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Abstract

The new precision machine gun in development at company Diehl uses a propellant
charge without any case. It is based on consolidated NC double base ball powder. For
ballistic reasons a defined distance between propellant charge body (PB) and the wall of
the combustion chamber must be adjusted and for this a new feature was developed in
cooperation with Fraunhofer ICT. The distance is achieved with foam stripes based on
polyurethane energized by HMX. To avoid a degradation of the ballistic properties dur-
ing use time, compatibility investigations using heat flow microcalorimetry have been
performed to select suitable foam formulations. For this special assessment the criteria
have been developed. A further design feature is a thermal insulation between the com-
bustion chamber wall and the PB. This is also achieved by the energetic PUR foam. To de-
sign and predict this thermal insulation, FE calculations have been made using the ther-
mal property and decomposition characteristics of the energetic foam and the PB, which
have been parameterized by iso-conversional analysis. The calculations have been com-
pared with real measurements of the times to autoignition at different burning chamber
temperatures.

Keywords
Caseless propellant charge, NC-based propellant, energetic PUR foam, compatibility, mi-
crocalorimetry, iso-conversional analysis, FE calculations, times to autoignition.

1. Introduction

The new demands with respect to costs and efficiency in tactical response have been one
motivation for company Diehl to develop a new weapon system, which allows fast and
very precise counteracting especially in improvised and high mobility attack situations.
The state of design is a machine gun for 12.7 mm caliber with a special design in loading
projectile and propellant charge /1/. Both are separated and loaded separately in two
rotating dual chamber devices. The projectile chamber is also separated from the barrel.
A further feature is the propellant charge, without casing and made from consolidated
double base ball powder. This new loading system ensures precise positioning of the
projectile and avoiding ‘lateral’ effects as they occur with conventional ammunition.

The operation principle of the machine gun is shown in the Figures 1 to 4. Fig. 5 presents
a view of aligned projectile and propellant charge body in firing position. In Fig. 6 photo-
graphs of the propellant body can be seen together with a schematic scetch of it. On the
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Fig. 1: Situation before starting cycles: loading and firing. Above double the pro-
jectile chamber, below the double charge chamber.
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Fig. 2: Loading the projetile (above) and the charge (below) simultaneously in the
two different chambers. After the loading, the two double chambers
counter rotate by 90° into the firing position, where loaded projectile
chamber and loaded charge chamber are in line.
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Fig. 3: Firing position, the breech of the charge chamber is closed. After firing the
two double chambers rotate further by 90° to the loading position.
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Fig. 4: Before loading again, the two chambers from the beforehand firing
position are checked by the deloading device. If the shot would have been
unsuccessful, these chambers would be cleared before their next loading.
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Fig. 5: Expanded view of projectile and charge aligned in firing position.
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Fig. 6: Left: Photographs of the propellant body PB, made from glued ball pow-
der, in uncoated form and coated with energetic PUR foam and equipped
with four spacers, also made from energetic PUR foam. Right a schematic
scetch of the PB in the burning chamber.

left side of Fig. 6, the left part shows the uncoated body made from ball powder, the
right part shows the PUR coated body and the applied PUR spacers. Besides the precis-
cion loading advantage the thermal load on the projectile and charge chambers is redu-
ced in using the double chamber system for both ammunition parts. This increases again
the precision and helps to avoid cook-off effects of the NC-based charge body. This
charge is made from conventional double base ball powder consolidated by glueing the
balls together. The glueing is made in such a way that during ignition the body desinte-
grates easily into the balls and the known and precisely adjustable ballistics of phlegma-
tized ball powder can be used in propelling the projectile. To facilitate the fragmenta-
tion the propellant charge body (PB) should have a free space to the combustion
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chamber wall. This is achieved by spacer stripes and a central bore in the body. In order
to have complete combustion of stripes they are made from HMX (octogen) filled poly-
urethane foam. Additionally to the spacers a coating is applied on the propellant body
made with the same energetic PUR foam. The demands on the coating and spacer mate-
rial are: (i) the coating must form a closed surface; (ii) it must have the neceassary
strength; (iii) it must be combustible; (iv) it must have a high autoignition temperature;
(v) it should have a low heat conductivity; (vi) last but not least it must be compatible
with the propellant body material. The PUR foam material for the spacers and the coat-
ing was developed by Fraunhofer ICT applying the experience gained with the work on
caseless foamed propellant charges for telescoping projectiles /2, 3/. During the time
period from loaded to unloaded position no cook-off may be caused by the heated up
combustion chamber walls.

The two demands comaptibility and cook-off probability have been investigated by
Fraunhofer ICT. The compatibility was determined using heat flow microcalorimetry /4/.
The cook-off behaviour of the spacers and the PB was evaluated by FE (finite elelement)
calculations using the thermal properties and decomposition behaviour of the PUR foam
material and the PB. The cook-off behaviour was also experimentally determined by
company Diehl, after the simulations have been performed.

2.  Compatibility investigations between PUR foam and PB
2.1 Prerequisites for the compatibility assessment

For assessing compatibility or reactivity the best is to use a procedure based on the excess
chemical conversion /4/. The excess reaction part or the excess conversion is obtained by
the difference of measured quantities P. This means the values of the single components
are subtracted from the value of the mixture. This is analogous to the thermodynamic
description of mixtures with excess quantities. The here used reactivity functions Ry(t,T)
are defined as the difference of measured quantities P, Eq.(1), which are scaled in sub-
stance amount and taken as absolute, Eq.(1), or reference value normalized quantities,
Eg.(2). They can be formed also with mixture ratios based on molar amount, volume, sur-
face or number of reactive groups. With 1:1 mixtures by mass one has Mg/Mg = 0.5 in the
equations below. Eq.(2) shows the fully normalized reactivity expression R, (t,T), which is
a conversion quantity and correctly R, (t,T) is named excess conversion function or excess
reaction conversion function or inter-component reaction conversion function. Note: R;
and R;, ranges from negative to positive values.

M M
(1) Rp(t,T)= PGN(It'T) -G -(P1 (t’T)]— 62 -(PZ(LT)} excess reaction function

G Mg M, Mg M,
Ps(t,T) Py(t, T) Py (t,T) excess reaction conversion
Mg Mg M, Mg> M, function or
@) Rp (,T) = Poref - Mg : Prer - Mg : Py e inter-component reaction

conversion function

Meaning of symbols in Eq.(1) and Eq.(2):
R,  reactivity function or excess reaction function, determined with measurement
quantity P
R,, normalized reactivity function or excess reaction conversion function, determined
with measurement quantity P and the corresponding reference values P,
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M; mass of the mixture at t=0

Mg, mass of component 1 in mixture at t=0

Mg, mass of component 2 in mixture at t=0

P  measurement quantity P of mixture

P, measurement quantity P of component 1, with sample mass M, at t=0

P,  measurement quantity P of component 2, with sample mass M, at t=0

Psrer reference value of measurement quantity P of mixture, amount normalized

P..t reference value of measurement quantity P of component 1, amount normalized
P,.s reference value of measurement quantity P of component 2, amount normalized

With heat generation Q, mostly one uses the excess reaction function, Eq.(3) /4, 5/. In this
equation Qi(t,T) are already initial mass normalized. With the normalization by the end
values Qi(te) or also the reference values Q. later used, the excess conversion function is
obtained, Eq.(4). To find the appropriate values for the normalization constants Q;(te) is
not straightforward. The heat of explosions Qg are taken often, but from the view of
reaction kinetics they are not the correct data. The quantities Q;(te,T) are the reference
quantities, which do no longer change in value beyond the time te. The time te is an end
time at the measurement temperature T. With heat generation one has to measure up to
such an end time te(T) to get the corresponding normalization factor, which is from reac-
tion kinetic view the correct one. However to get these data with real microcalorimetric
measurements in the temperature range 60°C to 100°C is mostly not affordable because
of the long to very long measurement times, up to months and even years range. There-
fore the thermodynamically determined Qg values are taken here.

MG,1(O) Q,(t,T) - Mg, (0)

3 Ro(t. T) =Qg(t, T) - M. (0) M. (0)

: Qz(t: T)

Qq(t,T)  Mg,(0) [ Q,(t,T) j M;,(0) ( Q,(t,T) J

4) Ror(t.T) = - -
Qg (te, T) M;(0) | Q,(te,T) Ms(0) | Q,(te,T)

In Table 1 time-temperature loads are given, which all exert the same thermal load and
representing the load at 25°C over 10 years /6, 7/. To have a sufficient in-service time
prediction for the evaluation made here the load of 15 days at 80°C is chosen, which
represents 15 years at 25°C.

The next important point is to determine the limit values for R, at different total refer-
ence values of Q,., for the mixtures investigated. The reference values range between
about 2500 and 3500 J/g. An additional conversion of 1% is allowed at the thermal load
of 80°C over 15 days. This is somewhat more restrictive than given in STANAG 4147 /5/,
which allows about 1% (30 J/g) at the thermal load of 80°C over 10 days. The resulting Rq
values for the three Q. values are given in Table 2, also at additional conversions smaller
than 1%. The limit values R, are thereafter £25, +30 and +35 J/g at Q. values of 2500,
3000 and 3500 J/g.

If the ratio of the two components is not 1:1 per mass, then a scaling of the limit values
has to be applied according to Eq.(5), see /4/. This scaling assumes a linear behaviour with
the mixture ratio. Table 3 lists the scaled limit values starting with given ones for 1:1 mix-
tures.

S f+

(5) Rp' with 0 < f <1
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Table 1: Test times t,, and corresponding test temperatures T,, to exert the same
thermal equivalent load as it is done by storage at 25°C over 10 years, see
/6, 7/. Additionally given are the corresponding limits of the heat genera-
tion rate values applicable for determining the stability of NC-based pro-

pellants.
T [°Cl | tn[d] | (dQ/dt) [pW/g] T [°Cl |ty [d] (dQ/dt), [pWi/g]
60 123 9.8 78 13.4 90.0
62 95.0 12.6 80 10.6 114
64 73.6 16.3 82 8.41 143
65 64.9 18.5 84 6.70 179
66 57.2 21.0 85 5.98 201
68 44.6 27.0 86 5.35 225
70 34.8 34.5 88 4.28 281
71 30.8 39.0 89 3.83 314
72 27.3 44.0 90 3.43 350
74 21.5 56.0 95 2.00 600
75 19.0 63.1 100 1.184 1015
76 16.9 711 105 0.710 1693
Table 2: Allowed additional reactivity R, and linearly scaled additional reactivity

rate dRy/dt at preset allowed additional conversions using three reference
values Q,.s and several thermal loads.

thermal load | allowed addi- | Q. =2500J/g Q.=3000)/g | Q.= 3500)/g
Tiq | tqp | tionalconver- | Ry rdRodt | tRy tdRo/dt| Ry  +dRo/dt
sion [%] /gl [pwigl | /gl  [uwigl | [Vg]  [pWig]
80 15 0.50 12.5 9.7 15 11.6 17.5 13.5
80 15 0.60 15 11.6 18 13.9 21 16.2
80 15 0.70 17.5 13.5 21 16.2 24.5 18.9
80 15 1.00 25 19.3 30 23.2 35 27.0
Table 3: Change of limit values Ry when mixture ratio is not 1: 1
+ |Rq | g] 25 25 30 | 30 | 35 | 35

for mixture 1: 1
mixture ratio f (as 1: ) 0.25 0.5 0.25 0.5 0.25 0.5

resulting + |RQ | [J/g]
for mixture 1: 10 16.7 12 20 14 23.3

2.2 Compatibility between glue and the two propellants PB and A5023

Table 4 compiles the data of the two propellants and their mixtures with the glue. Be-
cause of the ratio 4:1 per mass between propellant and glue the applicable limit values
have been scaled down from 25 J/g to 10 J/g according to Eq.(5). In Fig. 7 the stability of
the three substances can be seen. Shown are two parallel measurements for each one.
The ball pwoder has the highest heat generation rate (HGR) but it is still significantly be-
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low the allowed limit of 114 yW/g at 80°C over 10.6 days /6, 7/. Fig. 8 presents the HGR
and HG (heat generation Q) of the two mixtures.With the data presented in Fig. 7 and 8
the reactivity functions are calculated according to Eq.(3). The reactivity rate function
dRy/dt is calculated analogously using the heat generation rate data dQ/dt instead of the
Q data. In the Fig. 9 and the Fig. 10 the reactivity rate function dRy/dt and the reactivity
function R, of the double base ball powder with glue and the single base propellant
A5023 with glue can be seen. The reactivity functions R, stay below the limit value of 10
J/g during the measurement time of 15 days at 80°C, so the glue is compatible with both

propellants.

Table 4: Basic data of the single components double base BP, single base GP A5023
(20mm machine gun) and the glue as well as of the mixtures propellant -
glue.

single component | Qex (water Qex (water gener?ted gas | specific Ap;lzfllc_a':ble

or mixture liquid) [J/g] gaseous) volume energy imi

[J/q] (at 25°C) [ml/g] | (force) [/g] | + | R | [V/g]
ball powder (BP) 3662 3383 833 992 -

A3023 3375 3129 868 941 -

as reference
glue 1454 980 556 263 -
BP - glue 2519 2294 943 667 |romM25t0

4:1 per mass 10

A.5023 - glue 2436 2212 938 648 from 25 to

4:1 per mass 10

110 110
dQ/dt [uW/ HGR and HG
100 | o] propellants and glue QUel 1 40
90 . 8rc dQ, BP, M1,2 1 90
stability limit for NC-based propellants
80 for 10 years at 25°C tested at 80°C: 1 80
114 uyW/g over 10.6 days
70 t 1 70
0T Q, BP, M1,2 160
50 1 50
40 dQ, glue, M1 1 40
30 Q, glue, M1,2 |
20 Q, As023 9Q, A5023 1 20
10 110
0 T pa 7 O
{ measurement time [d]
-10 : : : -10
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Fig. 7: HGR and HG of the components involved in the compatibility investigation.

The ball powder fulfils the demand of STANAG 4582. Its HGR stays below
114pW/g even up to 15 days. The reference propellant A5023 is very stable,
because it is a single base propellant and uses not KNO; as flash reducer.



80 80
dQdt [uWig] Q Vgl
70 170
HGR and HG dQ, BP-glue
mixtures propellants with glue, 4:1 per mass
60 1 60
50 1 50
Q, BP-glue
40 1 40
30 1 30
A5023-gl
dQ, AS023-glue gle
20 / 1 20
10 110
measurement time [d]
0 1 1 1 1 1 1 1 0
0 2 4 6 8 10 12 14 16
Fig. 8: HGR and HG of the mixtures propellant with glue. A ratio of 4:1 is used
here.
20 12
dRo/dt [W/g] additional reactivity rate dRq/dt, additional reactivity Rq Ra V0]
mixture BP-glue, 4:1 per mass
15 limit values for thermal load 15d, 80°C and an additional conversion of 1.0% 9
1:1 mix: -20 J/g £ Rq <20 J/g
4:1 mix: -10 J/g < Rq <10 J/g
10 H 16
5 1 13
dRq, BP-glue
0F ——— 10
5 r /7 1-3
Rq, BP-glue
dRq, BP-glue
measurement time [d]
-10 -6
0 1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 16
Fig. 9: Reactivity rate function dRy/dt and reactivity function R, of the 4:1 mixture
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by mass between ball powder BP and glue.



27 -10

20 8
dRo/dt [uW/g] additional reactivity rate dRqq, additional reactivity Rq Ra [J/g]
mixture A5023-glue, 4:1 per mass
15 limit values for thermal load 15d, 80°C and an additional conversion of 1.0% 16

1:1 mix: -20 J/g < Rq < 20 J/g
4:1 mix: -10 J/g < Rq < 10 J/g

10 + 1 4
dRq, A5023-glue

5r Ra, A5023-glue 12

0 N 10

5 1-2

measurement time [d]
-10 -4
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Fig. 10: Reactivity rate function dRy/dt and reactivity function R, of the 4:1 mixture
by mass between propellant A5023 and glue.

2.3 Compatibility between PUR foams and the two propellants PB and A5023
and between PUR foams and the glue

As already shown in session 2.2, in using the reactivity function R, for assessing the com-
patibility, one has to determine individually for each substance pair the corresponding
limit value range for R,. These data are compiled in Table 5. Again there is a deviation
from the 1:1 mixture and the R, values have to be adjusted according to Eq.(5). These
data are also given in Table 5. In doing so the corresponding values used to calculate the
adapted compatibility range have been rounded.

Fig. 11 shows HGR and HG of two pre-selected PUR foam formulations PU8 and PU9. Af-
ter an initial peak the HGR drops to small values. Fig. 12 presents the HGR and HG of the
1:2 mixtures per mass between the PUR foams and A5023 and Fig. 13 the ones with the
ball powder BP.

The reactivity rate functions dRy/dt and reactivity functions R, between PU8 and PU9
with mixtures of the propellants and the glue are given in the Fig. 14 and Fig. 15, respec-
tively. Glue and A5023 are well compatible with PU8 and PU9. According to the Rq limit
value ranges for the mixtures of PU8 and PU9 with BP, only the PUR foam PU8 fulfils the
assessment criteria. Finally this formulation based on an inert PUR system as binder and
50 mass-% HMX was chosen for the application in the spacers and the coating of the
consolidated propellant body.
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Basic data of the single components double base BP, reference single base

GP A5023 (20mm machine gun) and the two PUR foams as well as of the
mixtures propellant - PUR foam.

single component or mixture C_)ex_ (water Qex (water | Applicable limit
liquid) [J/g] | gaseous) [J/g] + | Rq | /9]

ball powder (BP) 3662 3383 -

A5023 as reference 3375 3129 -

PU8 2510 2289 -

PU9 3300 3150 -

glue 1454 980 -

BP — PU8, 2:1 per mass 3275 from 32 to 22
BP — PU9, 2:1 per mass 3541 from 35 to 23.3
A5023 - PUS8, 2:1 per mass 3083 from 30 to 20
A5023 - PU9, 2:1 per mass 3350 from 32 to 22
glue - PU8, 1:2 per mass 2158 from 21 to 14
glue —PU9, 1:2 per mass 2685 from 26 to 17

16

dQ/dt [uw/g]

PU8, PU9

HGR and HG of the PUR foams allone

Q[J/g]

measurement time [d]
1 1 1 _2

0 1 2 3 4 5

6

7

8

9

10

11 12 13

14 156 16 17

HGR and HR of the PUR foam formulations PU8 and PU9.
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60 16
dQudt [uWig] mixtures PUx / A5023 Q[J/g]
1:2 per mass Q, PU9-A5023
5o | 80°C
112
40
dQ, PU8-A5023
Q, PU8-A5023
30 18
20
dQ, PU8-A5023 14
dQ, PU9-A5023
10
measurement time [d]
0 Il Il Il 0
0 1 2 3 4 5 6 7 8 9 10 M1 12 13 14 15 16
Fig. 12: HGR and HR of the PUR foams PU8 and PU9 in 1:2 mixtures per mass with
propellant A5023.
270 60
dQv/dt [uW/g] mixtures PUx / ball powder BP Q [J/g]
240 1:2 per mass
80°C 4 50
210 Q, PU8-BP
180 4 40
150 Q, PU9-BP
1 30
120
90 4 20
dQ, PU8-BP
60
dQ, PU9-BP
410
30 +
measurement time [d]
0 Il Il Il 0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Fig. 13: HGR and HR of the PUR foams PU8 and PU9 in 1:2 mixtures per mass with

propellant BP.
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20
dR/dt [uW/g] reactivity rate and limit values Rq for PB-PUS for Ra [J/g]
reactivity functions at 80°C thermal load 15d, 80°C and an 1 15
PU8 / A5023, 1:2 additional conversion of 1.0%
PU8 / BP, 1:2 1:1 mix: -32 J/g < Rq £ 32 J/g
L PU8/glue,  2:1 2:1 mix: -22 J/g < Rq < 22 JIg 110
dRq, PU8-BP
i e dRq, PU8, A5023 Rq, PU8-glue Rq, PU8-A5023 195
L _J/
= z == 0
Rq, PU8-BP
i 2 15
F 1 -10
dRq, PU8-glue
] o Fed dRq, PU8-BP 1-18
measurement time [d]
1 1 1 _20
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Fig. 14: Reactivity rate function dRy/dt and reactivity function R, of the 1:2 mixture
by mass between PU8 and A5023, PB; Ry in 2:1 mixture with the glue. The
reactivity between ball powder and PU8 is clearly inside the limit range of
Rq of £22 J/g and therewith in the compatibility zone. Glue with Ry = +14
J/g and propellant A5023 with R, = 20 J/g are well compatible with PUS.

20 tivity rate and reactivity functions at 80°C 1
reactivity rate and reactivity functions at 80° Ro [/
15 | dRo/dt [WWig] PU9 / A5023, 1:2 R
10 L PU9 / BP, 1:2 Rq, PU9-glue ls
PU9/PVB, 211  Ra PUS-AS023
5t / ) 14
T e —— u
0 I 10
5 L dRa, PU9-glue dRa, PU9-A5023 14
10 t 1-8
dRq, PU9-glue
15 | Rq, PU9-BP 112
-20 £ 1 -16
25 [ Jimit values Rq for PB-PU9 for 1-20
-30 | thermal load 15d, 80°C and an {1 24
additional conversion of 1.0%
-35  1:1 mix: -35 J/g SRq < 35 J/g dRq, PU9-BP 1-28
40 - 2:1 mix: -23 J/Ig £ Rq £23 J/g . 1 37
measurement time [d]
-45 ‘ ‘ ‘ -36
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Reactivity rate function dRy/dt and reactivity function R, of the 1:2 mixture
by mass between PU9 and the propellants A5023, PB; Ry in 2:1 mixture with
glue. The reactivity between ball powder and PU9 is beyond the fixed limit
values of +23.3 J/g for R,. Glue with Ry = 17 J/g and propellant A5023 with
Rq = 122 J/g are well compatible with PU9.
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3.  Simulation of the cook-off behaviour of PUR foam spacer, PUR foam-
coating and PB

3.1 Prerequisites needed to perform the simulation

The FE-simulation of the cook-off behaviour is based on the solution of the general heat
balance equation including the heat transfer to the reservoir on the outside of the steel
body representing the burning chamber. For the simulation calculations the following
data are needed:

Thermal decomposition behaviour, which is determined by DSC in closed pressure
resistant crucibles
for PUR foam PU8
for the propellant body
Parameterizing of the DSC measurements to be usable in the FE calculations
Heat conductivity of the PUR foam (formulation PU8)
Heat conductivity of the propellant body PB
Specific heat capacity for PUR foam PU8
Specific heat capacity for propellant body PB
Mass density for PUR foam PU8
Mass density for propellant body PB
Heat conductivity, specific heat capacity, mass density for the steel of the burning
chamber and of the air enclosed in the central bore of the PB
Geometrical dimensions of the arrangement, rotational symmetry is given
Heat transfer coefficient betweeen outside air, acts here also as heat reservoir,
and the steel body

3.2 DSC measurements and Friedman-type data analysis

Fig. 16 shows the DSC measurements on PUR-foam PU8 in closed high pressure crucibles
at four heating rates. These data have been subjected to a Friedman-type analysis, means
to an iso-conversional analysis, in order to get the activation energy and the pre-expon-
ential factor as function of decomposition conversion, see Fig. 17. In this way one can
describe the measurement data in great detail, as long as they are congruent in decom-
position behaviour in the temperature range covered by the measurements. This type of
analysis is described in /8/, further details can be found in /9, 10, 11/. The AKTS software
package was used to perform all the operations and calculations /10/. Fig. 18 presents
besides the activation energy also the correlation coefficient of the analysis, which
should be mostly in the range 0.95 to 1, which is the case. The Figs 20, 21 and 22 show
the same type of data for the ball powder based propellant charge. During the essential
parts of PB decomposition conversion the correlation coefficient is near 1. At the begin-
ning and at the end, the correlation coefficient drops because of the generally limited
measurement accuracy of the DSC instrument, if one wants to measure the whole de-
composition curve in one run. To improve accuracy in these parts several measurements
have to be made with adapted sample amounts to improve the quality at least during
the first 20% of conversion.
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Fig. 16: DSC data of the spacer foam PU8. Measured (coloured) and modelled
(black) heat flow curves at the heating rates 0.5, 1, 2, 3 °C/min.
320 65
Ea [kJ/mol] In(Z [1/s]*f(a))
290 r Friedman type iso-conversional analysis of PU8
1 55
260
230 r —Ea [kJ/mol] 1 45
200 | —In(Z [1/s]*(a))
170 | 135
140 |
125
110 r
80 r
In(Z [1/s]*f(a1)) 115
50 | Qe = 1847 + 14 J/g
a=Q/Qe [-]
20 : 5
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Fig. 17: Result of the Friedman analysis (=differential iso-conversional data analysis)

of the DSC data of the spacer foam PU8. Activation energy and pre-
exponential factor as function of conversion of the exothermal decomposi-
tion reaction.
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320 1.05
Ea [kJ/mol] , , , . R[]
290 | Friedman type iso-conversional analysis of PU8
evaluation quality plot
260 R 41
230
200 1 0.95
170 F —Ea [kJ/mol]
—R2[]
140 109
110
80 Ea 1 0.85
Qe =1847 £ 14 J/g
50
a=Q/Qe []
20 : 0.8
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Fig. 18: Evaluation quality plot, showing the correlation coefficient of the Fried-
man analysis of the DSC data of the spacer foam PU8. Activation energy
and correlation coefficient as function of conversion of the exothermal de-
composition reaction.
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Fig. 19: DSC data of the ball powder based propellant body. Measured (coloured)

and modelled (black) heat flow curves at the heating rates 0.25, 0.5, 1
°C/min.
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Fig. 20: Result of the Friedman analysis (=differential iso-conversional data analysis)
of the DSC data of the propellant body. Activation energy and pre-
exponential factor as function of conversion of the exothermal decomposi-
tion reaction.
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Fig. 21: Evaluation quality plot, showing the correlation coefficient of the Fried-

man analysis of the DSC data of the propellant body. Activation energy and

correlation coefficient as function of conversion of the exothermal deco
position reaction.
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3.3 Determination of heat conductivity and specific heat capacity of PB and
PUR foam PU8

To perform the calculations the heat conductivity and the specific heat capacity of the
materials involved must be known. For steel and air they are obtainable. The data for PB
and PU8 must be measured. For this the so-named HotDisk™ instrument, model TPS
2500S, manufactured by Hot Disk AB, Gothenburg, Sweden, was used. Detailed descri-
ption of this method can be found in /12, 13/. The thermal transport properties heat con-
ductivity and thermal diffusivity are determined directly using the temperature increase
of a transient plane heat source placed between two equal sample parts. The basic
equation is given in Eq.(6), which relates heat conductivity A, thermal diffusivity « and
volume specific heat caoacity ¢;,,.

(6) XZK‘CP,V or CP,V =Alx
C
(7) cp i\
P

The mass specific heat capacitiy ¢, is obtained from Eq.(7) by division of ¢;,, with the mass
density p. For the evaluation the temperature increase AT of the sensor spiral, see /12,13/
with respect to the start temperature is used, which is descibed by Eq.(8).

P
(8) AT=A+WD(T0)
(9) T= \/E
®
2
(10) 0=
K
t-t,
11) Tc o
T dimensionless normalized time, not yet corrected for initial effects
t measurement time
tc correction time interval, initial time period of the measurement, which is
taken out from the evaluation
Tc corrected dimensionless normalized time
0] characteristic time of the measurement situation
K thermal diffusivity of the bulk of the material
as characteristic length of the probing sensor, here the radius a; of the disk
A heat conductivity (thermal conductivity) of the bulk of the material
Po total heating power of heat pulse, applied during the measurement

D(t) dimensionless function depending on normalized time 1 (here with 1) and
geometrical parameters of the plane source and the probed material. Wave
propagation function for a transiently acting plane source, see /13/.

By fitting the experimental data to Eq.(8) the two fitting parameters A and « are obtai-
ned, see /13/. The method assumes infinite extension of the sample. But by the choice of
sensor radius (plane heat source) and measurement time this situation is simulated as
pseudo infinite extension of the material. For this a certain size of the samples is
necessary, in order to get an undisturbed propagation of the plane heat wave through
the material. Moreover, if the material has any grain structure then the sensor radius,
but at least the diameter, should about 10 times of the typical grain dimension. Here the
sensor radius a; was 9.87 mm.
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Example of PB test body,
view from above.

Example of PB test body,
view from side.

Fig. 22: Example of four PB samples especially manufactured for the determination
of heat conductivity and specific heat capacity. PB samples made from ball
powder with glued together balls with reduced graphite content. The di-
ameter of these test samples is 48 mm and the height is about 28 mm. To
reach the necessary height two disks have been glued together.

Fig. 23: Example of four PU8 samples especially manufactured for the determina-
tion of heat conductivity and specific heat capacity. They have been manu-
factured at Fraunhofer ICT. Their diameter is 50 mm, the height is 30 mm.
The porous structure is well recognizable.

The Fig. 22 presents photographs of one of four PB test samples especially manufactured
for the purpose of the determination of heat conductivity and specific heat capacatity.
One of four test sample of PU8 an be seen in Fig. 23. In Fig. 24 the transient graph is
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shown, it is the temperature increase AT of the sensor (metal spiral) during the transient
heating of the sample. The shape of the curve is influenced by the material. These data
are used in the evaluation with Eq.(8). Table 6 lists all the properties needed for the cal-
culations of the times to autoignition t,, at preset temperature T of the steel burning
chamber. Additionally the activation energies and the pre-exponential factors as func-
tion of conversion given in section 3.2 are employed.

4.5

4

3.5

3

25

2

1.5

AT [°C]

PUR foam PU8

temperature increase AT in sensor spiral
with regard to start temperature

/

propellant body

heat power:  0.08 W
meas. time: 640 s
sensor radius: 9.87 mm
A=0.175 W/m/K

heat power:
meas. time:

0.08 W
320 s

sensor radius: 9.87 mm

A=0.169 W/m/K

cp= 1.147 Jig/K

0.5 _
cp=1.094 JigiK measurement time [s]
0
50 100 150 200 250 300 400 450 500 550 600
Fig. 24: So-named transient graph of the courses of the difference temperature AT
with regard to the start temperature T, = 21°C of the samples PB and PU8
as function of measurement time during the measurement with HotDisk™
Table 6: Compilation of the thermal properties of the materials involved in the FE
simulation. Used heat transfer number h from the outside air to the steel:
h =50 W/cm?#/K. The column T, wood gives the Autoignition temperatures
determined in Wood metal bath at scanning temperature with 5°C/min and
0.2g sample amount.
_ TAig-Wood at
material A P Cp K= )\-/p/Cp AQR [J/g] 5°C/min
[W/cm/K] | [g/cm3] JIg/K [cm?/s] [J/g] [°C]
PB 0.00175 1.53 1.147 0.000995 | 4197.38 171
PU8 0.0017 1.0 1.094 0.00155 1847.25 221
air 0.000251 | 0.00129 1.0 0.195 - -
steel 0.396 7.85 0.46 0.11 - -
Py Heat conductivity, determined by HotDisk™ method
P Mass density
G Mass specific heat capacity, obtained via HotDisk™ determinations
K Thermal diffusivity, determined by HotDisk™ method
AQi | Decomposition reaction energy, determind via DSC in closed crucibles
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3.3  FE calculations of the times to ignition t,;, in the total charge

In the following the results of the calculation at 300°C are presented. Table 7 shows the
set-up of the layers and their numbering: heat reservoir (0) — steel (1) -PU8 spacer (2) -
PU8 coating on PB (3) — propellant body PB (4) - air in central bore of PB (5). Initial tem-
perature of the steel is chosen, the other layers are always at 20°C at start condition. This
set-up is always equal except for the initial temperatures in layers 0 and 1. In one calcula-
tion series the PU8 spacers and the PU8 coating have been taken as energetically inert,
means no exothermal decomposition happens in these layers.

Table 7: Layer scheme of the simulation calculations with FE programme package,
also called layer system 3, in which layer no. 2, 3 and 4 are energetic. A cy-
lindrical geometrical arrangement was used.

Layer Thermal de- Initial Heat trans-
. - Layer e
Layer material thickness No composition in temp. fer number
[mm ' layer [°C] h [W/cm/K]
Heat reservoir (air) 0 - 300 50
Steel 10 1 - 300 -
PUS8 spacer 1.1 2 X 20 -
PU8 coating of PB 0.1 3 X 20 -
Propellant body (PB) 8.8 4 X 20 -
Central bore of PB 2.5 5 - 20 -

The Fig 25 shows the layer scheme in temperature-distance presentation, from the out-
side of the steel chamber to the center with the bore in the PB. The temperature course
of the calculation with 300°C for the steel can be seen also. The temperature has already
a little peak in the PU8 spacer indicating an ignition in the next tenth of a second, but
the temperature in the PB charge has also reached or even surpassed the measured igni-
tion temperature at 5°C/min heating rate, means that ignition will start also in the next
few tenth of a second at the interface region of PB on the side of its PU8 coating. The
next Figs 26 to 30 show the temperature courses in the five layers. The schemes always
show the temperature distribution as function of time from the outside to the inside of
the layer with 10 curves equally distributed over the thickness of the layer. In layer 1
(steel) one has also on the outside a cooling down because of heating up the charge,
which was initially at 20°C. After about 28 seconds the charge starts to decompose sig-
nificantly and heats up the steel. In layer 2, the PU8 spacer, a continuously heating up
from initially 20°C can be seen. After about 28 seconds the charge starts to decompose
significantly and heats up the steel, see upper part on the interface of PU8 spacer to the
steel. Also in layer 3, PU8 coating on PB, one has continuously heating up from initially
20°C. After about 31 seconds the charge starts to decompose significantly, probably of
sustained heating up from the decomposition heat of the PB. The temperature distribu-
tion in the coating is quite uniform over the thickness of this layer. In the PB charge,
layer 4, one has again a steadily heating up from initially 20°C. After about 31 seconds
the PB charge starts to decompose significantly on the side to the PU8 coating. The tem-
perature distribution in the PB shows a distinct distribution over its thickness. On the side
of the bore not any heating-up has started in the PB. In layer 5, the air in the bore of the
propellant body PB, no heating-up is shown.
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Fig. 25: Graphical presentation of the layer system used. Layer thicknesses are given
in Table 7. The diagramme shows a calculation at 300°C. To be noted is the
starting peak of the temperature in layer 2, the PU8 spacer.
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Calculation at 300°C. Temperature distribution as function of time in layer
1, the steel of the burning chamber. At first a cooling down in steel hap-
pens because of heating up the charge, which was initially at 20°C. After

about 28 seconds the charge starts to decompose significantly and heats up
the steel.



on the side to steel of burning chamber

on the side to PUS8 coating of the charge

temperature distribution in layer 2, PU8 spacer
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Calculation at 300°C. Temperature distribution as function of time in layer
2, the PU8 spacer. Continuously heating up from initially 20°C. After about
28 seconds the charge starts to decompose significantly and heats up the
steel, see upper part on the interface of PU8 spacer to the steel.
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temperature distribution in layer 3, PU8 coating on PB
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Calculation at 300°C. Temperature distribution as function of time in layer
3, the PU8 coating on the propellant body PB. Steadily heating up from ini-
tially 20°C. After about 31 seconds the charge starts to decompose signifi-
cantly, probably of sustained heating up from the decomposition heat of
the PB. The temperature distribution in the coating is quite uniform over
the thickness of this layer.
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temperature distribution in layer 4, the PB

on the side to PU8 coating on the PB

on the side to the bore of the PB

20 i1 TN
12 3 4 5 8 7 & &% 10 11 12 13 14 15 16 17 18 18 20 21 22 23 24 25 28 27 28 2% 30 31 32 33 34
time [sec]
Fig. 29: Calculation at 300°C. Temperature distribution as function of time in layer

4, the propellant body PB. Continuously heating up from initially 20°C. Af-
ter about 31 seconds the charge starts to decompose significantly on the
side to the PU8 coating. The temperature distribution in the PB shows a dis-
tinct distribution over its thickness. On the side of the central bore in the
PB the decomposition has not yet started.
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temperature distribution in layer 5, the air in the bore of PB

on the side to the PB
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Fig. 30: Calculation at 300°C. Temperature distribution as function of time in layer

5, the air in the bore of the propellant body PB. No heating up in this layer
at this preset temperature of 300°C.

In Table 8 the times to autoignition are listed as function of the load temperature, means
the temperature of the steel burning chamber. The total propellant charge was always at
20°C. Two types of criteria have been applied. For PU8 and the PB a mean temperature
Tm was taken (210°C and 190°C) and the times to reach these temperatures have been
recorded as time to autoignition. The other criterion uses the time until the appearance
of a little peak in the temperature course as shown in Fig. 25. This peak can arise in the
PB or the PU8, depending on the load temperature. With the two criteria a time span
arises for the time to autoignition in the temperature range 250°C to 360°C. This can be
seen clearly in Fig. 31 and also in Fig. 32, which uses the absolute reciprocal temperature.
From 250°C to lower temperatures ignition starts in the PB. From 350/360°C to higher
temperatures ignition starts in PU8 spacer. In between these limits the ignition can start
in PU8 or in the PB.

In part the time-temperature data follow Arrhenius plots, which are shown in Fig. 33 and
Fig. 34. The corresponding apparent activation energies can be obtained. The activation
energy for the ignition in the PB is with 41.4 kJ/mol quite low. Similar low values have
been found by Turcotte a.o. with isothermal ARC measurements on NC in the tempera-
ture range 90 to 110°C. There the times to autocatalysis have been determined with acti-
vation energy of 76.6 kJ/mol /14/.
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Table 8: Calculated times to autoignition as function of temperature of the steel
burning chamber. Two types of criteria have been applied. For PU8 and the
PB a mean temperature Tm was taken and the times to reach these tem-
peratures have been recorded as time to autoignition. The other criterion
uses the time until the appearance of a little peak in the temperature
course as shown in Fig. 25.
time to reach time to reach time to ignition [s]
TI[°C] Tm=210°Cin PU8 | Tm=190°Cin PB | seen as time to peak ap-
[s] [s] pearance in temperature

130 17985

130 12222

135 5052

140 2451

140 2079

150 1164

150 1114

160 762

160 672

160 764

170 544

180 378

190 292

190 306

200 223 228

200 229 234

210 177 183

220 140 146

230 112 120.3

240 91 99.6

250 74.5 83.4

250 43 75 83

255 32.5 69 76.8

260 27.4 63.7 70.9

270 15.7 52.5 60.7

280 12.6 46 51.5

290 8.39 36.7 43.9

300 6.61 31.4 32.5

310 4.75 21

310 4.75 21

320 3.9 13.2

330 2.99 8.7

340 2.6 5.7

345 2.32 3.7

350 2.07 2.75

360 1.77 1.91

370 1.39 1.41

380 1.08 1.08

390 0.852 0.852

400 0.675 0.675
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Fig. 31: Results of the FE calculations: time to autoignition t,,, as function of tem-

perature. Two criteria have been used to identify autoignition, which re-
sults in self-sustained burning: (i) The raising peak of the temperature in
the material, as it is shown in Fig. 25 for layer 2, PU8 spacer; (ii) the reached
temperature in the material, namely 190°C in PB and 210°C (average over
layer) in PU8. In the temperature range 250°C to 350°C this results in an
upper and a lower ignition curve.
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Fig. 32: Results of the FE calculations: time to autoignition t,,, as function of recip-

rocal absolute temperature.
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Fig. 33: Arrhenius plot of times to autoignition t,; in the lower temperature range,
where the ignition starts in the NC-based PB. The activation energy is re-
markably low.
In(1/tpq [1/s
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© times taq Up to autoignition Aig
f temperature T is preset isothermally
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Fig. 34: Arrhenius plot of times to autoignition t,, in the upper temperature range,

where the ignition starts in the PU8 foam.
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Fig. 35: Times to autoignition t,, as function of temperature. Calculations for two
cases: (i) all three layers 2, 3, 4, are energetic; (ii) only the layer 4, the PB, is
energetic, the PU8 layers are inert with respect to decomposition and heat
production. Further to see are several real measurements made by com-
pany Diehl. The agreements between measurements and calculations are
very good.
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Fig. 36: Arrhenius plots of the times to autoignition t,;, with the system inert PU8

spacer — inert PU8 coating — energetic PB. At high temperatures the activa-
tion energy is small indicating only a weak temperature dependence of t,.
At low temperatures the activation energy becomes great, indicating long

times t,, and strong temperature dependence.
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The Fig. 35 presents the comparison of calculated times to autoignition with the meas-
ured ones at 200°C, 250°C and 300°C, all three layers of the total charge are energetic.
The agreement at 200°C and 250°C is very good. The measured data at 300°C show a
scattering greater than at 250°C and 200°C. This reflects experimentally the ‘ambiguous’
or ‘intermediate’ situation found with the calculations. It means that the sustained burn-
ing may start from the PU8 spacer or from the propellant charge.

A further measurement and calculation series is presented in Fig. 36, namely the data ob-
tained with inert PU8 as spacer and coating material and with energetic PB. Also in this
case the agreement is very good. The Arrhenius plots of the times to autoignition t,, are
presented in Fig. 33. The three quite different apparent activation energies represent the
difference in temperature dependence of t,.

4, Summary and conclusions

In the course of the development of a new high presision machine gun with caliber 12.7
mm a new concept of loading the bullet and the propellant charge was introduced by
company Diehl. The charge is made from NC-NG based ball powder grains glued to-
gether. Because this charge was designed to be caseless, special measures have to be
taken in order to prevent ignition of the charge by the hot burning chamber steel. This
was achieved by spacers made from energetic foam based on PUR binder filled with 50
mass-% HMX. This material was developed at Fraunhofer ICT. Besides others two special
tasks came out: (i) to achieve compatibility between the NC-NG-based propellant charge
and the PUR foam; (ii) to prevent autoignition of the total charge by the heated up
burning chamber steel after some firing.

At Fraunhofer ICT the compatibility tests were conducted on the base of heat flow micro-
calorimetric (HFMC) measurements. For this a special assessment procedure was applied
already described earlier. This procedure is based on the allowed additional conversion.
To get conversion with HFMC data, the appropriate reference values Q,.; have to be de-
termined for each material combination under investigation. The way to get these data
was shown. Finally one type of PUR foam was found and introduced as spacer and
coating material for the PB charge.

To ensure that the weapon system has a good safety margin against autoignition of the
propellant charge, Fraunhofer ICT peformed FE calculations to determine the times to
autoignition t,,, under various conditions and a series of temperatures of the burning
chamber steel in the range of 130°C to 420°C. The calculations provided with times much
longer than the cycle time of the weapon. This means the automatic deloading after
each loading and firing removes charges, which have been eventually not ignited during
the firing cycle, much faster than the shortest reasonably assumable time to autoignition.
The claculations have been verified by measurements made by company Diehl. The
agreement between calculations and measurements is very good.
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5. Abbreviations

BP Ball powder, double base (with about 10 mass-% nitroglycerine, Akll stabi-
lized), the here used lot version has low graphite content

PB Propellant body, consolidated charge, ball powder grains glued together

A5023 20 mm gun propellant, single base, DPA stabilized

NC nitrocellulose

NG nitroglycerine

AK I Acardite I, stabilizer for NC-based propellants

DPA Diphenylamine, stabilizer for single base propellants

PUR polyurethane

PU8 PUR foam type, 50 mass-% HMX, inert PUR-binder

PU9 PUR foam type, 50 mass-% HMX, energetic PUR-binder based on GAP

FE Finite element calculation

thaig Time to autoignition

HFMC Heat flow microcalorimeter

DSC Differential scanning calorimeter

HGR Heat generation rate, dQ/dt, determined with microcalorimeter

HG Heat generation, Q, determined from HGR by integration over time

dQ/dt same as HGR

Q same as HG

dRy/dt Reactivity rate function, determined with heat generation rates

Rq Reactivity function, determined from HGs or by integration of dR/dt

A Heat conductivity, determined by HotDisk™ method

G Mass specific heat capacity, obtained via HotDisk™ determinations

K Thermal diffusivity, determined by HotDisk™ method

Cov Volume specific heat capacity, ¢, = Mk

p Mass density

AQ Decomposition reaction energy or reaction heat, determined via DSC in

R closed crucibles, in energy per mass

Decomposition reaction enthalpy, in energy per mass, determined via DSC

AH by AHg = AQg + Ang(decomposition gases)-RT; Ang is the change in mol num-

R bers per mass of educt of the gases during the reaction, which are assumed

to behave as perfect gases.
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