
supporting frame
(stainless steel)

To Temp <
Controller

[ ]
TC5

10" Dia. X 8" Pipe
wrapped with heat tape
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Slow Cook-Off Testing (SCO) — Test Facility Setup

Holston River
USB

Webcam
(mounted on tank)

Firing Tank

Pipe wrapped

Control Room with heat tape Tc1 TC2

|____' "__r__:_:_ii_n_u
| | CCTV
vy TC3/TC4
Data-logger I
Existing RJ45 |
DVR for < — 1
CCTV

Plywood Box \Sample inside
container

Temp Data-Logger
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Slow Cook Off (SCO) Test Pictures

)2/14/2019 10:33:39 A )2/14/2019 10:40:45

Sample Temp: 179.8*C Sample Temp: 186.7°C
40 mins before ignition Sample Temp: 182.9°C Started to off-gas

)2/14/2019 10:48:09 )2/14/2019 10:50.08 )2/14/2019 10:52:11
"

Sample Temp: 194.2°C Sample Temp: 193.9°C
Sample Temp: 193.2°C Sample volume reduced Further reduction in sample volume
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Slow Cook Off (SCO) Test Pictures

)2/1472019 10.53:18

)2/14/2019 105342

~.
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121472019 10:53:24

Sample Temp: 339.0°C
Camera melting
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Slow Cook Off (SCO) Test Pictures — Post test
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Slow Cook off (SCO) with 1” Diameter Right Cylinder Test Sample

Scatterplot of Oven Temp, Sample Temp and Delta T (Sample-Oven) vs hours Scatterplot of Delta T (Sample-Oven) vs Sample Temperature (Degrees C)
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Slow Cook off (SCO) with 2” Diameter Right Cylinder Test Sample

Scatterplot of Oven Temp, Sample Temp and Delta T (Sample-Oven) vs Time Scatterplot of Delta T vs Sample Temperature
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Slow Cook off (SCO) with 3” Diameter Right Cylinder Test Sample

Scatterplot of Oven Temp, Sample Temp & Delta T (Sample-Oven) vs Time Scatterplot of Delta T (Sample-Oven) vs Sample Temperature
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Comparison of SCO Testing to Predictive Models: CXMAF-5

CABSFRTR Al Temperatus Diameter F-K Model (T.°C) F-K Model (T,°C) % Error

240.0

] Predicted Measured from
o g N i e Predicted
linch 1740 178.0 2.3
St Zower(:(Modec:)R i
| | 2 inch 159.5 165.1 3.5
R el 3inch 1515 158.0 4.3
N ‘ Diameter F-K Model (T.°C) F-K Model (T.°C) % Error
ne ' .. T L,y = 177520095 PrediCted PrediCted Via from
s e £ S Measured values Predicted
20 inch 117.5 133.0 13.2
.0 5.0 10.0 § leStEr . 20.0 25.0 30.0
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Comparison of SCO Testing to Predictive Models: CXM-7
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CXM-7 Critical Temperature

15.0

Diameter (in)

Diameter F-K Model (T.°C) F-K Model (T,°C) % Error
i Predicted Measured from
[ ] ;1K MU%I:I = Predicted
1 inch 185.2 169.8 8.3
s 2inch  173.9 163.2 6.2
T 3inch 167.6 158.1 57
- Diameter F-KModel (T_°C) F-K Model (T_°C) % Error
; Predicted Predicted via from
Measured values Predicted
200 250 300 20 inch 140.2 140.4 0.1
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Summary

SSSSS

Semenov and Frank-Kamenteskii Models were used to estimate critical temperatures of increasing
diameter vessels

Slow Cook-Off Testing was performed to validate the predicted results from the models

The SCO test setup performed well throughout the testing. For future testing, it is suggested that the
data collection rate be slowed from two data points per second to a data point every 5 seconds to
reduce the amount of data collected and to potentially reduce noise in the data due to oversampling.

The measured Tc values for all RDX based samples were within 15% of the theoretical Tc calculated from
the F-K equation.

The measured Tc values for HMX based samples were within 16% of the theoretical Tc calculated from
the F-K equation.

The general agreement between these two methods supports the screening of the Tc of future products
via determination of the Arrhenius equation kinetic parameters using Differential Scanning Calorimetry

(DSC) and application of the F-K equation.
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