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Navier-Stokes Analysis of Muzzle-Blast-Type Waves

O. Bay sal*
Old Dominion University, Norfolk, Virginia

A Navier-Stokes solution is presented as a mathematical model to muzzle-blast-type waves. The study has two
novel features. First, it is a combined internal/external analysis relating barrel flow parameters to muzzle en-
vironment parameters. Second, the dissipative and dispersive effects of viscosity on the propagation
phenomenon are captured. The investigation also serves as a numerical analysis of axisymmetric, high-pressure
waves in an unsteady, viscous flow. Conservation-form Navier-Stokes equations are integrated by a two-step,
explicit finite-difference scheme. The shocks are captured and treated by the inclusion of artificial dissipative
terms. Turbulence is accounted for by an algebraic eddy-viscosity model. The internal flow is solved by a
predictor-corrector method of characteristics with the shock fitted in; its results compare very well with the ex-
perimental data available. The numerical results obtained simulate the muzzle blast waves and show the effects
of viscosity. Comparison with the classical spherical blast wave theory shows the deviation in propagation pat-
terns of the axisymmetric and spherical waves.
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Nomenclature
= local speed of sound, m/s
= specific heat at constant pressure, J/kg-K
= diameter, m
= energy per unit volume, J/m3

= thermal conductivity, W/m-K
= mixing length, m
= momentum vector, kg/m2s
= radial momentum, kg/m2s
= axial momentum, kg/m2s
= pressure, N/m2

= ambient pressure, N/m2

= Prandtl number
= heat, W/m2

= radial coordinate, m
= time, s
= axial and radial velocity components, respec-

tively, m/s
= barrel length, m
= axial coordinate, m
= spatial steps in radial and axial directions, respec-

tively, m
= time step, s
= first and second coefficients of viscosity, N-s/m2

= density, kg/m3

= shear stress, N/m2

= vorticity, 1/s

Subscripts and Superscripts
m = molecular value
N = index for time
r,z = index for radial and axial directions, respectively
t = turbulent value
w =wall value
0 = reference value
( ) = predicted value
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Introduction

THE propagation of muzzle blast waves has received con-
siderable attention due to its direct impact on the design of

the tube launchers of projectiles, conventional powder guns,
gas guns, and light-gas guns. These pressure waves have large-
amplitude, steep or nonsteep fronts that propagate at
significantly high speeds. A thorough comprehension of the
muzzle blast plays an important role in the achievement of im-
proved muzzle performance, i.e., a higher projectile velocity
with a lower blast overpressure. The experimentally observed
structure of the muzzle blast1'2 is an impulsively generated,
underexpanded, anisotropic jet that shrinks and collapses
toward the muzzle. An acoustic-optical phenomenon (flash)
occurs behind the blast shock. At present, the interaction of
flash with the muzzle flow bearing the high-pressure waves is
not well described. The temperature rise from the flow
deceleration through the shocks enhances this phenomenon.

The principles of the classical blast wave theory3"5 have
restrictions relative to its applicability due to the requirement
of a spherically symmetric flowfield and a power-law rate of
energy dissipation. Because the muzzle blast and the expan-
sion of related flows are highly time-dependent, the quasi-
steady-state theory can predict only the instantaneous jet
structures. Therefore, this theory is inadequate. The mathe-
matical statement of a model that describes the varieties of
fluid-mechanical and energy-transfer phenomena included in
the muzzle blast is a set of partial differential equations
which does not have a closed-form solution. Various
numerical solutions have been reported in the past decade6"11

for different muzzle-blast cases. All of them are Eulerian
solutions, therefore, they do not include the effects of
viscosity. Some8 of the cases assume spherical symmetry and
none of them relate the blast flow parameters to the internal
flow parameters. Yet the propagation and decay of the high-
pressure waves of muzzle blast are strong functions of the in-
ternal flow histories and the dissipative effects of viscosity.
This investigation emphasizes these effects through a Navier-
Stokes solution with the philosophy of simulating the physics
of the high-pressure waves as realistic as possible, yet keep-
ing the numerics as simple as possible.12'13 It is intended to
enhance the qualitative and quantitative analysis, and guide
the future comprehensive simulations of this complicated
phenomenon. As all other numerical studies, this is a
valuable means to reduce the matrix of experimental studies
and guide the design.
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Muzzle Environment Flows
The flow in the barrel is induced by the projectile and the

rapid expansion of the pressurized propellant gases. It con-
sists of two separate parts interacting through the motion of
the projectile. Almost immediately after the projectile starts
to move, a moving normal shock is generated. The initial
time and location of this shock are calculated14 and the
pressure ratio is obtained by the shock-tube equations. The
external flow is initiated with the ejection of this shock
(precursor shock) and accentuated with the base of the pro-
jectile clearing the muzzle plane to cause the precur-
sor/propellant flow interactions. This high-Reynolds-number
flow has strong convection in one predominant direction and
secondary flows in the transverse coordinate plane. It is evi-
dent from the experimental data1'2 that, in addition to the
precursor and blast shocks, there exist secondary compres-
sion pulses in the viscous shear layers of the propellant-free
air mixture. The analytical information of these pulses is still
not adequate. The propagation velocities of the blast waves
are not constant. They are larger near the source and
decrease very rapidly as the wave moves away. This is due to
the fact that energy dissipation is more significant in high-
pressure waves than in small-amplitude waves. Their prop-
agation pattern and mechanism are deviant from those of the
spherical waves.13

Model Formulation
Mathematical Statement

Due to axial symmetry, calculations need only be carried
out at the intersection of the muzzle environment and the
vertical plane, which reduces the number of spatial variables
from 3 to 2. Also, to avoid the multiphase and mixing-flow
considerations, the propellant is assumed to be a gas iden-
tical to the ambient air, and there are no chemical reactions
inside or outside the barrel. The governing equations,
therefore, are the Navier-Stokes equations, written in strong
conservation form, and the Nobel-Abel equation of state:

and

where
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The constant /3 in the Nobel-Abel state equation is assigned a
value of 0.001 in this study. The axial, radial, and tangential
stress terms and heat-transfer terms are as follows:

(4)
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The first coefficient of viscosity and the thermal conductivity
are given as the sum of their molecular and eddy
components:

and

k = c

(8)

(9)

The molecular viscosity is assumed to obey Sutherland's
formula, and the second coefficient of viscosity is assumed
to obey Stokes' formula:

(10)

X=-(2/3) / t

where b is the Sutherland constant.

(H)

Boundary Conditions
The characteristic of these partial differential equations is

mixed hyperbolic-parabolic. However, due to the larger
relative order of magnitude of the convective terms, the
equations may be considered predominantly hyperbolic.
Therefore, this is a marching-type problem which requires
boundary conditions as well as initial conditions.

The physical bounds in this computational domain are the
external surface of the barrel, and the surface of the projec-
tile when it is ejected (Fig. 1). The impermeability and no-
slip conditions are imposed at these solid boundaries. Also,
the zero pressure gradient is assumed normal to these sur-
faces. The temperature variation is neglected (isothermal) on
the solid surfaces. The outer boundary (transmittive bound-
ary) should be treated not to permit any nonphysical reflec-
tions or accumulation of vorticity. In the present model, they
are treated by a first-degree interpolation of the property
values, i.e., their gradients are prescribed from the domain
of computation. The muzzle plane properties are dictated by
the internal flow calculations for a supersonic exit flow. In
case of subsonic ejection, the external and internal influences
are accounted for so as to satisfy the conservation of mass.
The axis of symmetry has no mass or energy transfer across
it, therefore, the radial momentum vanishes on the center-
line. Also, to obtain smooth property profiles across the axis
of symmetry, the radial gradients of the properties are set
equal to zero on the centerline. The terms with the (1/r) fac-
tor in the governing equations are treated using the
L'Hospital rule as r approaches zero on the axis of sym-
metry, i.e.,

(3) limf—— -j*-(
r~o L r dr

(12)
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Fig. 1 Sample, fixed but nonuniform, grid mesh: «>1.0; /3>1.0.

The values of the properties on the centerline can now be
determined from the governing equations. A realistic set of
ambient conditions is used as the initial conditons. Since the
uniqueness of the solution to a set of partial differential
equations has not been solved, the well-posedness, which
may be interpreted as the success of the boundary conditions
and the intial conditions used, can only be determined by the
reasonableness of the solution.

Internal Flow
The flow in the barrel, excluding some extreme

geometries, is predominantly one-dimensional. Since the em-
phasis is placed on the muzzle blast flows, the internal flow
is computed in a rather approximate fashion; i.e., an isen-
tropic flow of a perfect gas. The propellant is assumed to be
burnt completely before it reaches the barrel. This set of
assumptions, which is shown in the literature15 to be ade-
quate, reduces the internal flow to a time-dependent, com-
pressible, one-dimensional, isentropic flow of perfect gases.
Therefore, the governing equations are the Euler equations
with the corresponding energy and state equations. The nor-
mal shock in the barrel is fitted-in and followed in time, with
the jump conditions across it being the Rankine-Hugoniot
equations. The boundary condition at the projectile base and
nose is that the gas-particle velocity is equal to the velocity
of the projectile. The properties at the muzzle are computed
by the external flow calculations, and transferred in through
the communication of the internal/external flows. The barrel
inlet conditions are extrapolated from the upstream flow. It
is assumed that there is no propellant gas leak between the
projectile and the barrel.

where

and

(14)

(15)

where y is the local normal distance from a solid surface.
Turbulence of the outer region is based on the Clauser for-

mulation using the Klebanoff approximation to the Gaussian
error function, which gives the intermittency factor. The
outer eddy-viscosity coefficient is calculated as

>t) outer = 0-0269pFwakeFKleb (16)

where the value of FKleb, the Klebanoff intermittency factor,
is given by

= [ l + 5.5(0.3.y/ymax)6]

and

(17)

(18)

where F ( y ) is maximum, Fmax, at y=Ymax. Fwake is the
minimum of (rmaxFmax) or (0.25ymax<7§if/Fmax), where

Udif = {max \M/p I - min iM/p I ) (19)

at a fixed tangential location. The crossover point where the
switch is made from (/Oouter

 to GOinner* is tne minimum
value of y where (/-t,)outer becomes less than (At,)inner.

Shock Treatment
A shock-capturing scheme is devised to treat the discon-

tinuities that are rapidly moving and changing their shapes
and strengths. It is evident from the continuity equation
that, for a compressive wavefront, the divergence of the
momentum vector is a negative quantity. Therefore, the
detection of shock points is possible through a check of the
sign of the momentum vector. To smear these points of
discontinuity nonphysically in order to obtain continuous
variations of properties, artificial dissipative terms are added
to the governing equations. These terms are obtained as
follows:

Let the shock thickness be 6 = C(As), where C is a coeffi-
cient and

(20)

But the shock thickness is given18 as

Turbulence Modeling
The flowfield generated with the launch of a projectile is

highly turbulent due to the existence of a jet flow, a wake
flow, and wall turbulent shear flows. Since the simulation of
the dynamics of turbulence is still unattainable, a turbulence
model is appropriated. A model that would not add to the
number of equations of the existing set of governing partial
differential equations is an algebraic eddy-viscosity model
(zero-equation model). The model of Cebeci,16 with the im-
provement of Baldwin and Lomax17 to do without the need
for the thickness of the boundary layer, is used. In this
model, the length scales are based on the vorticity distribu-
tion rather than the displacement thickness.

Turbulence of the wall shear flow is called the inner tur-
bulence, and it is modeled using the Prandtl mixing-length
theory with the improvement of the Van Driest formulation.
Using the nomenclature of Baldwin and Lomax,17 the inner
eddy-viscosity coefficient is calculated as

( l + 7 ) p ( A K )
(21)

where p is the mean density and (AF) the velocity jump
across the shock. Using Stoke's rule for X and assuming that
(pAK) = <5p [ v • (M/p) ] , solve for the artificial viscosity coef-
ficient jLt0,

Ha = [(3/32)(l + 7)C 2]p I V • (M/p) I (Ar-Az) (22)

or, by defining a new constant, C^ =(3/32)(l + 7)C2,

r-Az) (23)

(24)

From the Reynolds analogy,

, ) inner = (13) (25)



MAY 1986 ANALYSIS OF MUZZLE-BLAST-TYPE WAVES 803

Also needed is an artificial right-hand side (RHSa) with a
viscous-like term for the continuity equation, which is writ-
ten as

(26)

where Cp is a constant. Now, a tuning of the values of the
three constants, C, Cp, and Pr (the Prandtl number), is per-
formed as a compromise between the crispness of the shocks
(but rigorous numerical oscillations in the solution) and the
artificial smearedness of the shocks (but stable solution). The
artificial thickness of the shock is determined in terms of the
representative spatial step size, As, by the constant C.
Typical values used in this investigation are, C = 0.001,
Pr-0.9, and Cp = 0.5. As it evident from Eqs. (23) and (26),
the stronger the compression (i.e., the larger the property
gradients), the larger the magnitude of the artificial dissipa-
tion terms. However, even for the strongest compressions en-
countered, the value of the artificial viscosity coefficient
does not exceed 85% of the real (molecular plus eddy)
viscosity coefficient.

Numerical Solution
The governing equations (1-7) are solved using the explicit,

predictor-corrector, finite-difference scheme of MacCor-
mack.19 The method is second-order accurate in both time
and space. In regions of relatively larger property gradients,
the Courant-Friedrichs-Lewy (CFL) condition for stability
necessitates rather small time steps, causing an increase in
the total computer time utilized. In order to save some com-
puter time without resorting to an implicit or hybrid for-
mulation, two measures have been taken: variable time step
and fixed but nonuniform grid mesh (Fig. 1). Since the
phenomenon being examined here is an accelerating flow, a
relatively larger time step size is used initially. Following
completion of each step, the new step size is predicted from
the CFL condition with a Courant number less than 1, using
the maximum property values of that time step and the
minimum spatial step sizes. Determining the spatial step sizes
is a matter of compromise between the computation time
and a better resolution. However, once the spatial step sizes
are determined, the time step size is bounded by the CFL
condition. The fixed but nonuniform grid mesh is finer
around the muzzle plane where the gradients are larger. The
spatial step sizes Az and Ar are enlarged by the greater-than-
one factors a and 0, respectively, since the gradients are
known to be attenuating away from the muzzle plane.

The conservation of axial momentum, for example, is ap-
proximated as follows: Using the shorthand notation, where

400-

o

~ 3.00H
0)t/)
0)
..i 2.00-i—
-5
O

<s> 1.00-

0.00-

/ nn4.UU~
0
K
0
X

* — * *^ c\r\
& 3-00-

h= 2.00-
JU

tS
•^>O 4 nc\
et 1DO"

nnn.
^
/

f

Pro
Exp
for

^
^

/

ectile path from t
>erimental results
the CARDE 10/4\

^

/

^
^

^

^

/

f

?

/

.^

/

,^

.

he

g^
^
s
/

/

ml

y

/

161

^

^
X

/»
^J

v^
^

Drojec

x

le

shod<

0.00 0.25 0.50 0.75 1.00

Length of Barrel (Z/ZBRRL)
Fig. 2 Time vs travel plots for the projectile and shock inside the
barrel.

Az and vz are the forward and backward finite-differencing,
respectively, in the axial direction and Ar and V r are their
counterparts in the radial direction,

Predicted value:
n2\N ( mn\N
— ) + V r ( —— J

where

<»
and

Corrected value:

1
2

(30)

where

n \w+i~ |
r) ]

•£n+
and

During the course of the computations, some numerical
oscillations, attributed largely to the existence of large
pressure gradients coupled with the frequent changes in the
sign of the momentum, have been experienced. To avoid the
possible erroneous drainage of the conserved properties due
to these oscillations, the coefficients of the artificial
dissipative terms [Eqs. (23-26)] were cautiously increased.
The consistency of the solution was checked by refining the
grid mesh that enhanced the results. The round-off error was
minimized by increasing the number-crunching (double preci-
sion) of the computer. The truncation error is of third-order
since the scheme is second-order accurate. Since more dif-
ferenced terms are used in any second-order vs first-order
scheme, the discretization error is relatively larger.

Spherical-Symmetry Calculations
The methods of dimensional analysis may be used to solve

the problem of one-dimensional unsteady motion of a com-
pressible fluid. The general character of the problems for
which self-similarity exists is that the system of dimensional
parameters, prescribed partially by the boundary conditions
and partially by the initial conditions, must not contain more
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than two parameters with independent dimensions other than
time or length.3 Therefore, if the blast waves are assumed to
be spherically symmetric, and the variation of the back
pressure of the waves is neglected, the problem is self-
similar, i.e.,

p,m,p=f(Pb,E,r,t) (33)

where pb is the back density of the wave. However, the in-
clusion of the variation of the back pressure, i.e.,

P,m,p=f(pb,pb,E,r,t) (34)

makes the problem non-self-similar. Sedov3 gave a closed-
form, but numerically attainable, solution to this problem,
which is used in the present study to compare its results with
the classical blast wave theory. The solution reduces the
governing equations of the spherical blast into a set of linear
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axis of symmetry

axial direction (z)

Fig. 5 Growth of flowfield with velocity vectors at 0.05-ms inter-
vals. In frame (c) gas ejection velocity is 340 m/s at the muzzle plane
and 240 m/s at the shock front.

differential equations with two independent, nondimen-
sional, self-similarity variables, and one abstract constant
which causes the non-self-similarity. Therefore, obtained us-
ing this solution technique are: the radius and the property
values at the wavefront as functions of the time (propaga-
tion), the spatial variation of the properties within the radius
of the pressure wavefront at a given time (wave profile), and
the temporal variation of the properties at a given location
within the radius of the wavefront (attenuation).

Results and Discussion
The numerical model formulated herein simulates the

muzzle-blast waves and the related barrel-muzzle flows with
the motion of the projectile being followed in time. The out-
put of numerous runs of the computer code enables the
analysis of this phenomenon. To establish the integrity of the
internal part of the code, which is the source of the muzzle-
plane data, a time-travel plot of the projectile and the inter-
nal shock is included (Fig. 2). The experimental results for
the GARDE 10/4 gun20 are normalized and superimposed.
The fast decay of the pressure at the base of the projectile
(Fig. 3) and the compression of gases at the projectile nose
(Fig. 4) are also computed and plotted. Despite the limiting
assumptions made for the barrel flow computation regarding
the combustion and nature of the propellant gases, the solu-
tion is highly accurate and reliable. This should also be par-
tially attributed to the data provided by the external flow
computation when it is turned on after the ejection of the
shock.

The pressure-induced, projectile-driven muzzle flow is
depicted with the aid of velocity vectors (Fig. 5). The rapid
propagation and strong decay of the pressure waves, in-
cluding the precursor and blast shocks, are presented in the
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axis of symmetry exit plane shock front

Fig. 6 Pressure waves in a block diagram of pressure vs the com-
putation zone at a) 0.10 and b) 0.15 ms, after the precursor shock
clears the muzzle plane.

exit plane

axis of symmetry

Fig. 7 Postejection pressure waves in a block diagram of pressure
vs computation zone 0.3 ms after the blast shock clears the muzzle
plane.

form of block diagrams and pressure contours (Figs. 6-8).
The case is run with a sample data set. The barrel diameter
D is 0.06 m, and the projectile length and weight are 0.10 m
and 0.50 kg, respectively.

The shock profiles computed using the spherical-symmetry
assumption3 are overlaid (Figs. 8 and 9) to display the com-
parison with the axisymmetric computation. In the near
field, however, both solutions are believed to be well approx-
imated by the typical power-law variation in time of the
classical blast wave theory4 and the later predictions.21

The pressure waves consist of pulses distinguished by the
presence of the precursor and the blast shocks. Secondary
compressive waves strengthen the main shock waves, but
rarefactive waves originating at the corner appear to prop-
agate, weakening this effect. The pressure distribution within
the rapidly expanding gases is not uniform, and different in
behavior than the free-jet expansion. The under expanded
propellant flow forms a jet with reflections of the pressure
waves from the interface with the ambient air. The wave-
forms change shape in the course of the propagation in quite
a different way from that in the small-amplitude case. This is
due to the nonlinearity of the phenomenon that causes the
flow properties to be largely disturbed. The prop-
agation of the waves seems to be faster in the axial direc-
tion, and their decay is more gradual. Therefore, it is believed
that the axisymmetric propagation of these waves is deviant

Fig. 8 a) Pressure contours at 0.1 ms after the precursor shock
clears the muzzle plane. Prelaunch contours with a contour interval
of 2xl04 N/m2. b-e) Pressure contours at 0.1-ms intervals during
launch.

from the spherical propagation. Low-pressure areas exist in
patches following the high-pressure pulses.

It is conclusive that, for all practical purposes, viscosity is
relatively small, but its effects essentially control the basic
properties. Its effects are dissipative and dispersive; not only
the attenuation, but also the propagation patterns are altered
due to viscosity. Although its effects are strongest at the
regions close to the solid boundaries, they are not confined
to those regions. The viscous forces acting near body sur-
faces reduce the momentum in the boundary-layer regions so
that, when acted upon by the initial forces, the boundary
layer may separate from the body. This possible separation
generates the vortical and unstable shear layers. The
unsteadiness is generated not only by the nature of the flow,
but also by the pressure field and the viscosity itself. This is
an important cause of the changes in the propagation pattern
of the pressure waves. Therefore, for a more realistic
mathematical model of the muzzle blast, the inclusion of the
viscous terms is perceived to be essential.
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Fig. 9 Pressure contours at a) 0.5 and b) 1.0 ms, after the base of
the projectile clears the muzzle plane. Postlaunch contours with a
contour interval of 2xl04 N/m2.

The large pressure gradients, coupled with the frequent
changes in the sign of the velocity and possible separation,
may have caused erroneous drainage of the conserved prop-
erties. The density undershoots experienced during the
calculations seemed to be due to this fact. Increasing the ef-
fect of artificial dissipative terms, on the expense of smear-
ing the pressure wavefronts, solved the problem.

Conclusion
Existing analyses of the blast waves had, thus far, excluded

the effects of viscosity and the combined study of the in-
ternal/external flows of gun barrels. A Navier-Stokes study
of these waves has been conducted with the external
parameters being related to the internal barrel parameters.
MacCormack's explicit finite-difference method has been used
to solve the set of governing equations. The results of the
study help the analysis of these high-amplitude pressure
waves. It is also concluded that the prediction of the
spherical-symmetry analysis of classical theory are pro-
hibitively restrictive.
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