
1048 AIAA JOURNAL VOL. 13, NO. 8

Calculation of Muzzle Blast Flowfields

J.I. Erdos* and P. D. Del Guidicet
Advanced Technology Laboratories, Westbury, N. Y.

The muzzle blast field generated by a gun-launched high-velocity projectile is characterized by a highly un-
derexpanded supersonic exhaust plume, which terminates at a strong shock (the Mach disk), an expanding front
of exhaust gases (the contact surface), and an expanding, nearly spherical outer shock (the blast wave). The
present study is directed toward theoretical description of the inviscid gas dynamics of the blast field. The rioted
features are discussed in terms of well-established theories for spherical blast waves with variable energy release
and for steady underexpanded plumes, from which their interaction can be qualitatively described. To obtain a
quantitative representation, a finite difference solution is developed for the unsteady compressible flow between
the Mach disk and the blast wave, assuming spherical symmetry. The results obtained are in good agreement
with experimental measurements of the motion of the blast wave, the contact surface and Mach disk for a 3200
fps round fired from an M16 rifle.
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Nomenclature
= speed of sound, (yp/p)V2

= a constant related to energy content of blast field
= specific heat at constant pressure
= bore diameter
= energy
= an index: / = 1 for propellant gas, / = 2 for air
= an index: y = 0 for planar symmetry, j= 1 for axial

symmetry, andy = 2 for spherical symmetry
k = arbitrary constant
M — Mach number
n = exponent of time in blast wave theory for shock

position
p = pressure
r = radial distance
S = entropy
t = time
u = gas velocity
z = axial distance
Z0 = origin of a spherical coordinate system
/? = exponent of time for description of energy variation

in blast wave theory
7 = ratio of specific heats, Cp/Cv
6 = polar angle
p = gas density
X = independent variable in blast wave theory
Subscripts
c = contact surface
e = nozzle exit
p = projectile
r = reference condition
s = shock (Mach disk or blast wave)
oo = ambient (freestream) value

projectile.1 The acoustic and optical (i.e., flash) charac-
teristics of muzzle blast are also of practical concern.
Definition and modeling of the unsteady gas-dynamic
processes that occur within the blast field are necessary
prerequisites to analysis of these and other related problems,
and constitute the subject of the present paper.

Descriptions of the gas dynamic processes that generate the
muzzle blast field are available elsewhere2'3 and the details
will be only briefly reviewed here in relation to the analytical
models to be described. Two blast fields are generated by each
round fired; the first, or precursor, is due to the expulsion of a
column of air driven out of the barrel ahead of the round, and
the second is due to the release of propellant gases from the
barrel after the round exits the muzzle. The visible features
of these flowfields are exhibited in the shadowgraphs shown
in Figs. 1 and 2, from Refs. 3 and 4. The spherical blast wave

Fig. 1 Precursor blast field generated by explusion of air from the
barrel by the projectile—M16 round fired from Mann barrel at 3200
fps muzzle velocity.

Introduction

THE present study is motivated by interest in the aero-
dynamics of sabot discard within the environment of the

muzzle blast field (usually termed the transitional or in-
termediate ballistics regime) for a gun-launched supersonic
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Fig. 2 Blast flowfield generated by release of propellant gases from
the barrel—M16 round fired from Mann barrel at 3200 fps muzzle
velocity.
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Fig. 4 Structure of propellant gas blast field.

produced in the precursor blast field is also present in the
propellant blast field shown in Fig. 2. However, like all
features of the precursor field, it will be overtaken, and ef-
fectively annihilated, by the blast wave produced by release of
the propellant gases. The relative strength of the two fields
can be indicated by noting that the precursor gas is com-
pressed to about 16 atm by an Ml6 round having a muzzle
velocity of 3200 fps, but the propellant gases at the muzzle are
compressed to about 600 atm at the time the round leaves the
muzzle. Consequently, the interaction between the precursor
and propellant gas flowfields during evolution of the latter
can be neglected for all practical purposes, insofar as the
present study is concerned. However, the two blast fields are
very analogous in terms of their structure and, therefore, the
precursor flowfield can provide relevant information. In par-
ticular, the precursor field is free of perturbing effects due to
the presence of the projectile in the flowfield, oxidation of the
propellant gases, and obstruction of the visible features of the
flow due to the presence of the projectile in the flowfield,
oxidation of the propellant gases, and obstruction of the
visible features of the flow due to the high density of the
propellant gases.

The principal structural features of the blast field
associated with the precursor gas are identified in Fig. 3. The
flow contained between the plume boundaries up to the Mach
disk possesses the characteristics of a highly underexpanded
supersonic exhaust jet, and, for reasons to be discussed later,
can be described in the framework of a steady flow. The con-
tact surface represents the front of the gas emerging from the
barrel. Considerable turbulent mixing along this surface and
the plume boundary is evident in the shadowgraphs, which
has a direct bearing on description of the muzzle flash, but
has very limited influence on the presently considered inviscid
structure of the flowfield. The blast shock is driven by the ex-
panding front consisting of the contact surface and the plume
boundary, which initially have a highly distorted (i.e., non-
spherical) shape. However, as the blast shock moves away
from the front the correspondence between the shock shape
and the frontal shape diminishes, and the blast shock asymp-
totes to a spherical sound wave. It will be shown that the
flowfield near the axis of symmetry between the Mach disk
and the blast shock, which is herein termed the shock layer,

can be approximated remarkably well as a spherically sym-
metric unsteady flow.

Figure 4 displays the structural features of the blast field
associated with the propellant gases, at a time when the
projectile is within the plume and interacting with it, and the
blast shock is nearly coincident with the contact surface. At
later times when the projectile has cleared the blast field, the
flow structure assumes the same configuration as that shown
in Fig. 3. Although the propellant gas blast field initially ap-
pears more highly distorted than the precursor blast field, the
principal features of the precursor blast field are reproduced,
with the possible exception of the Mach disk. A nearly normal
shock is formed at the base of the projectile, which terminates
the supersonic plume and precludes formation of the Mach
disk. It appears from the data that the base shock falls back
from the base to form the Mach disk when the pressure down-
stream of the normal shock corresponds to the back pressure
that would exist downstream of the Mach disk in the absence
of the projectile.

Blast Wave Theory
Classical blast wave theory,5 with particular reference to

variable energy blast waves,6'7 is highly descriptive of the
blast wave motion associated with expulsion of the precursor
gas and with release of the propellant gas from the muzzle of a
gun. The following discussion is intended to briefly review the
relevant concepts and results of blast theory. It is emphasized
however, that these results will be used to illustrate the salient
functional relationships and their application to development
of scaling laws pertinent to transitional ballistics, but are not
employed in the numerical shock layer solution to be
described in a following section, which also includes the blast
wave motion.

Blast wave theory generally refers to the description of the
motion of a gas through which a shock wave has passed, due
to the release of energy at a source, under conditions for
which the governing equations and boundary conditions ad-
mit a family of similar solutions. The required conditions con-
sist of a symmetric (i.e., one dimensional) flow, negligible
ambient pressure (i.e., a strong shock wave) and a power-law
variation of the energy release in the flow. The most familiar
example is an explosion, for which all energy is assumed to be
released instantaneously (i.e., the power-law exponent is
zero). The assumption of negligible ambient pressure is even-
tually violated as the shock decays to a sound wave, but other
solutions can be found which include finite ambient pressure
or are descriptive of the weak wave limit.5 The conditions of
symmetry and power-law variation of energy are the most
restrictive in the present context.

The governing system of equations is reduced to a set of or-
dinary differential equations in terms of an independent
variable X defined by\ = Brt~n, where B and n are constants.
In particular, Xis defined to be unity at the shock, rs = B~! tn\
an inner boundary defined by X = constant also exists, which
corresponds to the contact surface. The properties of the lat-
ter boundary are determined by an appropriate constraint on
the integral properties of the flow, e.g., the total mass,
momentum and energy. Present interest is placed on deter-
mination of solutions with prescribed energy content, for
which there is obtained7

E=Wt$ (1)
where

= constant = B~ n 2 J0/A2^ (2)

(3)

and J 0(n,j,j) is a nondimensional form of the total energy
integral. The classical point source explosion solution is
recovered wi thy = 2 and j3 = 0, for which n = 2/5; however
solutions for a constant rate of energy addition, /3 = 1,
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decaying rates of energy addition, 0</3<1, and increasing
rates of energy addition, /3 > 1, are also admitted.

With respect to the deposition of energy by release of the
propellant gas from the muzzle of a gun barrel, the energy
content of the flow will be proportional to the product of the
muzzle exit pressure, the bore area, the exit velocity of the
propeliant gas and time. Therefore

W=kpe ue d2 (I~13 = constant

or

pe ue = constant =pe ue t\

(4)

(5)

where ( )r refers to some suitable reference point in the energy
decay curve.

The general applicability of blast wave theory to description
of muzzle blast phenomenology is limited by the requirement
that the variation of the product of pressure and gas velocity
at the muzzle can be approximated by a single power-law
during the time period of interest. Accordingly, applicability
of blast wave theory to possible scaling laws for blast fields
(e.g., Ref. 1) is premised on the assumption that the same
power-law pertains to the considered conditions.

Experimental measurements of the blast shock trajectory
along the axis of symmetry for the muzzle blast generated by
an M163'4 are presented in Fig. 5. It can be seen that the
propellant blast wave data are accurately correlated by rs ~ t"
with n = 3/5 up to a time of about 102 ^sec, implying a con-
stant rate of energy addition, i.e., /3=1, on this time scale.
Schmidt and Shear3 calculated the rate of energy deposition at
the muzzle face based on results of an internal ballistics
solution carried out at BRL. They obtained /3=.956 for.
/< 102 jitsec, in very close agreement with the rate indicated by
the blast wave motion.

At 102 /zsec, the shock velocity has decayed to a Mach num-
ber of approximately 1.8 for which the shock pressure ratio is
about 31/2. Therefore, the deviation of the data from an
n = 3/5 power-law at later times is more probably attributable
to violation of the strong shock assumption of blast theory
than to variation in the rate of energy deposition in the
flowfield. The form of the solution for a spherically ex-
panding weak wave is given by5:

(dr/dt)=a00(l-k (6)

The unknown constant in this expression can be determined
by matching this solution to the blast solution at some point in
a region of mutual validity, chosen at t—102 /xsec in this case.
As can be seen in Fig. 5 the resulting composite spherical blast
wave solution provides an excellent correlation of the data
over the entire range of measurements. It is implied from this
result that the flow near the blast wave is spherically sym-
metric and lends credence to a corresponding approximation
of the entire flowfield between the Mach disk and the blast
wave.

Supersonic Jet Plume Model
The gas dynamic characteristics of steady underexpanded

supersonic jet plumes have been studied extensively in con-
nection with free jets and rocket motors as well as with respect
to muzzle gas flows.1>3 '4 The following discussion is intended
to review briefly the salient properties of highly un-
derexpanded plumes as they relate to modeling of the non-
steady muzzle blast flowfield.

It should be pointed out initially that the gas flow
exhausting from the muzzle has a velocity that is either sonic
or supersonic under the conditions of interest herein. A sour-
ce-like flow pattern is produced at the muzzle, viz., the
streamlines near the axis tend to continue in the axial direction
while those near the outer boundary of the flow tend to
diverge radially from the muzzle face. However, a radially ex-
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Fig. 5 Comparison of spherical blast wave theory and M16 blast
wave data.

panding axisymmetric supersonic flow produces a con-
tinuously decreasing pressure, while the plume boundary is, at
least approximately, a constant pressure surface. Therefore,
the streamlines at the boundary must turn inward relative to
those approaching the boundaries, resulting in formation of
the barrel shock at the muzzle exit plane, (cf Fig. 3). All in-
ward traveling (reflected) waves from the plume boundaries
coalesce with the barrel shock, thereby preventing tran-
smission of signals from the boundaries to the flow between
the axis and the barrel shocks. A Mach disk as shown in Fig. 3
occurs where the pressure downstream of the shock matches
the prevailing pressure field. Consequently, the outer boun-
daries of the plume, the barrel shocks and the Mach disk will
be positioned by the exterior pressure field acting on the
plume, but, significantly, the supersonic flow between the axis
and the barrel shock up to the Mach disk, will be independent
of the exterior pressure field. Thus, the supersonic flow on the
axis of the plume will only depend on the muzzle exit con-
ditions.

From the previously noted characteristics, it can be im-
mediately recognized that the effects of time-varying muzzle
exit conditions can change the plume axis conditions as well as
affect the positions of the boundaries and the shocks.
However, a time-varying exterior pressure field can change
the positions of the boundaries and the shocks, but cannot
alter the plume axis conditions, up to the Mach disk. Fur-
thermore the characteristic gas transit time in the plume is
typically very short compared to the time scale for the muzzle
exit conditions; i.e., the supersonic plume adjusts very rapidly
to variations in the muzzle exit conditions. (The same con-
clusion is drawn in Ref. 2). Therefore, in the present study the
supersonic plume is considered quasi-steady in the sense that
the flow up to the Mach disk can be accurately described at
any instant by a steady flow solution based on the in-
stantaneous muzzle exit conditions.

Several- approximate, source-like solutions have been
developed to describe the flow in highly underexpanded
steady plumes.2'8'9 However, the approximate solutions are
generally in error near the muzzle exit, although the ap-
proximate solution of Ref. 8 approaches an exact (method-of-
characteristics) solution10 at some distance from the exit.
Since the Mach number distribution in a highly un-
derexpanded plume (between the axis and barrel shocks) only
depends on the Mach number at the exit Me and the value of 7
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for the gas (assuming it is chemically frozen and not rarefied),
it will be invariant as long as Me and 7 are invariant. In the
experiments of Ref. 4, Me— 1.0 and 7—1.25 for the entire
time span of interest for the propellant gas plume. J Thus, it is
important to recognize that the Mach number distribution
will not vary with time. Specifically, the time history of the
pressure and gas velocity at the muzzle exit and the steady
Mach number distribution10 are sufficient to define the
distribution of all flow properties along the axis of the super-
sonic plume at any instant.

Unsteady Shock-Layer Analysis
Although the foregoing results from blast theory provide

useful information regarding the blast wave motion per se,
and associated scaling laws, they do not yield a complete
description of the shock layer contained between the Mach
disk and blast wave. The shock layer can be considered as
consisting of two sublayers; the outer layer is contained be-
tween the blast wave and the contact surface and the inner
layer between the contact surface and the Mach disk. Blast
theory only pertains to the outer layer. Therefore, a numerical
method of analysis of the entire shock layer has been
developed, and implemented in a computer program. Based
on the success of spherical blast theory with respect to the
blast wave motion, the entire shock layer is assumed to
possess spherical symmetry. However, it should be noted that
the initial flow expansion from the muzzle face into the super-
sonic plume can also be approximated by a spherically sym-
metric flow emanating from a source within the gun tube; but
the barrel shocks intercept the source-like flow streamlines
and turn them in the axial direction, producing a flow pattern
between the barrel shocks and plume boundaries that is more
nearly axial than radial, and that can only possess axial sym-
metry. In point of fact, most of the mass of the exhausting
muzzle gas is contained in this region between the barrel
shocks and plume boundaries, and relatively little is contained
between the barrel shock and axis.§ Therefore, if the shock
layer is to possess the spherical symmetry which it evidently
attains asymptotically, it must be the result of divergence of
the outer streamlines downstream of the Mach disk. Con-
sequently, if the shock layer is modeled by a spherically sym-
metric source-like flow, the effective source must be located
on the axis at a point upstream of the Mach disk but not
necessarily within the gun tube. Thus, the supersonic plume
can be envisioned as an extension of the gun in the sense that it
moves the effective source of the flow in the shock layer to a
point outside the actual gun tube. Estimates of the effective
origin of the spherical source flow range from 2/10 of the
bore diameter suggested by Oswatitsch,2 based on divergence
of the streamlines in the supersonic plume, to a value about
3/4 of the distance from muzzle face to the instantaneous
Mach disk location which represents the center of circular ap-
proximations to the instantaneous blast wave contours (see
Figs. 5 and 10 of Ref. 4). Examination of the shape of the
blast wave contour near the axis of symmetry clearly indicates
that spherical symmetry is only a rough approximation to the
true shape at early times. The use of a moving source must be
recognized as a heuristic method to approximate the actual
three-dimensional flow by a spherically symmetric field.

The governing system of equations are therefore assumed
to possess spherical symmetry in a coordinate system having a
translating origin, Z 0 ( t ) . The statement of conservation of
mass evaluated on the axis (0 = 0) in a stationary frame of
reference then becomes

Dp_
Dt dr

+ 2
u-dz0/dt

(7)

where the operator D/Dt = d/dt + u d/dr pertains to the
\Me — 1.51 and 7— 1.40 prevail for the precursor plume.
§This result can be seen from consideration of the density ratio for

the two regions as well as the area ratio.

stationary system, the radial distance r is measured from a
fixed origin, e.g., the muzzle face, and the velocity u is
correspondingly defined with respect to the stationary (gun-
fixed) reference frame. The statement of conservation of
momentum is invariant under the considered transformation

Du/Dt=-(dp/dr)/p (8)

The difference in thermodynamic properties of the gases on
either side of the contact surface (in the case of the propellant
driven blast field) must be recognized; the statements of con-
servation of energy and of state are therefore given by

DS/Dt =

where

1 = 1 (for propellant gas), 2 (for air)

(9)

(10)

(1 1)

The values of 7, and Cpi are taken as constants. For the cases
reported herein 7/ = 1.25, 72 = 1.40, Cp/=9507 ftVsec2/0/?
and Cp2 = 6006 ftVsec2/0/?. The gases are thus each assumed
to behave in accord with perfect gas theory, and mixing of the
gases along the contact surface, oxidation and/or combustion
of the propellant gases and associated heat release, radiation,
and other related phenomena are neglected. Accordingly, sub-
scripts are not shown on the pressure, density, entropy, etc.,
since both Eqs. (9) and (10) are understood to apply
separately to each gas. In addition, interactions beteween the
projectile and the shock layer are not considered.

The set of governing partial differential equations as stated,
Eqs. (7-9) cannot, of course, be applied across the surfaces of
discontinuity which bound the two sublayers of the shock
layer, viz., the Mach disk, the contact surface and the blast
wave. The Rankine-Hugoniot equations are used to describe
the jump conditions across the Mach disk and blast wave, in
shock-fixed coordinates. ] The conditions in the supersonic
plume at the instantaneous location of the Mach disk provide
the upstream conditions for the Mach disk, while ambient atr
mospheric conditions are assumed to prevail upstream of the
blast wave, i.e., the interaction of the precursor blast and the
propellant blast is neglected. The shock velocity is determined
(iteratively) at each instant by the requirement that the down-
stream conditions match a compatibility condition associated
with the wave reaching the shock at the same instant from
within the shock layer, which will be discussed later.

The motion of the contact surface is determined by the
requirement that the pressure is continuous across the contact,
the velocity on the axis (0 = 0) is also continuous (i.e., the
tangential component is zero), and the entropy on each side is
a constant. For the propellant-generated blast field, the en-
tropy on the airside of the contact can be approximated by the
entropy behind a normal shock (with 7 = 72) having a pressure
ratio equal to the ratio of muzzle exit pressure to ambient
pressure at / = 0, and the entropy on the propellant side of the
contact can be equated to the entropy of propellant gas at
^ = 0. (A corresponding estimate can be made for the precur-
sor shock as it emerges from the muzzle.)

Determination of the pressure and velocity of the contact
surface, and the velocity of each of the shock surfaces, is
facilitated by restating the governing equations in the form of
characteristic relations. Combination of Eqs. (7-9) yields

d In p
dt

du_
dT r-z0

on

(12)

(13)



1052 J.I . ERDOS AND P.D. DEL GUIDICE AIAA JOURNAL

and

on

S = constant

dr/dt =

(14)

(15)

In the present solution, second-order accuracy is achieved
by locating the characteristic origin using the average of a
wave speed at the point (r, /+A/ ) based on the first-order
solution and at the origin of the characteristic [ (r- (u±a)
At), t] based on the known solution, and correspondingly re-
evaluating the average value of the right-hand side and sound
speed in Eq. (12).

Note that the contact surface (or any other stream path)
always represents the point of intersection of upstream and
downstream running waves. Therefore, integration of Eq.
(12) on the downstream running wave intersecting the contact
from the propellant side (/ = ! and dr/dt = u + a) and in-
tegration again on the upstream running wave intersecting the
contact from the air side (/ = 2 and dr/dt = u — a) provides two
equations which can be solved algebrically for the contact
pressure and velocity, to first-order accuracy. Second-order
accuracy is achieved by relocating the characteristic origin as
indicated above and iterating the value of the velocity until the
pressure is obtained to within acceptable accuracy. (A
maximum error of 0.1% is considered acceptable in the
calculations to be presented herein). The density on each side
of the contact is determined from the appropriate equation of
state and the known entropy.

At the Mach disk, Eq. (12) evaluated on the upstream run-
ning wave ( /=! and drldt — u — a} together with the shock
jump equations and the known conditions on the supersonic
plume axis and at the muzzle exit, provide a unique solution
for the shock velocity of the Mach disk and thereby the disk
location at time t + At. The solution is again accomplished by
iteration of the shock velocity until the pressure on the down-
stream face of the shock is obtained to within acceptable ac-
curacy (i.e., 0.1 % error). Note that the upstream conditions in
this iteration procedure also depend on the Mach disk location
and, therefore, the shock velocity; however, no convergence
problems have been encountered in the cases considered
herein. A corresponding procedure is employed at the blast
wave, using Eq. (12) on the downstream traveling wave (/ = 2
and dr/dt = u + a ) , but in this case the conditions upstream of
the shock are invariant.

A combination of finite difference and characteristic
techniques are employed to determine the solution of Eqs. (7-
9) in the interior of the shock layer. A new coordinate system
is defined that normalizes the distance between the boundaries
of each sublayer

(16)

where / = 1 refers to the sublayer contained between the Mach
disk and contact surface (i.e., the propellant gas layer) and
/ = 2 to the sublayer between the contact and the blast wave
(i.e., the air layer). Accordingly z l f Z2, and z3 are the coor-
dinates of the Mach disk, contact surface, and blast wave,
respectively. The equations of conservation of mass and
momentum, Eqs. (7) and (8), are restated in the above coor-
dinate system and solved by the second-order finite difference
scheme developed by MacCormack. n This algorithm is par-
ticularly convenient to implement in a computer code, and is
stable when the Courant-Friedrichs-Lewy criterion is ob-
served

At<Ar/(u±a) (17)

which is also a necessary condition for the finite difference
solution to converge to a solution of the differential equations
asAr-0.
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Fig. 6 Mach disk trajectory for M16.
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Fig. 7 Contact surface trajectory for M16.

The energy equation, in the form given by Eqs. (14) and
(15), is solved by the second-order characteristic method
previously described in connection with Eq. (12). (This
technique was selected to minimize numerical diffusion of the
entropy layers.)

The shock layer solution is completed by statement of
initial conditions at / = 0 or some other appropriate instant. In
view of the type of experimental information available, the
initial positions and velocities of the two shock waves and the
contact surface are taken as the basic initial data. The initial
flow conditions downstream of each shock are calculated
from the shock jump conditions and the initial shock velocity.
The initial pressure is assumed to vary linearly between the
two shocks, and the initial velocity is assumed to vary linearly
between each shock and the contact surface. In view of an an-
ticipated behavior of the entropy layers, the logarithm of the
entropy is assumed to vary linearly between each shock and
the contact. The assumed values of the entropy on each side of
the contact, which are invariant in time, were previously
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Fig. 8 Blast wave trajectory for M16.

discussed. As should be expected, the assumed form of the
initial conditions affects the solution within a limited zone of
influence, but the solution eventually becomes independent of
the initial data and only dependent on the boundary con-
ditions.

A comparison of the numerical solution obtained from the
above shock layer analysis and the M16 data relative to the
trajectories of the Mach disk, contact surface and blast wave
is presented in Figs. 6-8, respectively. (It is pointed out that
the described results were obtained using calclulated flow con-
ditions at the muzzle of an Ml6 rifle provided by BRL. The
calculated pressure variation compares favorably with ex-
perimental measurements.3) The position and velocity of the
blast wave at /= 10 /xsec was estimated by extrapolating the
data to this time in accord with the n = 3/5 power-law in-
dicated by blast theory. The contact surface data appears to
follow an /7 = l/2 power-law which was used to extrapolate
its initial position and velocity at £=10 jiisec. Due to the in-
teraction with the projectile, similar extrapolations of the
Mach disk position and velocity are not possible. The Mach
disk was assumed to be one diameter upstream of the contact
at t — 10 /xsec and to have 10% smaller velocity. It is shown in
Ref. 1 that perturbations as large as 20% in these estimated
initial conditions bear negligible influence on the Mach disk
trajectory after about 100 ju,sec, on the contact surface after
250 ^.sec, and on the blast wave after about 300 /-tsec.

Comparison of the Mach disk solution and experimental
data in Fig. 6 clearly indicates that residual effects of the in-
teraction with the projectile are very small after the projectile
clears the Mach disk. At times earlier than 60 /^.sec, the data
represent the base shock of the projectile rather than a Mach
disk. It can be seen that in the time span 60 < /<400 /xsec, the
agreement between the data and the present theory, based on
use of the exact (method of characteristics) plume solution, is
excellent. However, the results utilizing the approximate
plume Mach number distribution underestimate the Mach
disk location by about 10-20% in the same time span. In the
later time span 400</< 2000 /zsec, the present theory tends to
overestimate the Mach disk location by about 20-30% (at
worst). In view of the established inaccuracy of the ap-
proximate plume centerline Mach number distribution in the
considered range of Mach disk positions, the agreement in
this case between theory and data in the time span 400 <t
<2000 jusec must be regarded as fortuitous. Although an
error of 20-30% is not considered quantitatively serious in
view of the approximations implicit in the present model, an

explanation for the discrepancy in this time span will be
discussed later.

Results are also presented in Fig. 6 for a calculation in
which the origin of the spherical coordinate system was fixed
at a position z0 = 0.2D, corresponding to the effective origin
of the blast field in Ref. 2. The agreement with experiment is
somewhat less satisfactory in this case. However, no attempt
has been made to systematically study the effect of varying the
position of the moving origin from the presently proposed
form, viz., z0 = 3/4zy.

As shown in Fig. 7, the trajectory of the contact surface
(i.e., the inviscid interface between the propellant gases and
the air) is accurately described by the present model for times
less than about 200 /zsec. An appreciable error is again at-
tributable to use of the approximate plume solution.
However, the theory predicts a slowdown in the rate of ex-
pansion of this front between 200 and 500 /*sec and a small
contraction between 500 and 1000 /*sec, while the data shows
a continual expansion of the front during the entire period of
observation. Examination of the shadowgraph data (Fig. 1)
indicates that the outer portions of the front tend to roll up in-
to a vortex ring, which appears as a turbulent smoke ring. The
data actually represent the trajectory of the front of this
smoke ring, which may obscure the position of the contact
surface at the axis but .is evidently coincident with it at early
time, e.g., /<200 /xsec. The apparent continued forward
motion of the front at />200 /*sec is believed to really be a
broadening of the smoke ring surrounding the contact surface
at the axis. It is emphasized that the contact surface in the
present model is an inviscid surface of discontinuity whereas
turbulent mixing along this interface is amply evident in the
shadowgraphs. Relative to this point, it should be recognized
that a substantial temperature discontinuity is generated along
the contact surface which persists virtually unchanged after
200 jwsec, but in reality is dissipated by turbulent mixing.
Oxidation of unburnt propellant gases will also accompany
the mixing of gases at this interface contributing to the
characteristic "muzzle flash."

Referring to Fig. 8, it is indicated that the blast wave
position at any instant during the period 30</<100 jusec is
overestimated by about 10%, by the solution using the exact
plume centerline information, although much better
agreement is achieved after t= 150 ptsec. Since the blast wave
is driven by the expanding spherical front represented by the
contact surface, the outward displacement of the blast wave
can be attributed to the outward displacement of the contact
surface, which in turn can be related to the shift in the Mach
disk location, associated with use of the exact plume cen-
terline Mach number distribution. The sensitivity of the entire
unsteady shock layer solution to the supersonic plume
solution is therefore clearly demonstrated. The accuracy with
which the Mach disk and contact surface trajectories are
predicted for /<400 /*sec can therefore be regarded as
corroboration of the valicity of the quasi-steady supersonic
plume model and the associated exact (method of charac-
teristics) solution10 thereof. The inaccuracy of the blast wave
prediction for /<150 /zsec is probably attributable to the
evident flattening of the actual blast wave as compared to the
assumed spherical shape of the theoretical blast wave during
the time span in question. The actual blast wave gradually at-
tains spherical symmetry further from the muzzle, bringing
the theory and experiment into close agreement at later times,
i.e., /> 150 /xsec. Note that the correlation of this data with
spherical blast theory shown in Fig. 5 only pertains to the
power-law exponent, n = 3/5, as the constant B was selected to
fit the data. The present solution also reproduces an n = 3/5
variation in the time span 30 <t< 150 /^sec.

The typical variation of flow properties along the axis of
the shock layer is indicated in Figs. 9-11 which pertain to
t = 84.3 />tsec, when the projectile is within the shock layer. The
entropy variation between the contact surface and the blast
wave shown in Fig. 9 exhibits the characteristic entropy layer
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Fig. 9 Entropy variation between Mach disk and blast wave.

behavior associated with blast wave theory and analogous
steady, hypersonic flows. An interesting "inverse" entropy
layer is formed between the Mach disk and contact, due to
strengthening of the Mach disk with increasing distance from
the muzzle. As shown in Figs. 10 and 11, the variations of
pressure and velocity across the shock layer are relatively
minor. Jumps in density and temperature occur at the contact
corresponding to the entropy jump shown in Fig. 9.

The previously noted discrepancy between the predicted
and observed Mach disk trajectory at later times, i.e., /<400
/zsec, can now be tentatively attributed to one or both of the
following possible causes, a) Erroneous information due to
the over-displacement of the blast wave at early times could be
slowly transmitted back to Mach disk through the subsonic
shock layer and result in the noted error in the Mach disk
location at later times, b) As the subsonic shock layer decays
to atmospheric pressure and negligible gas velocity, the
distance between the blast wave and the Mach disk con-
tinuously increases with a corresponding increase in the
spacing of the finite difference grid and decrease in numerical
accuracy, possibly resulting in a progressively increasing
error. The latter possibility carries the more serious im-
plication vis-a-vis prediction of the far field acoustic
signature. As suggested in Ref. 1, it is probably appropriate to
replace the present numerical solution at very late times (e.g.,
/>2000 /xsec in the present example) by an asymptotic model
incorporating a weak shock solution for the blast wave and a
semi-empirical formula for the quasi-steady Mach disk (as
confirmed for late times in Ref. 4). The possibility of ac-
cumulation of appreciable numerical error prior to the time
when the previous approximations may be invoked can be
avoided by periodic subdivision of the finite difference grid
when a prescribed maximum grid size is met. This
modification of the present computer program, and for-
mulation of a consistent procedure for switching from the
numerical shock layer solution for the near field to an
analytical far field solution, to provide a uniformly valid
model for the muzzle blast field, is planned.

Finally, it is noted that all the numerical results presented
herein were obtained with a total of 14 grid points spanning
the shock layer; each sub-layer contained 5 interior points and
2 boundary points. Several trial calculations were carried out
with double the number of interior points, but the results were
not significantly altered. Execution time on a CDC 6600 was
under 13 sec to cover the time span from 10-2000 jusec for an
M16 rifle, for which the cost was under $5.00, including in-
put/output charges, at standard commercial rates.

Conclusions
A qualitative description of the gas-dynamics of muzzle

blast has been presented in terms of well-known concepts
from blast wave theory with variable energy release and
highly underexpanded, steady jet plume analyses. The prin-

< 2-

t =84.3 ̂  sec
BLAST
WAVE

MACH
DISC

.18 .20 .22 .24 .26 .28 .30 .32

Z (FEET)

Fig. 10 Pressure field between Mach disk and blast wave.

—I MACH DISC
10

8

2
z 6
0
0

I «
1
< 2o

r»

_

—

—

—

T =OH.O fji sec

>r/ CONTACT
| BLAST

\^^^^ | WAVE

I 1 1 ' 1
.20 .22 .24 .26 .28 .30

Z (FEET)

Fig. 11 Gas velocity distribution between Mach disk and blast wave.

cipal restrictions relative to the applicability of blast wave
theory are the requirements of a power-law rate of energy
deposition and of a spherically symmetric flowfield. In ad-
dition, the blast wave degenerates to a weak shock on the time
scale of present interest and the blast theory representation
must be modified accordingly. The effects of the rapidly
varying pressure field generated by the blast wave on the
supersonic plume exhausting from the muzzle are shown to be
isolated from the flow between the barrel shocks up to the
Mach disk. Representation of the plume is therefore sim-
plified, and a quasi-steady model employing the axis Mach
number variation from an exact (method of characteristics)
solution is used herein. Comparisons with approximate plume
solutions are also presented.

A numerical solution of the unsteady shock layer bounded
by the Mach disk and blast wave is developed. Comparison of
the numerical results with experimental measurements of the
trajectories of the principal structural components of the blast
field, viz., the Mach disk, contact surface and blast wave,
generated by an M16 rifle shows generally excellent agreement
and is considered satisfactory verification of the postulated
model. A strong dependence of the shock layer on the ac-
curacy of-the plume solution is indicated. Matching of the
present numerical solution for the near-field to an asymptotic
far-field representation, vis-a-vis the acoustic signature, is
suggested. It is pointed out that although a high degree of tur-
bulent motion is evident in the shadowgraph data, the basic
structural features of the blast flowfield appear well described
by the present inviscid considerations, with the exception of
an evident broadening of the interface between the propellant
gases and the air at late times due to turbulent mixing.
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