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Abstract. This paper presents a method for predicting a value of a gasdynamic efficiency
coefficient for perforated muzzle brakes. The method is based on the interior ballistics
modelling for determining gasdynamic flow parameters at the brake inlet and 2D
modelling the processes inside the brake with treating vents as circumferential slots.
The modelling provides information about the mass flux time changes at the inlet and at
the outlet of the brake. Using this information, the mass partition coefficient values and
the gasdynamic efficiency coefficient values are calculated. It has been shown that
the mass partition coefficient establishes very quickly and it is determined only by
the geometry of the brake. The gasdynamic efficiency coefficient establishes after
a relatively long time, what demands carrying out calculations for a relatively long time
period. However, it has been shown that this problem can be solved by making use of
the established ratio of mass fluxes at the outlet and the inlet.
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So, flow parameters’ values at the inlet are sufficient for determining the
gasdynamic efficiency coefficient to the moment of attaining the final value. It has been
shown that this value depends on the ballistics and on the vents inclination angle.
Keywords: ballistics, muzzle brake, gasdynamic efficiency coefficient

1. INTRODUCTION

In the process of design of muzzle brakes, it is desirable to assess their
gasdynamic efficiency coefficient by using simulation tools. The coefficient is
defined as ([1]):

1,
— W \ 1
p oM, (1)

where lwo, lw mean the recoil impulse without and with a brake, respectively,
M is the projectile mass, and u, is the muzzle velocity of the projectile. Values of
all quantities in Eq. 1 can be calculated by the use of computational fluid
dynamics methods. The values of lwo and up can be calculated by using interior
ballistics codes. But determining the I, value is much more complicated, because
gasdynamic processes, taking place in brakes, are quite complicated and they
generally need 3D modelling. This problem was solved in [1] by applying 3D
modelling to the flow through a single vent. It was taken into account that the
flow inside the vent is established in a time scale much shorter than a time scale
of the flow in the brake. Therefore, the flow can be treated as quasi-steady one.
Moreover, the flow depends solely on the flow parameters in the main channel
of the brake upstream of the vent. Basing on it, relations between the established
flow parameters in a vent and flow parameters in the main channel were found.
They were used for 1D modelling of the flow in the main channel. The outflow
to the vents was taken into account by incorporating source terms in the 1D flow
equations. Values of parameters at the brake inlet were calculated by an internal
ballistic code.

For calculating the I, pressure distribution on the vents, the side walls were
used. So, the I value was calculated as:

I, = AT pbdt—ZN:TI p.n ds, dt 2)
0 0S

n=1

n

where A is the bore area, py is the breech pressure, pn is the time- and position-
dependent pressure acting upon the vent surface Sy, nx is the axial component of
the unit vector normal to the vent surface element dS,, and N is the number of the
vents. The model proposed in [1] was verified experimentally in [2] and [3].
Gasdynamic processes in perforated muzzle brakes were modelled in [4-6].
However, the problem of determining the gasdynamic efficiency coefficient was
not addressed. In this work, a novel method for predicting this value is proposed.
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It is much simpler than the method used in [1]. The method does not need
information about the pressure distribution inside the vents (as in Eq. 2) and it
bases solely on flow parameters’ values at the brake inlet and the brake outlet.
The objective of this work is to demonstrate the idea of the method, without
aiming to attain high accuracy. That is why relatively simple models of
the gasdynamic processes are applied.

2. METHODS

The gasdynamic flow behind the projectile, when it reaches the muzzle,
is supersonic or close to sonic. In the first case, the flow at the muzzle remains
supersonic for a time after the projectile leaves the muzzle. Then, it becomes
subsonic. But the rarefaction wave entering the muzzle accelerates the flow.
As a consequence, the flow at the muzzle becomes sonic. It also becomes sonic
in the case, when initially the flow approaching the muzzle is subsonic. So,
the flow at the muzzle is both supersonic or subsonic. A presence of a brake does
not change this. It means, that the parameters’ values of the flow at the brake inlet
can be determined basing solely on the solution of the interior ballistics problem.

In this work, a relatively simple 1D single-phase model of the interior
ballistics is used. Its simplicity is justified by the objective of this work.
The model uses characteristic form of the flow equations:

dp+ pcdu =F (X, p, p,u,c,z)dt, dx=(uzc)dt (3)
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where t is the time, x is the axial coordinate, d(x) is the diameter of the bore, u is
the flow velocity, p is the pressure, p is the density, c is the sound velocity, z is
the relative burnt mass of the propellant, k is the specific heat ratio, 7 is the
covolume in the Noble-Abel equation of state, f is the propellant force, and g is
the propellant density.

The functions G(z) and fs(p) are the functions in the burning law introduced
in[7]:

dz_ P
dt Po

The symbol fi is the energy flux due to heat losses [8]:

G(z)f,(p). fs(p):po(p]n, p, = 0,1 MPa (9)

_ pul® [ p\02 ] 378 (T \M®
fo = 35362 (ﬁ) (r-293); D=-"2-(1) (10)
where T is the temperature.
The initial and boundary conditions are as follows:
p(x,0) = 4="2700 u(x,0)=0, p(x,0)=p (11)
_ At
z(x,0) = oy (12)
u(0,t)=0, u(xp,t):vp () (13)

where m, is the propellant mass, mign is the igniter mass, Vo is the initial volume
inside the case, ps is the forcing pressure value, v; is the projectile velocity, and
Xp is the distance the projectile travels:

dx dv 2
S0 S A ) ()] =m0 2] 10

where my, is the projectile mass, Ain is the surface area of the bore cross section
(it is also the surface area of the brake inlet), and Tw is the pitch of rifling
expressed in calibres. The resistance pressure pr is a sum of the pressure of the air
compressed by the projectile motion pg and the resistance pressure pr. attributed
to the projectile engraving process and the friction.

The boundary condition changes after the projectile has left the muzzle.
When the flow is supersonic, the no reflective boundary condition is set. When
the flow becomes subsonic, it is assumed that the flow is accelerated to the sonic
flow by a rarefaction wave. The following relations are used for calculation of
flow parameters’ values at the muzzle:
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The subscript a denotes the parameters of the flow approaching the muzzle.
The set of equations is solved by replacing differentials by finite differences and
constructing solution of the finite difference equations on the characteristics net.

The flow in the muzzle brake is treated as 2D axially symmetric flow.
The real set of vents is replaced by a set of circumferential slots with preservation
of the venting area. Such an approach was used in [5] and the calculated blast
characteristics were close to experimentally determined ones in [3]. The approach
is based on the observed regularity that the gasdynamic efficiency is determined
mainly by the ratio of the vent area to the area of the brake outflow and weakly
depends on the shape of vents ([2]).

It is assumed that the propellant is completely burnt before the projectile
leaves the muzzle. The propellant gases are treated as a perfect gas, because at
relatively low pressure values the covolume can be disregarded. The flow in
the brake is described by the set of equations:

Py +(pu,), +r(rpu,), =0 (17)

(pux)'t+(puf)’x+r_l(rpuxur)’r+p'x=0 (18)

(pu, ) +(pUl, ).+ (rpu?), +r7(rp), =0 (19)

(pe). +(peu,), +r(rpeu,), +(pu,)+r(rpu,), =0 (20)
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where uy, Uy are the axial and radial velocity components, respectively, and ¢ is
the specific internal energy.

The time period of projectile movement inside the brake is two order of
magnitude shorter than the time in which the process inside the brake is modelled.
So, we can neglect this period in modelling the processes in the brake. It is
assumed that the process of venting starts when the projectile leaves the brake.
So, initially the values of flow parameters are uniform across the brake and they
are equal to the parameters at the brake inlet. It constitutes the initial conditions
for solving the set of Egs. (17-20).
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The no permeable boundary condition was set at the brake inner walls.
At the outlet of the brake and the outlets of vents, no reflective boundary
condition was assumed. At the brake inlet, parameter values are determined by
the solution of the interior ballistics problem.

The set of Egs. (17-20) was solved by the use of the Fluent module of
ANSYS 19.2.

Basing on the results of modelling, the mass fluxes at the inlet qmin and outlet
Qmou OF the brake are calculated. The coefficient of mass partition is calculated as
the ratio of the mass passing the brake outlet and the mass entering the brake:

[ G (Bt
- (22)

a(t)=t—
J.qmin (t)dt

f

where to is the moment of time when the projectile leaves the muzzle.

We assume that the impulse, produced by the brake {the second summand
in Eq. (2)}, is equal to the change of the axial component of momentum of the
gas that outflows from the vents. In the case of vents, perpendicular to the brake
axis, this change of momentum is equal to the momentum of gas entering the
brake. So, the impulse can be calculated as:

t

Ih (t) = I[qmin (t)_qmou (t)]uin (t)dt (23)

fo

The rarefaction wave, that enters the bore of the gun, moves upstream. So,
it reaches the breech after a relatively long time. At this time, the pressure value
at the breech becomes very low. So, the wave practically does not affect the value
of the impulse exerted on the recoil parts of the gun. It means that the numerator
in Eq. (1) reduces to In. On the other hand, the impulse value, exerted on the recoil
parts to the moment the projectile leaves the muzzle, is close to the momentum
value of the projectile. So, the denominator in Eq. (1) can be approximated by:

le (t) = Anj pbdt (24)

The value of the gasdynamic efficiency coefficient is therefore
approximated by the formula:

p(t)= (25)
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The coefficients « and g are represented as functions of time, because
simulations of the processes in the brake can be made only in a finite time.
Analysing asymptotic behaviour of these functions, we can infer concerning
their values in infinity.
The approach, described above, can be applied for determining the value of
p for the brakes with vents perpendicular to the brake axis. In the case of brakes
with vents, inclined to the brake axis, Eq. (23) should be replaced by:

t

1y () = [ [in (©) = Gou ][ o () 0, (t) cOs 0 ] it (26)

t

where uy is the effective velocity of the flow through the vents, ¢ is the angle
between the axis of vents and the brake axis (< 90° for vents inclined towards the
brake outlet, > 90° for vents inclined towards the brake inlet). A rough estimation
of uy value is considered:

u, (t)=u,(t) (27)

This approximation gives an upper limit of the uy value.
3. RESULTS AND DISCUSSION

The interior ballistics problem was solved for a 35 mm antiaircraft gun,
for two types of ammunition FAPDS-T and TP-T. The calculated muzzle
velocity values are 1474 and 1202 m/s, respectively (1440 and 1180 m/s are
catalogue values). Figures 1 and 2 present the results of calculations of pressure,
velocity, and density values at the muzzle brake inlet in the form of plots of
relative changes of these values in time.
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Fig. 1. Plots of relative time changes Fig. 2. Plots of relative time changes

of pressure, velocity, and density values,  of pressure, velocity, and density values,
FAPDS-T TP-T
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Pressure and density values decrease relatively quickly, whereas velocity
values decrease relatively slowly from the moment when the rarefaction wave
enters the muzzle. It is a result of acceleration of the flow by the rarefaction wave.

For 2D simulations of the processes in the brake, plots shown in Figs. 1 and
2 were approximated by the function:

Soi

E=
1+ay (t-ty ) +ay (t—ty )’
the quantities &i = {poi, Uoi, i} are the values of the pressure, velocity, and
density at the time moment to; (to1 corresponds to the moment when projectile
leaves the muzzle, to, to2 to the moment when the flow at the brake inlet becomes
sonic).

Figure 3 presents time changes of the impulse lx: exerted on the breech of
the gun after the projectile has left the muzzle. The impulse reaches its limiting
value: 274 Ns for FAPDS-T and 218 Ns for TP-T shortly after the rarefaction
wave reaches the breech.

(28)
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Fig. 3. Evolution in time of the impulse l..1: solid line FAPDS-T, dashed line TP-T

Fig. 4. Sketch of the cross section of the modelled muzzle brake (g= 82°)
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Geometry of an existing muzzle brake, shown in Fig. 4, was chosen to be
a basis for 2D simulations. Each set of vents was replaced by a circumferential
slot with preserving the venting area. The centre plane of the slot coincides with
the axis of vents. In order to analyse influence of the vent axis inclination angle
¢ on Svalues, three variants were considered: ¢ = 90°, 82°, and 98°.

Figure 5 presents the velocity values distribution at a moment of time.
It illustrates well the wave picture of the processes inside the brake. At the
windward edges of vents, Prandtl-Meyer flow is generated. It causes a turning of
the flow. Then, it turns again in the shock wave that is generated at the leeward
edge of the vent. The shock wave reflects at the axis of the brake and the Mach
stem is generated. The reflected waves interfere with the shock waves originating
from the consecutive vent edges.

Fig. 5. Exemplary velocity values distribution in the brake

Figure 6 presents plots of the mass partition coefficient. After a transient
time, the value of the coefficient establishes. This value does not depend on the
type of ammunition. It means that it solely determined by the geometry
of a brake. So, it can be considered as a characteristics of a brake.
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Fig. 6. Plots of the mass partition Fig. 7. Plots of the gasdynamic

coefficient; solid line FAPDS-T, dotted efficiency coefficient (¢ = 90°); solid
line TP-T line FAPDS-T, dashed line TP-T
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The values of gasdynamic efficiency coefficient show a dependence on
the type of ammunition (Fig. 7). It is in agreement with experimental
observations (see reference [2]) that 5 value mildly depends on ballistics.

The influence of the vents inclination angle is illustrated by the plots
shown in Figs. 8 and 9. The obtained results are qualitatively correct.
Diminishing the inclination angle value leads to the lower turning angle of the
flow. The turning angle in the Prandtl-Meyer flow does not change, but the
turning angle in the shock wave decreases. It means that the shock wave is less
intensive. So, the difference of pressure values on the vent opposite walls is lower
and hence, the In value is lower. It causes diminishing the £ value. Just opposite
situation takes place when the inclination angle value is higher than 90°. The
turning angle value of the flow is higher and the shock wave is more intense. As
a consequence, the value of g should be higher than that for the vents
perpendicular to the brake axis.

The experimental data, concerning the effect of the inclination angle, are
scarce. In [2], for perpendicular vents £ =51.1%, while for the vents inclined by
100° g = 55.1%. This result in qualitative agreement with the results shown in
Figs. 8 and 9. The difference between these values of 5 (4%) is of the same order
of magnitude as the difference predicted in this work (FAPDS-T: 6.4% for
@ =82° 5.1% for ¢ = 98°, TP-T: 7% for ¢ = 82°, 4.6% for ¢ = 98°). However,
taking into account that Eq. (27) predicts the upper limit of the u, value, we can
expect that the effect of the inclination angle value is weaker than the predicted
one.
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Fig. 8. Plots of the gasdynamic
efficiency coefficient for various
values of the inclination angle,

Whereas the mass partition coefficient quickly attains its final value,
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Fig. 9. Plots of the geodynamic efficiency
coefficient for various values of the

inclination angle, TP-T

the gasdynamic efficiency coefficient continuously increases.
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It is caused by relatively slow diminishing the velocity value at the brake
inlet and relatively quick establishing the ls: value. This behaviour of the
function £(t) demands relatively long time of calculations. It is computationally
expensive, especially when 3D modelling is performed. But, we can solve this
problem by making use of the observed establishing the « value. It suggests that
the ratio of the fluxes gmou /gmin tends to a constant value. An exemplary plot,
shown in Fig. 10, proves that the value of this ratio is not constant but it oscillates
around the average value «. Because the amplitude of these oscillations is low,
we can assume that after establishing the value «, the ratio Qmou /qmin is equal to
o'. The value o is somewhat lower than the value o (0.4 versus 0.42) what is
an effect of the transient period. Using the value o', we can modify Eq. (26):

(=1, (t1)+(1—o/“)quin ] uy, (t)—u, (t)cos e |dt (29)

The plots, shown in Fig. 11, enable us to make an assessment of accuracy
of the above approximation. The results of calculations by Eq. (26) are compared
with the results of calculations by Eq. (29) with t; = 10 ms. The comparison
justifies the use of Eq. (29). This result is important, because it proves that the
simulation of gasdynamic processes in the brake can be make for a restricted
time period. For determining g values after this period only the values of
parameters at the brake inlet are sufficient ones. This needs only the solution of
the interior ballistics problem and it is much less computationally expensive than
modelling processes inside the brake.
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Fig. 10. Plot of Qmou /qmin; dashed line—  Fig. 11. Comparison of 3 (t) plots: solid
average value; ¢ = 90° line - Eq.26, dotted line - Eq. 29

The plot g (t) for FAPDS-T ammunition and ¢ = 90° is presented in Fig. 12
as an illustration of the results obtained by the use of Eq. (29). A value of g
reaches its final value 70.2% after a relatively long time of 70 ms. This value can
be compared with the value 77.5% calculated by the empirical formula proposed
in [2]:



40 M. Czyzewska, R. Trebinski

=0.273A, [1-0.18L/ D](1-0.14A, +0.01A%) (30)

where Ag is the ratio of the venting area to the area of the brake outlet (6 in the
considered case), L/D is the ratio of the length and the diameter of vents (0.5 in
the considered case). Taking into account approximate character of the model
used in this work and approximate character of Eqg. (30), the difference between
these two values can be assessed as relatively low one.
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Fig. 12. S (t) plot calculated by using Eq. 29, FAPDST-T, ¢ = 90°

The value S (t) changes quickly in the period of the transient process.
The results of modelling in this period depend on formulation of the initial
condition. The simplified initial condition, used in this work, lowers the £ value.
So, for increase in accuracy of determining this value, it is recommended to take
into account the period in which the projectile moves through the brake.

4. CONCLUSIONS

The results of the presented analysis enabled us to recognise some problems
connected with estimation of a value of the gasdynamic efficiency coefficient for
perforated muzzle brakes on the basis of computational simulations of fluid
dynamics. The main findings are as follows:

1. The mass partition coefficient value establishes at a relatively short time.

2. The mass partition coefficient value depends on the geometry of the brake
and it does not depend on the ballistics parameters.

3. The gasdynamic efficiency coefficient reaches its final value after a relatively
long time, what complicates estimating its value on the basis of simulations’
results. However, this problem can be solved basing on the fact that the ratio
of mass fluxes at the inlet and outlet establishes after a transient time.
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The solution of the interior ballistics problem is sufficient to assess the value

of g for a longer time.

The gasdynamic efficiency coefficient depends mildly on ballistics.

The proposed method of determining the gasdynamic efficiency coefficient

gives rational results. However, the predicted influence of the vents

inclination angle’s value may be too strong.

6. The method can be easily adopted to more complicated 3D models of the
processes in perforated muzzle brakes.

In the follow-up research, the authors intend to extend the presented analysis
by making a comparison between 2D and 3D modelling results, taking into
account the projectile motion through the brake, improving the estimation of uy
value and by experimental verification of the proposed method.
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Metoda przewidywania skutecznosci perforowanych
hamulcow wylotowych

Marta CZYZEWSKA, Radostaw TREBINSKI

Wojskowa Akademia Techniczna,
Wydzial Mechatroniki, Uzbrojenia i Lotnictwa, Instytut Techniki Uzbrojenia
ul. gen. Sylwestra kaliskiego 2, 00-908 Warszawa

Streszczenie. W pracy przedstawiono metode przewidywania wartosci impulsowego
wspotczynnika efektywnosci gazu dla perforowanych hamulcow wylotowych. Metoda
wykorzystuje modelowanie balistyki wewnetrznej do wyznaczania parametrow
dynamicznego przeptywu gazu na wlocie hamulca oraz dwuwymiarowy model proceséw
zachodzacych wewnatrz hamulca, traktujac boczne kanaty wylotowe jako obwodowe
otwory. Model ten dostarcza informacji o zmianach w czasie strumienia masy na wlocie
i wylocie hamulca. Na podstawie tych informacji obliczane sg warto$ci wspotczynnika
podzialu masy oraz impulsowego wspotczynnika efektywnosci gazu. Pokazano,
ze warto$¢ wspotczynnika podziatu masy ustala si¢ bardzo szybko i jest determinowana
jedynie geometrig hamulca. Warto§¢ impulsowego wspotczynnika efektywnosci gazu
ustala si¢ po stosunkowo dlugim czasie, co wymaga przeprowadzenia obliczen
w relatywnie dlugim okresie. Pokazano jednak, ze problem ten mozna rozwigzac,
wykorzystujac ustalony stosunek strumieni masowych na wylocie i wlocie hamulca.
Zatem warto$ci parametrow przeplywowych na wlocie sa wystarczajace do wyznaczenia
impulsowego wspotczynnika efektywnos$ci gazu w momencie osiagnigcia jego wartosci
koncowej. Wykazano, ze warto$¢ ta zalezy od parametréw balistycznych i kata
nachylenia bocznych otworéw wylotowych.

Stowa kluczowe: balistyka, hamulec wylotowy, impulsowy wspoétczynnik efektywnosci
hamulca
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