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Multi-Dimensional Two-Phase
Flow Modelling Applied to
Interior Ballistics

Complex phenomena occur in a combustion chamber during a ballistic cycle. From the
ignition of the black powder in the primer to the exit of the projectile through the muzzle,
two-phase gas-powder mix underiakes various transfers in different forms. A detailed
comprehension of these effects is fundamental to predict the beliavior of the whole sys-
tem, considering performances and safety. Although the ignition of the powder bed is
three-dimensional due fo the primer's geometry, simulations generally only deal with
one- or two-dimensional problem. In this study, we proposé a methad to simulate the
two-phase flows in 1, 2 or 3 dimensions with the same system of partial differential equa-
tions. A one-pressure, conditionally kyperbolic model [1] was used and solved by a non-
conservative finite volume scheme associated to a fractional step method, where each
step is hyperbolic. We extend our study to a two-pressure, unconditionally hyperbolic
model [2] in which a relaxation technique was applied in order to recover the one-pres-
sure model by using the granular stress. The second goal of this study is also to propose
an improved ignifion model of the powder grains, by taking into account simplified chem-
leal kinetics for decomposition reactions in the two phases, Here we consider a 0"-order
solid decomposition and an inimpleculdr;, 2"-order gas reaction, Validation of the algo-

e-mall; barbara.baschung@isl.eu

1 Introduction to the Problem
The geometry of a gun can be modeled by a cylinder with a

variable cross section which represents the combustion chamber,

and the Iunching tube. On the axis of the combustion chamber, at
the breech, is placed the primer, a cylinder perforated by several
holes on its circumference and filled with black powder. The
sp'tce deﬁned by the combustion chamber is partly ﬁ_]_l_ed w1th pro-

(see Fig. 1 for an example of initial configuration).

At firing, the black powder is ignited by & mcchamca] or
electrical system, The very fast combustion of the black powder
produces hot gases that escape from thé primer through the
holes and spread through the propellant bed, producing the pro-
gressive ignition of the grams The combustmn of thc pmpulswe
pressure in the combustion chamber. When the pressure is suffi-
ciently high, the projectile is accelerated by the expansion of
the hot gases to the muzzle of the exit tube,

The propagation of the grains’ ignition leads to the develop-
ment of pressure waves, These waves have a great influence on
the good functioning of the lunching system. Therefore, they have
to be correctly modeled. In this study, we want to highlight two
weaknesses of common simulators, First, the two-phase flows are
natura]ly three dimensional, because the distribution of holes on
the primer’s  surface is: not axisymmetric. The flows can be
approximated by one- or two- dlmensxonal equations, but the froni
flame developmient in the powder bed (and thus the pressure
waves) is better ﬁtted W1th three-dimensional equations. Secondly,
the 1gmt10n cutenou for the grams is general[y very inaccurate:
ture reaches an expenmental[y determined temperature, But these
experimental conditions are far from reality (temperature, pres-
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sure, heating speed ...). Here we propose an enhanced ignition cri-
terion which takes into account simplified chemical kinetics in
decomposition reactions.

2 Numerical Aspects

We recall briefly some aspects that have been already detailed
in previous works [3]. Our study is focused on the two-phase flow

model developed by Gough [1], although other models can be

found such as those reviewed in the book of Gidaspow [4]. This
model takes into account the conservation of mass and momentum
for the two phases and the conservation of energy for the gas
phase. In addition to these partial differential equations, two trans-
port equations for the enthalpy and the buznt thickness of the pow-
der are added. The model used is a one-pressure model, because
there is a relationship between the pressures of each phase. This
kind of model is generally non hyperbolic and has already been
studied [5].

To overcome this difficulty, we follow the idea presented in
Ref. [5] and use a fractional step method. The convective part is
split into two hyperbolic parts solved iteratively, while the source
terms are solved at the third step. More details on the hyperbolic-
ity are available in Ref. [6].

The system of partial differential equations is solved with a
finite volume method adapted to the nonconservative case,

combustion chamber tunching tube

|
1

projectile

/

breech

primer

powder bed

Fig.1 Sketch of an initial configuration at firing
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described in Ref. [7]. To calculate the numerical conservative
flux, we choose to adapt the HLL scheme. In order to deal with
the nonconservative terms, we follow the idea presented in Ref.
[5] for a two-fluid model.

At the opposite, in the two-pressure models, the pressures are
independent apd the modei is hyperbolic [8]. We propose such a
two-pressure model in a slightly different approach, which con-
sists in simulating the following relaxation model, This relaxation
medel is indeed very close to the Baer-Nunziato model [2]. In
order to simplify the presentation, we present below the relaxation
model in a one-dimensional framework. For further details, the
reader is referred to [9].

The state variable is now

VW =(aiz, 1 Py, o1 P11, O P2, 32 patiz, 01 En, s B2, d) (1)
and the relaxation model is

SF(W)
dx

+ o) 29 _ g, @

é)
W+ Bz

The convective part corresponding to the last two terms on the left
hand side is

i ?g%
dx
HNoypyin}
dx
Mo (pd +p1)) dot
ax o Bx
Heapatn)
W) | i) P50 _ .
x G Oazlpptty +p2)y O
Ix e Bx
80!11 (EI +p1)u1 36{2
dx e F
Qua(Ey + pa)iy Qi
Ox "5
[27] @ .
ax

where the total energy within phase k is EL
source term is now

pk (ek + L{L/Z) The

S(W) = (H; F,D+w;1", gr, *D*W{F,"lﬁ-‘rw,rD-l-u]Hg E,

| R .
fqﬁfw,-Dfulugi,sd), (4)

where the velocity w; denotes 'th(_e average velocity:

Wy = @ )

between the gas phase and the solid phase (see Refs. [3] and [9]).
These are sucht

S 0 andalso (T, —T1) >0 (6)

Assuming that  stands for the chemical potential in phase #, the
mass transfer term I” is in agreement with the classical condition

e
= 0
(T2 Tl) > {
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The source term now includes a contribution IT that governs the
return towards a pressure equilibrium between the two phases,
that is

_tite pr—piL— Alaa, pg)
o prtp+ A(az, £9)

(8)

Formally, for very small values of the pressure relaxation time
scale 7p, we retrieve the closure law

pr=p1+ Ao, o) i )

The equation of state for the particulate phase p,(pa, e2) should
be chosen in a suitable way. In practical applications, a stiffened
gas BOS is used for the particulate phase.

Assuming that s; denotes the specific entropy within phase £, it
may be proved that the following entropy inequality governs var-
iations of smooth solutions of the governing set of equations cor-
respending to the relaxation model

B 3 4
— S PpSk |+ L Py Sy
ot (k; ) Ox (k; )

3 S [Ca T +T1,
=" (p, =1 — Dl —
T (P2 — i )+r( 0 + Dy — 1) T
' +—¢ (T2"‘Tl) > 0
Tle

The rf:iaxatlon model always has real eigenvalues, and the associ-
ated ught eigenvectors span the whole space provided that the rel-
ative velocity is not equal to ¢, which is very unlikely to happen
in our applications,

Moreover, field by field jump conditions are unique. This is cru-
cial since it means that these make sense; moreover, we may
expect that stable approximations obtained with different schemes
will converge towards a umique solution, even if shock waves
occur in the solution. This has been examined in detail in Refs.
[10.11].

We do not recall herein the basic numerical strategy, which is
described in detail in Refs. [9] (see Ref. [12], also). Roughly
speaking, this one is grounded on a fractional step method that
complies with the entropy inequality, since it treats separately con-
vective terms (first step) and source terms (second step). Exact or
approximate Riemann solvers may be used within the first step
that accounts for convective effects. Important details on the com-
putation of the pressure relaxation step can be found in the latter
reference (Ref. [9]). A crucial property of the second step of the
algorithm is that it preserves the volumetric fractions ¢y in the
range [0,1]. Another advantage of the numerical method is that it
enables to compute solutions with zero or nonzero values of the
pressure relaxation time scale tp, The effect of a mesh refinement
on approximations of two-fluid models has been extensively stud-
ied in Ref. [9] (see Refs. [10,11,13] too).

3 Physics of Ignition and Combustion

The ignition model takes a crucial role in the simulation of a
complete ballistic cycle. The development of gas pressure waves
and the compaciion of the powder bed are indeed directly con-
nected to front flame spreading. The numerical modeling of the
ignition process is very difficult, due to the number of physical
phenomena occurring (heat transfers in different way, chemical
reactions...) in some milliseconds.

The most used ignition criterfon is totally empirical: one con-
siders that ignition occurs when the surface temperature of the
grain reaches an experimentally determined temperature. How-
ever, this measured temperature is determined in very different
conditions as in a combustion chamber. For example, the heat
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transfer is only conductive and the temperature increase rate is
only of the order of some Kelvin degrees per minutes. Once the
grains are ignited, combustion phenomena occur. The most com-
mon combustion law was established by Vieille [14] and describes
the combustion speed as a function of pressure. It is the case at
high pressure, but at the beginning of the combustion, the temper-
ature has also an influence on the combustion speed.

In this study, we propose a model which takes into account
mere physical processes in the different phases from the heating
of the grains to the combustion at low pressure, with the constraint
that the compuiing time has to remain as small as possible.

3.1 Heating of a Grain. We consider the one-dimensional
configuration of the Fig. 2. The evolution of the temperature in
the grain requires to solve the unsteady heat equation, to which
we add a term corresponding to a chemical reaction in the solid
phase, so

8Tz, 1)

at (o

PsCs

=4 AT(z, £} + (2, ) Qors

In the solid phase, the density is noted p,, the specific heat ¢; and
the thermal conductivity A,. T(z, ) is the temperature in the grain
where z and ¢ are respectively the space and time variables, The
term (.., corresponds to the chemical energy dissipated during
combustion and w,(z, f) represents the reaction rate, considered
neglected while the grain is not ignited.

The temperature at the initial time # = 0 is uniform in the
solid, so T{z, 0) =
T{—o0, t) =Ty and T(O 1) = T,(r). The grain is considered as a
semi-infinite solid, but in practice we consider that the heating is
so.fast that the temperature remaing constant in the grain’s core.
At the surface, the temperature T;(f) is unknown.

The energy balance applied to the solid in a fine thlckness dz
under the interface gives the relation

dE,
dt

:PC+Pi‘

with E; the energy of the elementary volume, P, the chemieai_:_
power generated through the combustion and Py the rece1ved_'-

power, We can write

dE; arT

eV g 0
P.=0 (14)
S aT

P,~ = Ae.‘;r (Ij)e(t}_ Al‘m /13 _8—; (15)

solid phase gas phase

{2 4,.¢,) T,
Tzh / :

— B2}

interface z

Fig. 2 1-D configuration at interface between solid and gas
during heating
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with V, 4. and A, respectively the volume, the external and in-
ternal surface of the considered thickness. If dz tends to zero, Eq.
(12) gives the simpler relation

ar

A Gt =0 (16)

By defining the external flux ¢,(r} as a function of gas and solid
surface temperature such as o

() = e{t) (T, () -

where #,(f) is the thermal exchange coefficient per surface unit
(empirically determined) and T,(f).the known gas temperature,
we can then compute the surface temperature 7(f).

The set of equations can be solved by a finite different method,
but the computing time is too expensive. To get round this diffi-
culty, we choose to approxmlate the temperature proﬁle in the
solid by a polynomial, such as in Ref, [15] with a 2™ order poly-
nomial, in Ref, [16] with a 3™ order polynomial, eventually asso-
ciated to an integral method [17]. Details on equation
developments are available in Ref. [6].

Here we consider that the profile can be approximated by a
piecewise function of the form

T.{1)) (a7

(T4 B (5420 if

e . —0<z<0
)= { 7" oSt
6 if

18
z < 8, (1%

“where p is the order of the polynomial. The function of time B(r)

and the depth of penetration of the thermal wave () remain inex-
plicit during the developments. Finally, we can express the surface
temperature as

1¢,(6) O,
P A pyts
where O, (¢) is the total absorbed energy computed by
d0s(r) _
dr . (1) (20)

In order to validate the Eq. (19), different simulations have been
made and results have been compared to the reference solution
computed with a finite difference algorithm. Results showed that
the order of the polynomial has to be greater or equal to four to
obtain the best agreements between the methods [6].

3.2 Ignition Phase. Most of the interior ballistics codes con-
sider that ignition occurs when the surface temperature reaches an
experimentally determined ignition temperature. But it has been
proved [18] that the ignition temperature is not constant and
strongly depends on the heat fiux received.

In order to obtain an ignition criterion that takes into account
this dependence, we adapt the work of Ref. [18] to our case.
Assuming that the solid decomposition is described by a 0 order
reaction (hypothesis justified in Ref. [19]), the reaction rate can be
written

E,
ws{z, 1) = A p, exp( R0 t)) 20
with A, the preexponential factor, E, the activation energy and R,
the universal constant of gas. Let us consider now the complete
Eq. (11). When the solid approaches the ignition point, the reac-
iion rate increases rapidly, and thus, the energy release dne to the
combustion, negligible during the heating phase, becomes sud-
denly important, The tdea is to compare, on a reaction thickness

MONTH 2011, Vol. 00 / 000000-3
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z,{f), the unsteady term, which represents the energy brought by
the external heat flux, the energy release due to the decomposition
reaction expressed by

Es
Wy (Z: t) Qex,s = As Qex.s Ps CXP (k —ﬁ')‘) (22)

R, T(z, ¢

To evaluate the reaction thickness, we consider that its interior
limit is reached when the reaction rate becomes negligible com-
pared with the reaction rate at the surface, giving

ws{z(f), ) 1
00,9 10 &

where the fraction (1/10} is chosen according to Ref. [18]. The
temperature at the interior boundary of the reaction thickness is
then

E. 7.5
E; + R, T,(r) In(10)’

Tbaundmy (f ) (24)

To compute numerically z,(r) with this last equation, we need to
know the temperature profile in the solid. In the previous section,
we used a piecewise polynomial function given by Eq. (18) to
compute the surface temperature by Eq. (19). However, B{¢) and
& are not expliciity determined, so the temperature profile remains
unknown.

We choose to describe the temperature profile with the help of
an exponential function, defined, continuous and differentiable on
the whole thickness of the grain, which takes the general form

T(z, 1) = a(t) +b(s) oxp (c—%) (25)

The functions of time a(7), b(r), ¢(r) are unknown. The boundary:-

conditions, respectlvely applied to the radius r, of a grain and o
the surface, give the following two equations

a(t) + b{) exp( CI&)) To - - (26)

a)+bO=T e
but a third equation is needed to close the system. Two approaches
can be considered:

(1) the temperature gradient at the sirface ¢an be approximated
by a Robin condition -

1 8Tz, 1)

s 4.0 8)

z=0",

(2) the absorbed energy Q,(7), givén:by Eq. (20), can either be
“  expressed by

0
Qs = J PsCs {T(z, £} — Ty) dz 29)

In both cases; a simple Newton method applied to the Eqs. (26),
(27) and (28) or (29) can compute the three unknowns, and the
temperature profile is then known. Results are similar for both
approaches [6].

As an ignifion criterion, we consider that ignition occurs when
the energy released by the exothermal reaction becomes non neg-
ligible compared with the energy absorbed by the solid from the
heat flux. This can be written

000000-4 / Vol. 00, MONTH 2011
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Table 1 Physical data for nitrocellulose

25 1.6 % 10° g.m™3
cs 1.671.g LK
FR 2135 x 1072 Jm~L g~ K1
E, 167.5 kl.mol ™"
A, 1017571
Qo 251.27.g"!
Ve 5715 x 107 m
To 300K

2 (1)
05 Oerg As BXP( Es/Ru (

a
N rr@ 8Tz, 1)
) Oy
Z & Ja pa ar

1) dz

dz (30)

where ¢ is a coefficient that depends on the energetic material, For
the composite propellants, & = (.15 has been experimentally
determined [18]. This data will be used in the following simula-
tions but complementary simulations have shown that the value
£ = 0.3 instead of & = 0,15 ¢onduct to a difference of only a few
percent between the results. This can be explained by the sudden
increase of the femperature caused by the exponential function in
the neighborhood of the ignition point.

In order to validate our method, we simulate some experiments
from several scientific teams synthesized in Ref. [18]. A nitrocellu-
lose glain is heated with a laser beam of different constant inten-
sities, Mateual data used for the nitrocellulose are listed in Table 1.

The" 'sults of simulations were presented in Ref. [20] and
remembereti in Table 2.

experiments, the thermal transfer is only radlatlve whereas in in-
terior ballistics problems, the heat transfer is mainly convective.
Nevertheless, our model was built in a general case, without

. assumptions on the heat transfer.
. Good agreement can be observed between the calculated and
measured ignition delays.and temperatures. The method can

reproduce the variation of ignition temperature in function of the
external heat flux intensity by taking into account a simple O
order decomposition reaction. Computing time remains low and it
can be implemented in the three-dimensional code.

3.3 Combustion at Low Pressure. The most used combus-
tion law is attributed to Vieille [14} and reads

iUy = a.-zp” (31)

where u, is the combustion rate, p the gas pressure and (a,, #) a
couple of empirical constants. This law is established for a pres-
sure range from about 30 MPa to 500 MPa. But during a combus-
tion cycle, pressures can exceed these limits, especially at the
beginning of the ballistic cycle, when the gas pressure is very low.

Table 2 Comparison of measured and computed values for
ignition delays and temperatures

Ignition delay (ms) Ignition temperature (K)
¢, (kW.m?)  Measured Computed Measured Computed
4186.8 2.2 2.0 590 591
891.8 34 33 542 345
456.4 115 111 - 528
418.7 132 129 521 525
184.2 350 550 - 505
41.9 7600 7800 - 472
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Fig. 3 1-D configuration at interface between solid and gas
during combustion

In this case, the temperature has a great influence on the combus-
tion velocity.

In this section, we propose a method to simulate the combustion
at low pressure. In order to take into account the temperature in a
model of low pressure combustion, we follow the idea of Weber
et al. [21] and we couple the heat and transport equations of both
phases, according to the one-dimensional configuration illustrated
on Fig. 3.

Dwring the combustion, the solid is decomposed in gas, so the
interface will move from the right to the left. In order to simplify
the calculations, the interface is supposed fixed at z = 0, that is
why a mass flux that reads

M= Pl = Py U (32)
has to be added to the equations. In the following notations, the
sitbscript g corresponds fo the gas phase whereas s corresponds to
the solid phase. The equations for the solid phase are

OT(z,t oT(z,t 82 i
Py s igf ) TP Cs ity E)(z ) a; 2 + @y Qery  (33)
0¥(z,9) P Y{z, g e
5 EL + Ps Hy 9z = —y .

with z < (). We assume that a stationary premixed: fiaitie appears
in the gas phase. The stationary behavior in the gas phase is justi-
fied in Ref. [22]. The equations for the solid phase become

#T,(z) Telz)
fg 5 = Py Co g af = =y Qerg (35)
Ay EYilz) o dY,(2)
cgle dz? P lfg dz (36)

for z > 0. The Lewis number Le is considered equal to 1, accord-
ing to Ref. {23]. We assume that the decomposition reactions are
unimolecular

Ris) 2 R(g) <4 M(g) 37

where R(s} is the reactive species in solid state, R{g) the reactive
species in gas state and M(g) the inert product of the reaction, and

the associated reaction comstants are described by an Arrhenius
law of the form: S

. E; E
k= A, exp( 7 ) ke = A, exp(—RI}g) (38)

The associated production rates read

Wy =p. Yk, g =Y, p kg 3N
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where 1, represents the order of the reaction in phase k. In the
solid, the unimolecular reactions are generally considered as 1%
order [24], but the abrupt proﬁle of ¥{z, £) enables us to make the
classical assumption of a o' order reaction [19]. For the gas

phase, we assume that the reaction is 2" order [25].

The boundary conditions applied to the solid are
T{—co, 1) =To, T(O™, 1) =Ts(1), Y(—oo, ) =1, ¥Y(07, ) = 0.
' (40)

For the gas phase, we introduce Ty, as the flame temperature and
T;¢(f) the temperature at the su1face, on the gas phase side. We
write

Ty{+00, 1) = Too, T, (01, £) =T (1), ¥, (+00, 1) =0,Y, (07, 1} = 1.

(41)
At the interface, the mass balance equation gives
(42)

Pslts = Polg =m

As we consider that all the solid-to-gas decomposed species are

reactive, the species balance equation writes
i dY,
m=mY,| B — 43
._S|U+ Cpg dz o+ @
_ The Contiml_ifj('of the temperature at the inferface gives
T(07, 1) =T,(0%, 9, (44)

and the energy balance applied to an elementary volume V in the
solid under the surface (of external surface A,. and internal sur-

face A;y) lllas to take into account the heat flux from the flame, so
we can write

pyc;V aTCE)Z!’ D By + 0u00) + A A, (45)
with

Finally, we consider that the specific heats are equal ¢, = ¢; = ¢,
and we use a thick flame model [26] to describe the gas phase.
According to Ref, [27], the activation energy in the gas phase is
constdered equal to zero

E, =0 (47

After some developments (detailed in Ref. [6]), the final algorithm

takes the form
(1) compute the mass flux
9¥(z, £)
e B A () 48
gt = o) (48)
(2) compute the intermediate value
meg + Jmtel A4, Ao, p?
a= - (49)
24,
(3) compute the temperature gradient in the gas phase
e,
Ag = mQEI,g (1 -m) (50)
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Tahle 3 Solid data used in simulations

05 LEx 108 gm™ Ay 236 x 1075 gm=3 g1 pa—?
cp 1.261g LK™ E, 0J.mol™!

Ay 1608 x 102 Jm~Le LK™ 0, 2336.237.g~!

A 107571 M, 24 g.mol™'

E, 168.57 J.mol ! P 107 Pa

Cexs 175.85).g7! e 5705 mm

A B3Tx 10 Imls KT T 300K

(4) compute the surface temperature with Eq. (45)
(5) compute the flame temperature
,,m%
Ag

(6) compute the new profiles ¥{z, 1} and T{z, #) in the solid
phase

mm:nm+ﬂ%ﬂ@ (51)

kg cg P

In this algorithm, it is necessary to compute the last step with a
finite difference method, because the approximation made in the
last section with an exponential function did not take into account
the terms with mass flux in Eq. (33). Progresses to reduce comput-
ing time are needed.

It is difficult to validate this model because of the lack of data,
particularly for the preexponential factors and the activation ener-

gies. Determination of these input parameters for some propel- 70 :
4" Experiimental Validation

lants is in progress. Up to now, we can only make a gualitative
validation with data found in the literature [28], which are remem-
bered in Table 3.

For this purpose, we simulate first the heating of a grain by an
ignition flux of 4180kW.m™ at a constant gas pressure of 100
MPa. Tgnition occurs after 1.43 ms for a surface temperature of
607 K. The combustion rate and the surface temperature converge
towards a steady state, as illustrated in Fig. 4. This behavior is
coherent with experimental observations. In this case, the final
combustion rate and surface temperatures are respectively about
19.5 mum/s and 703 K. Experimental results are in progress.

We want now to study the system when the ignition flux is
turned off at different moment. Three simulations are performed
and results are illustrated in Fig. 5. Combustion without external
heat flux, also called sclf-sustained combustion, is established at
gbout 1.506 ms, Before, the surface temperature and the combus-
tion: speed decrease to zero whereas ‘after this moment, they con-
verge toward a steady state, This steady state is independent of the

760 : . SR . :

700

- i (a4 [a3] m
(53] e [ )
o =] (=] fa] g

Surface temperature (K)

F
(=)
(=)

D L 1 1 1 1 1 1
0 o 15 2 35 4

Time (s) x19°
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extinction time. As ignition time, the ignition criterion has previ-
ously given 1.43 ms. The combustion process needs a delay to es-
tablish a flame and thus an heat flux that continzes the process
without external heating.

The last qualitative validation we want to perform is to check °

the compatibility of the model with the Vieille’s [aw. Simulations
with constant gas pressure between 0.} MPa and 170 MPa (an

averaged lower limit of the domain of validity of the classical 3

burning law) are executed and final steady combustion rates are
recorded. On the log-log graph of Fig. 6, one can observe that the
curve illnstrating the combustion speed in fuiiction of pressure
can be extrapolated by a straight line (in green) that corresponds

to Eq. (31) with the parameters a,= 1.445 % 107" ST and n= (.89, :
which are in the range of classical values. Unfortunately, no data 3

for this reactive material is available for the moment to confirm
this result. o

To summarize, we have first presented a méthod to describe the
ignition of a propellant with a simple algorithm which takes into
account a simple reaction in the solid phase and which can be eas-
ily implemented in a ballistic code. Then, we extended the study
to the combustion at low pressure by introducing a simple reaction
in the gas phase, For this part, a qualitative validation has been
performed but the lack of dataon chemical kinetics does not allow

us to proceed to a rigorous validation, However, the algorithm 3
gives results in good agreement with experimental observations 3

but can unfortunatel_y'_n_(_)t yet be adapted to the ballistic code due

to the increase of computing time by the use of a finite difference
method, i

In this section some numerical simulations of ballistic cycles
will be presented. The first two test cases were used as benchmark
for interior ballistics code. Studied guns are the virtual AGARD
132 mm gun [29] and the 40 mm gun [30]. Some results have
been already previously presented in Ref. [7] but are completed
with new ones, The data for both cases are synthesized in [6].

41 Agard 132 mm. The results of the benchmark presented
in Ref. [29] show a high dispersion. The extreme values are
reported in Table 4 and we will refer to them as “reference
results.”

Here we study the case where the primer is simukated. Two con-
figurations are considered and illustrated in Fig. 7. For each con-
figuration, the primer works during 10 ms and the source terms
corresponding to the primer are [i,= 13132kgm™3.s7! and
Qign= 1.5702 x 106 1 kg~ L.

0.03 T v T T T T v

0.025F k

=}
2

0.015F -

it
«
=
T
L

Combustion rate {mfs)

0.005 b

B L L J 3 1 1 L4
o 08 1 18 2 3

Tigne (8)

Fig. 4 Evolution of surface temperature and combustion rate with a constant heat flux
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Fig. 5 Evolution of surface temperature, combu‘siioii' fai__e and total external heat flux when the ignition flux is suddenly

switched off

The resuolts for the configuration 1 are reported in Table 5. The
maximal pressures are always near the highest values of the refer-
ence results, but remain coherent. The differénce between the 1D
and 2D simulations can be explained by the modeling of the

1 : . . -

——— Model 3
— == Vigille ]

5
N
~
1

Combustion rate {m/s)
(3

it
=]
Y
1

3 PETRPEEETT | PSR TS N
10 A - - Hue

primer; the flow per unit of volume 'y, is the same in all cases,
so the mass addition in the 2D simulations is lower than in the 1D
simulations. The powder bed ignition is thus more diffused, mal-
ing the pressure evolution slower and smoother, For the 1D case,
the refinement of the mesh increases the accuracy of the scheme,
making the pressure peaks sharper. On a two-dimensional mesh,
refining the mesh smooths the pressure waves according to the
previous remark on T, This source term has to be corrected in
order to obtain primer conditions independent of the mesh used.

The configuration 2 is more realistic. The primer is modeled by
source terms in five points at z=0 mm, z=31.75 mm, z=63.5
mm, z=95.24 mm and z= 127 mumn. The results are synthesized
in Table 6 and Table 7. They correspond to the reference results,
excepted with the ignition times. As for the previous configura-
tion, the primer modeling depends on the mesh size. The finer the
grid is, the less power and mass the primer produces,

Table 4 Results of the benchmark oh the Agard gun

Results
(2D simmulation)

Resulis

Computed data (1D simulation)

Fig. 6 Steady combustion rate in function of pressure: com-

10 10
Pressure (Pa)

patibility with classical burning law

Journal of Applied Mechanics

10

10 Max. shot base pressure (MPa)
Mazx. breech pressure (MPa)
Muzzle velocity (m/s)

Exit time {ms)

324 -390

350423

660 —722
14,36 - 16.58

328368
360 -396
687 -711

15.06 — 16.85
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Fig. 7 Configuration in the combustion chamber at initial time

4.2 40 mm Gun. In this section, the 40 mm gun is studied. Tnx
this gun, the cross section is now variable (42 mm diameter at
breech and 40 mm diameter at muzzle). The primer has two holes
at z= 10 mm and z =735 mm. The powder used is of the type triple
base, meaning that it is composed of three chemical species. Here
again, no chemical data is available to use our ignition model. We
consider then that ignition occurs when the surface temperature
reaches 444 K. ‘

Experimental results have been used in Ref. {30] to compare
the simulations of different ballistic codes. For a mass of powder
of 440 g and a projectile mass of 790 g, the maximal pressure
recorded is 428 MPa and the muzzle velocity is 1234 m/s. In
many cases, the benchmark data had to be corrected in order to fit
the calculated resuits to the measured ones. The vivacity and the
chemical energy of the powsder were the most modified values,

Here, we build a “zero-dimensional model” to simulate the:
primer, based on the Gough equations. This means that we simu-
late the evolution of the conditions in the primer with the assump-
tion that these conditions are the same in the whole volume of the
primer. The model is described by the following four differential
equations

i K r:omb

dr

— (& 01) =

d

d * % %k (52)
a7 (0‘1 Pl__?_l) =

id* =J*

dr
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Table 6 Effect of mesh size on 1D results for Agard gun - igni-
tion in five points

Compnted data 500 cells 1000 cells 2000 cells
Max. shot base pressure (MPa) 372 364 362
Max. breech pressure (MPa) 408 400 397
Muzzie velocity {m/s) 698 699 703
Exit time (ms) 1546 16.19 16.83

Table 7 Effect of mesh size on 2D results for Agard gun —
ignition in & points

SOOX_I_ cells  500XS cells 500X10 cells

Computed data

Max, shot base pressure (MPa} 354 356 362

Max. breech pressure (MPa) .- 388 391 398

Muzzle velocity (m/s) 688 695 693

Exit time {ms} 1547 15.42 21.78

corresponding to the balance équations of gas mass, powder mass,
gas energy and burnt thickness. The superscript * corresponds to
the state in the primer. The term 'y represents the production
of gas through the combustion. The combustion rate # follows a
Vieille's law.

The primer is 50 mm-length and 10 mm-diameter, with two
Holes at z= 10 mm and » =35 mm. It is filled with 4.15 g of black
powder with the characteristics

* graing: sphere with 1.77 mm-diameter
= density; 1700 kg/m?
¢ chemical energy: 1.3045 MJ/kg

Since we do not have afl the data required for a simulation, we
have to malce some cormplementary hypothesis:

* the coefficients of the combustion rate equation are the same
as for the propetlant :

* the gas produced by the combustion of the black powder
have the same thermodynamical properties as the gas pro-
duced in the combustion chamber

The same two values as in the perfect ignition case for the
chemical energy of the propellant were used: Q. ;== 5.071 MI/kg
and Qg z= 5471 MJ/kg. The simulations on 1D and 21> meshes
are exposed in Table 8.

The numerical results are in agreement with the reference
results, except for the exit time that is much greater in the 1D sirmn-
ulations, As for the previous cases, this problem comes from the
construction of the mesh, and this has to be solved in the future. It
is to notice that the muzzle velocity is generally underestimated in
comparison with the other codes. No explanation is available for
the moment. We can observe that the pressure at the breech is
higher on a one-dimensional mesh whereas the pressure at the
shot base is lower. The difference between the pressures on both
sides of the computing domain is then greater in the 1D case.

Table § Results for the 40 mm gun on 1D and 2D meshes —
primer simulated

500 x 1 grid 500 x 5 grid
500 1000 2000 300X5 S00XI10
Computed data cells cells cells cells cells Computed data Qex1 Qex2 Qex 1 Qex2
Magx, shot base pressure (MPa) 388 386 391 366 365 Max, shot base pressure {MPa) 325 377 341 400
Max, breech pressure (MPa) 423 421 421 402 400 Max. breech pressure {(MPa) 444 519 434 504
Muzzle velocity (m/s) 707 712 716 695 694 Muzzle velocity {m/s) 1168 1237 1148 (214
Exit time (ms) 1456 1458 14.60 1625 16.69 Exit time (ms) 27.39 26.85 9.97 9.50
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5 Conclusion and Future Work

We have developed a two-phase flow code applied to interior
ballistic problems. Its main features are the possibility to simulate
multidimensional problems and the implementation of an
advanced ignition criterion. The set of partial differential equa-
tions describing the flows is not always hyperbolic and contains
nonconservative terms, so we had to adapt a finite volume method
to handle these characteristics. Works on different approaches
such as a relaxation method are in progress.

On a physical point of view, we built a model which takes into
account simplified chemical reactions in both phases {gas and solid)
to obtain more realistic ignition temperatures and delays. Optimized
algorithms were developed to limit the computing time increase.
Some experiments are still required to complete the validation.

The comparisons of simulations with other ballistic codes and
experimental results showed that we obtain results in good agree-
ment on one- and two-dimensional meshes. Unfortunately, the
lack of physical data did not enable us to use our advanced igni-
tion criterion, so the physical models used were similar to the
other codes,

An interesting way to improve the results is to make the simula-
tion of the primer independent of the mesh, which is not yet the
case, a8 some results demonstrated. A second perspective is the
use of nonhomogeneous meshes to increase the accuracy and the
computing time of the code, by refining the grid in the neighbor-
hood of the primer surface and using a coarse mesh in the lunch-
ing tube.
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