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Abstract:
The present paper is a part of an effort to describe a methodology for designing an
insensitive munition of type V against fast cook-off threat. Experimental investigation of
boundary conditions is carried out in order to simulate fuel fire tests numerically for thermal
analysis. The aim is to describe the boundary conditions for thermal analysis of the test item
being exposed during the fast cook-off test.
Thermal analyses are performed by the defined boundary condition (BC) in order to predict
time to reaction. Comparison between the numerical results and experiments are also made.
In addition, some information about the second part of the methodology is also provided.
1. Introduction:
Design phase of an insensitive warhead can be messy considering the number of tests which
should be carried on. Considering the cost and environmental concerns, among all other
Insensitive Munition (IM) sign tests fast cook-off will probably lead in a "number of tests to be
decreased" list for most nations.
In IM design, one of the important parameters to be predicted is time to reaction. This is
important for the precautions that are taken to work before reaction occurs. To be able to
foresee the time to reaction, one should either model the liquid fuel fire or force a boundary
condition which is eligible to mimic the fire itself. There are some calculation methods offered
by Pakulak [1] and Victor [2] to predict time to reaction for munitions. Both methods
proposing the use empirical equations to solve 1-D heat transfer equations. There is also a
boundary condition definition proposed by Victor [2] where temperature is assumed to be
constant throughout the test and is 1073°K with a convection coefficient of 6 W/m2K and
emissivity of 1. Applying heat flux as a boundary condition is another option. There are some
studies going on by FFE Working Group [3] to measure heat flux rates and compare the data
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with the alternative fast cook-off test measurements. This is being done as to check if there is
any alternative method eligible to mimic standard hydrocarbon fuel fire thermal load.
Measurements within the hearth of fire shows that, heat flux values vary between 100-150
kW/m2 [4].
The most time consuming but accurate way of predicting the time to reaction is probably
modeling the fire itself instead of applying the thermal load as a boundary condition. There
are some examples of fire modelling codes such as C-SAFE [5] and LES solver [6]. But as
these codes are not available for commercial use it has been decided to go on with the effort
of finding the least time consuming and “accurate enough way” of predicting the time to
reaction.
2-D and 3-D thermal analysis were performed using commercial ANSYS Fluent software as it
is commonly used in similar applications [7]. The aim was to conclude to a point of an
improved BC definition and to see how accurate the predictions are from 2-D and 3-D
analysis.
A generic test item has been designed and manufactured, aiming to visualize the time
passes till the reaction occurs from the initiation of the test. To come up with an improved BC
we have made surface temperature measurements over a single test item. These test items
can also be used to characterize ventilation characteristic which is mentioned as a future
work.
2. Description of the Test Items:
There are 2 different type of test items which differ on the length of explosive contacting
cylinder casing. The length ratio over test specimens are about ¾ and designed to see if
there is an effect of length on time to reaction. The short test item is shown in Figure 1. Two
different liner types (HTPB based thermoset liner and a thermoplastic liner) and two different
thicknesses (1 mm and 3.5 mm) are tested.
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Tab
ble 1. Heat G
Generation
n Constants [9]
ρ
(kg/m3)
1680

Qact
(J/kg)
2198070

Z
(1/s)
1
1.023x1014

E
(J/mol)
152716

R
(J/mol.K)
8.314

After the analyses of the firstt test item, surface tem
mperature from
f
the annalysis is co
ompared
with the
e test mea
asurements.. According
g to the co
omparison, a time deelay of 12 seconds
between
n the solutio
on and mea
asurement a
along time is observed (Figure 5).
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n of the
analyse
es. Both me
esh construc
ction and te
emperature gradients of
o test item containing 1 mm of
HTPB liner (for test cases 7-8) are shown
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ble 2. Comp
parison of Calculated
d and Test Observed TtR
Tab
Test Item
m Explosive
Liner
No
TThickness
L/D

ner Type
Lin

edicted TtR Pre
edicted TtR*
Pre
(sec.)
(sec)

Observed
TtR (sec.)

Difference
(sec.)

Error
%

1

2.67

3.50

HTTPB Based
Th
hermoset

238

226

200

26

13.1

2

1.71

3.50

Therrmoplastic
Liner

229

217

200

17

8.6

3

1.71

3.50

Therrmoplastic
Liner

229

217

186

31

16.7

4

1.60

1.00

Therrmoplastic
Liner

129

117

120

‐3

‐2.8

5

1.60

1.00

Therrmoplastic
Liner

129

117

108

9

8.0

6

1.60

1.00

Therrmoplastic
Liner

129

117

120

‐3

‐2.8

7

1.60

1.00

HTTPB Based
Th
hermoset

133

121

107

14

13.0

8

1.60

1.00

HTTPB Based
Th
hermoset

133

121

118
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2.5

*: Prediccted times to reactions arre corrected a
according to the observe
ed time delayy

The larg
gest differe
ence between the pred
dicted and observed ignition timees occurred
d with a
16.7 pe
ercent differe
ence for 8 tests.
t
Addre
essing the 16.7% diffe
erence, the prediction does
d
not
take into account the
t decomp
position/mellting of the liner and decompositi
d
on of the explosive
e
that occcurs before ignition in the analyse
es. It is ass
sumed that the liner thhickness is constant
c
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along the solution. These phase shifting and/or chemical reactions are thought to effect heat
transfer to explosive through the test item hence increasing the error.
Flame temperature may directionally vary within the hearth either caused by wind or the
chaotic environment of its nature. as shown in figure 4 different thermocouples have different
temperature readings. The temperature distribution between thermocouples is shown in
Figure 4. As mentioned above, the average of all 4 thermocouples is used as a temperature
boundary condition. On the other hand because of directionality of the flame, heat flux on
one surface might be higher than the other three causing a hot spot along the circular
direction. Thus, even if by small amounts we were already expecting to have different ignition
times for the test item having the same geometry and liner type/thickness.
Even with these limitations, predicted ignition time can be accepted to be close to the
experimental data.
5. Conclusion:
Total of 8 tests were examined in this study utilizing thermal modeling of liquid fuel fire. They
were performed in order to observe ignition time of generic test items. From the first test, an
improved temperature boundary condition is obtained. With the more realistic boundary
condition, 4 different analyses are conducted with 2-D, axisymmetric approach. This is done
since the 3-D model where the buoyancy terms are included does not change the predicted
time by more than %1.
Predicted ignition times and test results shows a maximum difference of 16.7%. Possible
reasons of this error are discussed above. An improvement on the methodology can be
made upon implementing a melting and/or decomposition model into the ANSYS Fluent. By
considering the current results methodology, using a 2-D axisymmetric thermal analysis for
predicting the time to reaction seems to be applicable.
By this work, it will be possible for one to predict the ignition time of a munition containing an
energetic material by knowing the heat generation characteristic of that energetic material.
Using the ANSYS Fluent or any other software that is eligible to model the heat transfer one
can also study possible critical thermal path of the energetic system and take necessary
precautions to avoid any violent reactions.
As a future study, ventilation characteristics of the energetic system is planned to be
considered. For this purpose, burn characteristics of PBXN-109 under relatively low
pressures (0-10 MPa) will be studied. Knowing the burn characteristics of the energetic
material, it will be possible to determine necessary ventilation area by means of selfdeveloped 1-D conservation of mass equation solver or 2-D Fluent simulations including both
energy and mass conservation. These critical ventilation area predictions shall be compared
with the experimental observations.
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