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Abstract

New types of rocket propellant batches have been formulated with the objective of achieving higher burning rates. The main
ingredients are (1) the energetic plasticizers glycidyl azide polymer-�,�-diazide (GAP)-A (short chain GAP with azide end
groups), trimethylolethane trinitrate (TMETN) and 1,2,4-butanetriol trinitrate (BTTN), (2) the energetic substances ammonium
perchlorate (AP) andε-CL20 (ε-HNIW, hexanitrohexazaisowurtzitane, crystallised inε-phase). The binder is GAP (glycidyl
azide polymer, diol component) cured with the polyisocyanate DesmodurTM N100. From the point of view of stability and
ageing, the interesting fact is that the formulations contain none of the typical stabilisers for the nitric acid ester components
TMETN and BTTN, although their contents range up to 21 mass%. One reason for doing so is to increase the content of
the high energy ingredients. Seven formulations were examined in more detail. To assess basic stability the autoignition
temperature test, Dutch mass loss test and vacuum stability test were used. To investigate ageing, two measurement quantities
are applied: heat generation rate (heat flow) as function of time at 70, 80 and 89◦C and mass loss as function of time at the
temperatures of 70, 80 and 90◦C. The evaluation of the measurements was done with reaction kinetic models. One batch
(#189) containing BTTN shows significantly lower activation energy and pre-exponential factor. From mass loss one gets as
activation energy for #189 of 101 kJ mol−1 in comparison to the range of 126–135 kJ mol−1 for the six other batches. But,
based on the ageing caused by chemical decomposition reactions, all seven batches showed a good ageing behaviour. A use
time period of up to 20 years of use seems realistic.
© 2003 Published by Elsevier Science B.V.
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1. Introduction

The objective of this investigation is to evaluate
the types of ingredient mix named HFK as possible
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rocket propellants with acceptable ageing behaviour
and to correlate it with their compositions, which are
shown inTable 1for seven HFK batches numbered
from 178 to 189. The compositions are designed to
get high burning rates. Information about the burning
behaviour can be found in[1]. Using the data from
typical stability tests, it is not possible to predict the
ageing caused by decomposition reactions. The pur-
pose of these tests is to get basic stability data in a short
time, because the applied test temperatures of about
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100◦C and more are much higher than the meteorolog-
ically determined in-service temperatures, which are
not higher than about 71◦C [2]. This is the possible
maximum induced daily temperature in the material
beneath its surface in hot and dry areas. To assess age-
ing one needs time-temperature data of the properties
between 50◦C and a maximum of 90◦C. For unknown
formulations simplified methods using reduced mea-
surement data sets are not applicable due to the lack of
the necessary data base. To establish such a data base,
heat generation rates and mass losses as function of
time and temperature have been determined. With un-
known formulations at least two methods with a dif-
ferent probing of the material should be used. The two
types of probing here are the split-off of decomposi-
tion gases and the heats of reactions. The summarised
effect of the reaction heats was measured as heat gen-
eration rate using a microcalorimeter of type TAM
(Thermal Activity Monitor), produced by Thermomet-
ric AB, Sweden. The split-off gases were determined
as mass loss by weighing of samples stored in vials
inserted in PID-controlled ovens, whereby the weigh-
ing intervals were adjusted to the decomposition rate.

Table 1also lists the data for the heats of explo-
sion QEX of the formulations. The values have been
calculated using the ICT Thermodynamic Code and
the data from the ICT Thermochemical Data Base[3].
ExperimentallyQEX is the heat produced by burning
of the samples in a calorimetric bomb apparatus in an

Table 1
Composition of the seven investigated HFK batches with the numbers 178–189 and their heats of explosionQEX with water as liquid and
water as gaseous

Batch #

178 180 181 182 184 185 189

GAP-A (mass%) 12.25 14 9 – – 10.5 9
TMETN (mass%) 12.25 14 9 18 21 10.5 2.25
BTTN (mass%) – – – – – – 6.75
GAP-N100 (mass%) 10.5 7 12 12 14 14 12
ε-CL20 (mass%) 42 42 47 47 42 42 47
AP (mass%) 20 20 20 20 20 20 20
Others (mass%) 3 3 3 3 3 3 3
QEX (gaseous water) (J g−1) 4540 4670 4700 5050 4880 4510 4750
QEX (liquid water) (J g−1) 4840 4940 4960 5370 5200 4750 5020

TMETN: trimethylolethane trinitrate; BTTN: 1,2,4-butanetriol trinitrate; GAP: glycidyl azide polymer (polyurethane prepolymer,
diol component); GAP-A: short chain GAP with N3-end groups instead of OH-end groups; N100: DesmodurTM N100 (Bayer
AG, Germany), polyisocyanate (curing component); AP: ammonium perchlorate;ε-CL20: hexanitrohexazaisowurtzitane (HNIW)
(2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaaza-tetracyclo [5.5.0.05,9.03,11]-dodecane), crystallised inε-phase.

inert atmosphere. To determine the heat of combustion
a pressurised oxygen atmosphere is used.

2. Results

2.1. Basic stability test data

Three tests have been applied: autoignition temper-
ature test (AIT), Dutch mass loss test (Dutch stability
test, DT), vacuum stability test (VST). Descriptions
of the tests can be found in[4–6]. To determine the
autoignition temperature (thermally induced deflagra-
tion) the dynamic method was used. The start temper-
ature was 100◦C. The sample of 0.2 g is then heated
up with 5◦C/min in glass vial with a Wood’s metal
bath. The temperature of reaction, with these batches
always recognised as a bang, is recorded as autoigni-
tion temperature. The Dutch stability test is based on
mass loss measurements. An amount of 4 g per glass
vial is heated at 105◦C or 110◦C for 72 h, whereby
during the first 8 h the vials are open to facilitate the
escape of volatiles. Then the vials are weighed and
heated further, closed with an inserted ground glass
stopper. The mass loss between 8 and 72 h is used as
criterion. The VST is well described in[6]. It deter-
mines the amount of split-off gases in an evacuated
glass apparatus with a defined sample amount over a
given time period at a given test temperature. The test
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Table 2
Results of the stability tests

Limit value Batch #

178 180 181 182 184 185 189

Autoignition temperature, 0.2 g, 5◦C min−1 heat
rate (◦C)

≥170 172 173 175 172 170 176 177

Dutch ML test, 105◦C, 4 g, ML at 72 h minus
ML at 8 h (%)

≤2 0.78 0.75 0.68 0.90 1.11 0.80 0.75

Vacuum stability, 100◦C, 40 h, 2.5 g (ml g−1) ≤1.2 1.55 1.56 1.32 1.74 2.06 1.49 1.54

conditions are given inTable 2. They vary correspond-
ing to the type of materials. The results of the AIT and
of the DT fulfil the corresponding limit criteria. The
data of the VST are all above the limit value but this
is caused by the high test temperature. With formu-
lations containing nitric acid ester compounds a tem-
perature of 90◦C is generally used, but here 100◦C
was applied because of comparability with other data
sets. According to the rule of thumb, the reduction
of the temperature by 10◦C reduces the evolved gas
amount by a factor of about 3 and the given limit of
1.2 ml g−1 is fulfilled. The actual factors found with
these batches are listed inTable 7.

2.2. Mass loss data

As an example of all investigated HFK batches the
mass loss data of HFK 178 at 90◦C are shown inFig. 1
as function of time. The data of both parallel samples

Fig. 1. Mass loss data of HFK 178 at 90◦C. The data of both parallel samples coincide.

coincide, which was the case for all batches at all mea-
surement temperatures. InFig. 2the averaged ML data
at 90◦C of each of the seven HFK batches can be seen.
HFK 184 with 21 mass% TMETN as the only plasti-
cizer has the highest decomposition ratekML (means
the greatest slope of the linear part of the curves), fol-
lowed by HFK 189 with TMETN+BTTN and GAP-A
as the system of plasticizers. This is followed by HFK
182 with 18 mass% TMETN. HFK 180 and 181 show
the lowest decomposition rate. InFig. 2the curves ob-
tained according to model ‘ML: linear+ exponential’
are also included, seeSection 3.1. All data descriptions
are very good, which is also documented by the high
correlation coefficients. The ML curves show an ini-
tial flexure, then a linear increase. In terms of reaction
kinetics, the linear increase means a global decompo-
sition reaction of zero order. In detail, the decomposi-
tion course is much more complex, and therefore this
linear part of the mass loss is named decomposition
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Fig. 2. Mass loss data of seven HFK batches at 90◦C. The lines are the model ‘ML: linear+ exponential’.

reaction of pseudo zero order.Figs. 3 and 4show
the averaged ML data and modelling at 80◦C and at
70◦C. Qualitatively the behaviour is identical to that
found at 90◦C. But HFK 189 changes its ageing be-
haviour at lower temperature; it is now the batch with
the highest mass loss rate.

2.3. Heat generation rate data

The heat generation rates (HGR) dQ/dtof the HFK
batches at 89, 80 and 70◦C are shown inFigs. 5–7.
With the used microcalorimeter 89◦C was the high-
est possible measurement temperature. By integration

Fig. 3. Mass loss data of seven HFK batches at 80◦C. The lines are the model ‘ML: linear+ exponential’.

over time, the heat generations (HG)Q are obtained,
which are also presented in the figures with bold lines,
correlating with the right ordinates. The measurement
procedure used is different compared with the one
used for the mass loss measurements. In that case, new
unstressed sample material was taken at each temper-
ature. Here the measurements start with unstressed
material at 80◦C, Fig. 6. Then, using the same sam-
ples, the measurements continued at 70◦C (Fig. 7) and
then the measurements were taken at 89◦C (Fig. 5).
This procedure is named ‘pseudo-iso-conversion’
method, also abbreviated to ‘pic mode’. The conver-
sion achieved at 80◦C is nearly not changed at 70◦C
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Fig. 4. Mass loss data of seven HFK batches at 70◦C. The lines are the model ‘ML: linear+ exponential’.

because of the lower decomposition rate and the short
measurement times. At 89◦C one has again nearly
the same conversion state as at 80◦C. At this state of
conversion the Arrhenius parameters can be obtained
in a much shorter time than using unstressed mate-
rial at all measurement temperatures. This method
works well if the sample decomposes with one de-
fined reaction. In the case of a defined reaction of
zero order this method is even free of error. One
measures just the HGR, which is directly propor-
tional to the reaction rate constant. With autocatalytic

Fig. 5. Heat generation rate dQ/dtand heat generationQ (bold lines) of HFK batches at 89◦C, determined in pseudo-iso-conversion mode
after measurements had been taken at 80 and 70◦C.

systems the HGR will not scale correctly in pic
mode.

There is one obvious difference in the HGR curves
measured using unstressed material and in pic mode.
At the beginning, the unstressed material shows a peak
in the curves. This is the HGR caused by the resid-
ual curing reaction of the polyurethane binder and
from the initial decomposition reaction, which both
does not occur in the pic mode measurements be-
cause of finishing these reactions at 80◦C. To separate
the curing reaction from the main decomposition part
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Fig. 6. Heat generation rate dQ/dt and heat generationQ (bold lines) of HFK batches at 80◦C, determined using unstressed samples.

(pseudo zero order reaction) relatively long measure-
ment times have been necessary, even at 80◦C. From
Fig. 6one can assume that the curing reaction is nearly
immeasurable after about 15 days. The curing reac-
tion overlays the initial decomposition reaction found
with mass loss measurements, seeSection 3.2.

For all HFK batches the HG has an analogous
course to the ML: the initial flexure (with unstressed
material) is followed by a linear increase, which again
is indicative of a global decomposition reaction of

Fig. 7. Heat generation rate dQ/dtand heat generationQ (bold lines) of HFK batches at 70◦C, determined in pseudo-iso-conversion mode
after measurements had been taken at 80◦C.

pseudo zero order. Both measurement quantities mass
loss and heat generation rate lead to the same interpre-
tation of the data. However, the residual curing as an
addition reaction to form the polyurethane binder is
not recognised by mass loss, but this is an advantage
of this method in the context of stability and age-
ing assessment. InTable 3HGR data are compiled.
All data are taken in the region with a pseudo zero
order behaviour, that means the HGR is nearly con-
stant with time. Additionally the extrapolated HGR
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Table 3
Heat generation rate data dQ/dt (�W g−1) from the linear part in HG of HFK batches obtained after the given measurement times

Time (day) 178 180 181 182 184 185 189

70◦C, pic mode after 80◦C 3.0 2.16 – 1.76 2.62 3.04 2.22 4.25
80◦C unstressed sample material 27.5 7.38 7.46 6.26 8.69 10.55 7.16 11.95
89◦C, pic mode after 80, 70◦C 2.0 25.43 – 21.42 29.87 35.95 24.08 32.48
90◦C, extrapolated from 80 and 89◦Ca – 29.18 – 24.56 34.26 41.20 27.55 36.30

‘pic’ mode means measured in ‘pseudo-iso-conversion’ mode. Included are the extrapolated data for 90◦C.
a Equation used for extrapolation:q̇(90◦C) = q̇(80◦C)(q̇(89◦C)/q̇(80◦C))1019.

at 90◦C are listed. They have been obtained with the
formula given inTable 3. The extrapolation is based
on the Arrhenius dependence.

3. Discussion

3.1. Mass loss

The mass loss data are analysed using the model
‘ML: linear + exponential’, corresponding to ‘zero
order reaction+ first order reaction’. The reaction
scheme is shown inEq. (1), it is formulated in molar
concentrations with (−�HR,i) as reaction enthalpies.

A
kA−−−−→ C + S (−�HR,A)

V
kV−−−−→ V− (−�HR,V)

(1)

The global main component A of a formulation de-
composes to gaseous products C (in the scheme C cor-
responds to all gaseous products) and in the residue
remaining products S (S corresponds to all remaining
products). On the possible products C, S and V only
general statements are possible. Gaseous species can
be N2, N2O, CO, CO2, HCN, H2O, NO, NO2, which
have been detected during thermal decomposition of
CL20. Solid residues may be condensed oligomeric
substances from CL20 and from GAP. The main com-
ponent A is assigned to a reaction of zero order. The
minor component V can evaporate or decompose into
gaseous products V− according to a reaction of first
order. The initial mass of V in the sample is expressed
as part of the total sample massM, MV(0) = aM(0).
The detailed derivation can be found in the literature
[7,8]. Using the following model settings,Eq. (2) re-
sults, formulated for the mass loss ML.

• MS(0) is zero.

• The massMN of a non-reacting ingredient is small.
• The molar mass ratiomC/mA is set approximately

to one.

ML (t, T ) = OFML + 100%

(
mC

mA
(1 − a)kML (T )t

+ a(1 − exp(−kV(T )t))

)
(2)

kML (T ) = kA(T )
mA

MA(0)
(3)

kML (T) is connected with the reaction rate constant
kA(T) from Eq. (1) via Eq. (3). In the experimental
data the offset OFML was always zero. Then only
three model parameters remain to be determined:
a, kV and kML , which is done with a non-linear fit
algorithm.

The model results are summarised inTable 4. The
reaction rate constantkML and the mass fractiona are
scaled by 100%. The correlation coefficients of the
model descriptions of the seven batches are high at
all temperatures. Qualitatively, all HFK batches show
identical ageing behaviour (seeFigs. 2–4). The Arrhe-
nius parameters ofkML (T) 100% are given inTable 5.
Also a step by step evaluation was performed, that
means the calculation of the Arrhenius parameters us-
ing pairs of temperatures. From this, one can see the
tendency that the activation energies decrease with
decreasing temperatures. The changes in Ea are al-
ways greater than the standard deviations. InFig. 8
the corresponding Arrhenius plots are given. This ef-
fect is pronounced with HFK 189, the lower value of
86.3 kJ mol−1 is about 26% less than the higher value.
The values fora and kV(T) seem to contain several
contributions: evaporation of water and maybe some
other volatiles and decomposition of ingredients. This
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Table 4
The model parameterskML , kV and a, and the correlation coefficients of the model fits

178 180 181 182 184 185 189

90◦C
kML × 100% (% per day) 0.036 0.035 0.034 0.042 0.054 0.039 0.048
kV (per day) 0.24 0.41 0.34 0.22 0.24 0.25 0.43
a × 100% (%) 0.35 0.25 0.26 0.29 0.31 0.27 0.30
Correlation coefficient 0.9995 0.9996 0.9995 0.9993 0.9993 0.9996 0.9997

80◦C
kML × 100 (% per day) 0.0106 0.0089 0.0093 0.0114 0.0145 0.0111 0.0160
kV (per day) 0.244 0.297 0.352 0.275 0.322 0.419 0.23
a × 100% (%) 0.24 0.22 0.21 0.18 0.17 0.19 0.30
Correlation coefficient 0.997 0.995 0.996 0.997 0.999 0.999 0.9994

70◦C
kML × 100% (% per day) 0.00315 0.00255 0.00291 0.0032 0.00395 0.00325 0.00679
kV (per day) 0.656 0.396 0.558 0.719 0.415 0.542 0.080
a × 100% (%) 0.18 0.19 0.14 0.12 0.14 0.15 0.31
Correlation coefficient 0.995 0.994 0.996 0.997 0.997 0.997 0.999

kML and a are scaled by 100%.

explains the inverse increase of the values of most of
kV(T).

To assess the in-service time periods one defines
an allowed limit value of a quantity. With mass loss
generally 3% is taken. The degree of mass change
is yMŁ and given byEq. (4). With Eq. (5) the times
tyMŁ ,L(T) to reach the given limit valueML or the
limit degreeyMŁ ,L can be calculated. As mass loss

Fig. 8. Arrhenius plot of the reaction rate constantskML (T) from mass loss measurements. The tendency of decreasing activation energy
with decreasing temperature is indicated. The reversal in the reactivity between HFK 189 and 184 can be seen.

the quantityyML = (1−yMŁ ) is a conversion quan-
tity. The times to reach 3% ML at 50◦C are listed in
Table 6.

yMŁ ,L = ML

M(0)
= Mr,L = 1 − kML (T ) tyMŁ ,L(T ) (4)

tyMŁ ,L(T ) = 1 − yMŁ ,L

kML (T )
= yML ,L

kML (T )
= tyML ,L(T ) (5)
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Table 5
Arrhenius parameters of the reaction rate constantskML (T ) × 100%

Temperature
range (◦C)

178 180 181 182 184 185 189

90–70 EaML (kJ mol−1) 126.2± 2.3 135.6± 5.8 127.2± 6.1 133.3± 3.2 135.4± 2.7 128.7± 3.0 101.1± 8.9
log(ZML (% per day)) 16.70± 0.35 18.03± 0.86 16.82± 0.90 17.79± 0.47 18.20± 0.40 17.09± 0.40 13.21± 1.32
Correlation coefficient 0.9998 0.9991 0.9989 0.9997 0.9998 0.9997 0.9962

Pairs of temperature evaluation

90–80 EaML (kJ mol−1) 130.4 146.0 138.2 139.1 140.2 134.0 117.1
log(ZML (% per day)) 17.31 19.55 18.41 18.62 18.90 17.86 15.53

80–70 EaML (kJ mol−1) 122.3 125.9 117.1 128.0 130.9 123.7 86.3
log(ZML (% per day)) 16.11 16.58 15.28 16.99 17.53 16.34 10.97

A calculation of the parameters using pairs of temperatures is shown, indicating the tendency of the change in the parameters going from higher to lower temperatures. The
change in activation energy with temperature is greater than the standard deviations.
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Table 6
Times tyML ,L (T ) in years to reach a mass loss of 3% at 50◦C, calculated according toEq. (5)with the corresponding Arrhenius parameters
for kML (T ), in dependence of the temperature range

Temperature range (◦C) 178 180 181 182 184 185 189

90–70 tyML ,L (50◦C)/a 41.1 63.6 45.2 46.9 39.9 42.5 11.1
90–80 tyML ,L (50◦C)/a 48.2 92.1 69.7 60.1 47.5 51.8 20.6
80–70 tyML ,L (50◦C)/a 37.5 48.5 36.6 41.2 35.0 37.1 7.8

The often referred factors for an increase or decrease
of the reaction rate constants in changing the temper-
ature by 10◦C are given inTable 7; the experimental
ones and the ones calculated with the corresponding
activation energies.

3.2. Heat generation rate

The two parts of the model for mass loss,Eq. (2), are
given with heat generation byEq. (6) for the pseudo
zero order reaction and byEq. (7) for the first order
part. OFQ is as OFML a possible offset. A third contri-
bution to the total HG is shown byEq. (8). It stands for
the residual curing reaction of the binder. This curing
reaction is no longer present in the materials measured
in pic mode as is true also for the first order reaction
part.

QA(t, T ) = OFQ + (kQ,A(T )t) with

kQ,A(T ) = kA(T )(−�HR,A) (6)

QV(t, T ) = OFQ + (−�HR,V)a(1 − exp(−kV(T )t))

(7)

Qcuring(t, T ) = OFQ + (−�HR,curing)Fcuring(t, T )

(8)

For the kinetic expressionFcuring(t, T) a simple ap-
proximation would be a bimolecular addition reaction
between the OH-groups of GAP and the isocyanate
groups of N100. Some diffusion determined part in
this reaction would be neglected. The complete model
has then many parameters to be fitted. Including the
heats of reaction one has fromEq. (6)two parameters,
from Eq. (7)three and fromEq. (8)also at least three.
The shape of the HGR curves is to un-structured to get
any significant data by fitting eight parameters. Even
with information about (−�HR,curing), and using data
from mass loss forkV and fora, to much parameters

remain. Therefore, a full modelling was not obtainable
and the nearly constant heat generation rates (repre-
senting formal zero order reactions) have been used
for the evaluation.

In Table 8the Arrhenius parameters determined us-
ing the experimental data fromTable 3are presented.
As a reminder, index G indicates the global type of
the heat generation rates measured in complex sys-
tems such as the HFK batches. Also an evaluation was
made using pairs of temperatures. The same results are
obtained here as were obtained with mass loss. As the
temperature decreases, the tendency of decreasing ac-
tivation energies is recognisable.Fig. 9shows the cor-
responding Arrhenius plots. The factors for increase
or decrease of the reaction rate constants in heat gen-
eration with a 10◦C temperature step are listed. They
show qualitatively the same behaviour as the factors
for mass loss rates.

The in-service time periods based on HGR and HG,
respectively can be determined analogously to the
same way as with mass loss[9]. One uses always a
conversion quantity. The times to reach the limit value
of a conversion are the looked for use time periods.
But there is one essential difference. For mass loss
the easily determinable initial valueM(0) is available
as the reference. For HG the corresponding refer-
ence value is the value obtained after the complete
decomposition reaction of the substance,but at the
temperatures of interest. These data are practically not
obtainable on formulations investigated here. It would
take many years of measurement. Therefore the heat
of explosionQEX is taken asQreference. This may re-
sult in a systematic error, because the decomposition
reactions are different when obtainingQEX compared
with the slow ageing at temperatures between 30
and 90◦C. In the first case thermodynamics nearly
completely controls the reaction channels, in the sec-
ond case kinetic control is dominant.Eq. (9) gives
the definition of the degree of energy change in the
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Table 7
Factors for increase/decrease of the reaction rate constant in mass loss with a 10◦C temperature step, determined according to the experimental data and calculated with the
derived activation energies (from 70 to 90◦C)

Temperature
range (◦C)

178 180 181 182 184 185 189

Experimental Ea Experimental Ea Experimental Ea Experimental Ea Experimental Ea Experimental Ea Experimental Ea

90–100 3.06 3.33 3.09 3.27 3.33 3.13 2.45
80–90 3.40 3.26 3.93 3.57 3.66 3.30 3.68 3.49 3.72 3.56 3.51 3.34 3.00 2.58
70–80 3.37 3.50 3.49 3.84 3.20 3.54 3.56 3.76 3.67 3.83 3.41 3.59 2.36 2.73
60–70 3.77 4.16 3.81 4.07 4.16 3.87 2.90
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Table 8
Arrhenius parameters calculated from the pseudo zero order HGR data given inTable 3

Temperature
range (◦C)

178 180 181 182 184 185 189

89–70 EaQ,G (kJ mol−1) 134.8± 5.9 – 135.4± 5.2 134.2± 6.1 135.0± 5.1 130.6± 6.6 111.5± 3.5
log(ZQ,G (�W g−1)) 20.84± 0.87 – 20.84± 0.77 20.81± 0.90 21.02± 0.76 20.20± 0.98 17.58± 0.51
Correlation coefficient 0.9991 – 0.9993 0.9990 0.9993 0.9987 0.9995

Pairs of temperatures evaluation
89–80 EaQ,G (kJ mol−1) 146.2 – 145.3 145.9 144.9 143.3 118.1

log(ZQ,G (�W g−1)) 22.49 – 22.29 22.52 22.45 22.05 18.55

80–70 EaQ,G (kJ mol−1) 125.7 – 127.3 124.7 127.0 120.3 106.1
log(ZQ,G (�W g−1)) 19.46 – 19.62 19.39 19.81 18.65 16.77

A calculation of the parameters using pairs of temperatures is shown, indicating the tendency of the change in the parameters going from higher
to lower temperatures. The change in activation energy with temperature is greater than the standard deviations.

formulation. The permitted limit valueQL is typically
97% of the reference, means a reduction in energy or
an energy loss of 3%. For the standard case, the times
tyQ,L(T) must be determined usingEq. (10) [9].

yQ,L = QL

Qreference
= 1 − Q(tyQ,L(T ))

Qreference
(9)

(1 − yQ,L)Qreference=
∫ tyQ,L (T )

0

dQ(t, T )

dt
dt (10)

For a zero order reactionEq. (10) simplifies to
Eq. (11). According toEq. (12) the needed HGR

Fig. 9. Arrhenius plot of the reaction rate constantskQ(T) from heat generation rate measurements. The tendency of decreasing activation
energy with decreasing temperature is indicated. The reversal in the reactivity order between HFK 189 and 184 can be seen. HFK 180
was not measured.

values can be calculated at the required temperatures
with the Arrhenius parameters.Tables 9 and 10shows
the times necessary to reach an energy loss of 3%
at 50◦C, using the Arrhenius parameters determined
between 70 and 89◦C.

tyQ,L(T ) = (1 − yQ,L)Qreference

dQ(T )/dt
(11)

ln

(
dQ(T )

dt

)
= ln(kQ,G(T )) = ln(ZQ,G) − EaQ,G

RT
(12)
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Table 9
Factors for increase/decrease of the reaction rate constant in heat generation rate with a 10◦C temperature step, determined according to the experimental data and calculated
with the derived activation energies (from 70 to 89◦C)

Temperature
range (◦C)

178 180 181 182 184 185 189

Experimental Ea Experimental Ea Experimental Ea Experimental Ea Experimental Ea Experimental Ea Experimental Ea

90–100 3.31 – – 3.32 3.29 3.31 3.19 2.69
80–90 3.94 3.54 – – 3.91 3.56 3.93 3.52 3.89 3.55 3.83 3.40 3.03 2.84
70–80 3.48 3.81 – – 3.54 3.83 3.45 3.79 3.53 3.82 3.30 3.65 2.87 3.02
60–70 4.13 – – 4.15 4.10 4.14 3.95 3.23

The factors for the step 80–90◦C was calculated using the extrapolated heat generation rate values (seeTable 3).
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Table 10
Times tyQ,L in years to reach 3% energy loss at 50◦C calculated usingEq. (11)

178 180 181 182 184 185 189

QEX,gw (J g−1) 4540 4670 4700 5050 4880 4510 4750
tyQ,L (50◦C)/a 38.4 – 49.7 36.6 29.4 34.9 12.5
rC,FK (50◦C)/m 3.78 – 4.22 3.51 3.19 3.68 2.32
rC,FK (71◦C)/m 0.87 – 0.97 0.81 0.73 0.89 0.70
rC,FK (90◦C)/m 0.27 – 0.30 0.25 0.23 0.28 0.27
rC,FK (110◦C)/m 0.09 – 0.10 0.08 0.07 0.10 0.11

The reference quantityQreferenceis the heat of explosion with gaseous waterQEX,gw. Furthermore the critical radiusrC,FK (values in meters)
is listed according to Frank–Kamenetzkii for a cylindrical shape (infinite length) at several environmental temperatures Tw between 50
and 110◦C, calculated usingEq. (13).

Table 10also contains additional data for the ther-
mal critical radius of the HFK batches, calculated
according to the Frank–Kamenetzkii description of
thermal explosion caused by self heating in station-
ary phases,Eq. (13). The meaning of the symbols
is given with the equation. The value of the dimen-
sionless critical Frank–Kamenetzkii parameterδc is
2.0 for a cylinder with infinite length. The values
of 0.2 W m−1 K−1 and 1.6 g cm−3 have been taken
for heat conductivity and mass density. Based on
the Arrhenius parameters ofTable 8between 70 and
89◦C, the results for the values ofrC,FK show that
problems may arise if heating of the propellant can-
not be avoided when the rocket system is at high
speed.

rC,FK =
√

δcλ

ρ

RTw2

EaQ,G

1

ZQ,G
exp

(
+EaQ,G

RTw

)
(13)

whereδc is the critical Frank–Kamenetzkii parame-
ter (FKPC), its value is shape dependent;rC,FK the
thermal critical radius at given wall temperature Tw;
ρ the mass density;λ the heat conductivity; Tw the
storage temperature (wall temperature of the sample)
in Kelvin; R the general gas constant; EaQ,G the acti-
vation energy of the global heat generation rate; and
ZQ,G is the pre-exponential factor of the global heat
generation rate.

4. Conclusion

The ranking of the HFK batches correspond-
ing to their ageing rate is: according to mass loss,

evaluated withkML

90◦C 184 > 189 > 182 > 185 > 178 > 180≈ 181
80◦C 189 > 184 > 182≈ 185 > 178 > 181≈ 180
70◦C 189� 184 > 185≈ 182 > 178 > 181 > 180

according to heat generation rate, evaluated with HGR
in the linear region

89◦C 184 > 189 > 182 > 178 > 185 > 181
(no data for 180)

80◦C 189 > 184 > 182 > 180 > 178 > 185 > 181
70◦C 189� 184 > 182 > 185≈ 178 > 181

(no data for 180)

The main sequence is determined by the nitric acid
esters BTTN and TMETN which explains the series of
189, 184 and 182. After the position of HFK 182 the
differences in the rates are quite small, and the more
detailed ranking following the position of HFK 182
seems to be co-influenced by the reactive interaction
between GAP andε-CL20 [10]. A different temper-
ature dependence is indicated for HFK 189. It shows
a lower activation energy than the other batches.
However, based on the summarised chemical decom-
position reactions, the thermal ageing behaviour of
all investigated HFK batches is favourable, in spite
of the lack of stabilisers for the nitric acid ester plas-
ticizers. Both measurement methods mass loss and
heat generation rate provide congruent information
on the ageing of the HFK batches.
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