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FOREWORD

This document presents the calculations of a 5"/54 Naval gun
free-air gun blast using a two-dimensional finite difference hydro-
dynamic code. This work was performed under the Naval Weepons
Laboratory independent research/independent exploratory development
program.

This report has been reviewed by D. C. Ross and F, F. Churchill
of the Test and Evaluation Department.

Released by:

. H. MILLS, JR,
Head, Test and Evaluation
Department
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ABSTRACT

A two-dimensional hydrodynamic code has teen used to calculate «

the free-air blast field sbout the muzzle of a 5"/54 Naval gun. :

) The calculated blast pressure wave as a function of time is presented

; along with the velocity field. Calculated overpressures and durations
’ are compared with experimental data. The calculations predict the

formation and location of the shock bottle and formation of the
) "smoke ring".
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The phenomensa associated with the. free-axr blast created by the
releasing of hot gases as a proJectzle leaves the muzzle of a gun has
been of interest for some time. Many experlmental investigations
[ for exemple, references (1) and (2)1 have been underteken to determine
the free-air blast parameters such as overpréssuré or impulse. These
investigations have led to several emplrical formulas for the free-air
overpressure:field [ references<(3) and (4)] obout the muzzle of . gun..
These investigations have primarily been done using pressure trs.sducers,
from which the free-aix blas~ paranéters of ovérpressure; positlve
duration, impulse and arrival time of the shock front can be detérmined
at various positions about the gun muzzle. These investigations have
shown that the free-air blast field is two-dimensional, that is,
symmetical about the barrel axis.

Several hydrodynamic codes have in recent years been developed for
the. solution of one and two dimensional hydrodynsmic problems. These
codes numericelly integrate the  hydrodynamic equations of motion, which
constitute & set of nonlinear partial differential equations. These
codes have been used to investigate the hydrodynamics of such problems
es spherical charges, shaped charges and supersonic flows. The objeztive
of this report is to show that & two dimensional hydrodynemic code may
be used to calculate the free-air blast field about the muzzle of a gun.
Calculations on a 5"/54 Naval gun have been carried out and are compared
with experimentael data.

Thie hydrodynamic code used for the calculations presented in thls
report was the one-material SHELL code. The SHELL family of h d.odyremic
codes uses the Eulerian form of the equations of motlon which considers
the wuss in the grid system to be a continuum rather than discrete
parvicles. Numerous blast-wave calculations have been performed using
the SHELL codes such as those pre.ented in references (5) through (8).

The SHELL code used in the calculations presented here was obtained
f.om the Air Force Weapons Laboratory, Kirtland AFB, New Mexico.

EQUATIONS OF MOTION

The hydrodynamic code used, SHELLTC, is & one material, two-
dimensiornal, pure Eulerian code. The free-air blast about the muzzle
of a gun is cylindrically symmetric about the barrel axis and thus two-
dimensiunal. The hydrodynsmic equations of motion for axisymmetric,
inviscid compressible flow are given by:
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Conservation of Mass
_& + _8_(_1‘_&)_ 3 B(OV) = 0 hd (l)
; 3t x 9z

Conservation of Momentrum — r direction

s { au 2 3&) 30
< + u + + = 0 2)
- Pt ar Y 5r (
Conservation of Momentrum - z direction
v v
E o ( %g + %; + v %% ) * g& = 0 (3)
Conservation of Energy
; 3L af af alrw) v}
Plse * ¥ Y Vi ) P ( rar Yz = 0 ()
Equation of State
p =p (p,%) {5)
B where,
o = density (gm/cm3).
u = radial velocity component (cm/sec).
. v = axial velocity component {cm/sec).
ﬁ r = radiel coordinate {cm).
v
z = axisl coordinate (cm).
p = pressure (dynes/cm?).

I = specific internal energy (ergs/gnm).

t = time (sec). :

The conservation of mass is automatically satisfied by SHELLIC
by neither allowing the creation nor destruction of mass. Mass which
leaves one cell enters another and is accordingly added to the receiver
cell and subtracted from the donor cell.
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FIGURE |

RC(i) is the radial distance to the center of ceil in the i*h column.
IR and DZ are the radial and axial dimensions of each cell, respectively

The cross-sectional area of each cell in the i°® colum is given by,

TAU(T)

"

2+n°RC(4i)*DR (6)
and its volume by,

VOL(X) = 2:n-RC({)-DR-DZ. (N
The conservation equations of momentum and energy are handled in

two phases by SHELLTC. The first phase considers the fluid at rest and

determines only the contributions of the pressure terms to the time deriva-

tive. The second phase of calculations accounts for mass transport. The

finite difference equations used in SHELLTC are discussed in Appendix A

along with the time increment calculations and the stability of SHELLTC.
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INITIAL, AND BOUNDARY CONDITIONS

A starting code, CLAMIC, is used to set.up the grid used by SHELLTC
and to initia’ize the fluid propertxes ine é&ch cell. The cell size
chosen to simulate the 5"/54 gun blast sias DZ =-5.0 inches (12:7 em) .
and DR = 2.5 inches (6.35 en). This 81lowed the radius of the gun barrel
0 be one cell and the length of the gun tube to Ye Sh cells. All fluid
properties in each cell were inltially set 16 ambxent conditions by H
CLAMTC including the interidr cells of the gun tube.

All boundary conditions and the interior bailistics at ejection
were set at cyél@ 1 in SHELLTC. The left boundary of the grid (see
.lgure A-1, Apréndix A) corresponding to the centerliné of the gun
barrel was set as reflective.* All other boundaries of the grid were
set as trénsmissive¥* to allow flow out of the grid through these
boundaries. The boundary of cells corresponding to I =1 from1l < J <
5L was set reflective to simulate the gun barrel.

The initial fluid properties of the gas in the gun barrel at time
of ejection of the projectile were obteined from interior ballistics data
from the 5"/54 gun end some theoretical data. The muzzle pressure at
ejection was assumed to be 8000 psi (5.52 x_ 10% dyneis/cm?). This value
corresponds with experimental measurements reference (9) of muzzle
pressure at ¢ 2ction for the 5"/5L, MARK 5y project.le. The variation
of pressure along the gun tube was obtained from reference (12). The
formula for p(x) is:

px) = _;%*‘2'9_‘ 1.0, W, 1.0 _ 3% (8)
Tt : (D \ 2
—— M2 7
Etw nJ §] +

* A reflective boundary is onc along which the normal component of the
1low velocity is zero, the pressure gradient across the boundary is zero
and there is no flux of the conserved quaniities across the boundary.

*¥ A transmissive boundary is a fictitious boundary across which flux
.f the conserved quantities is allowed without influence from points
beyond the boundary.
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where,
p = pressure at any point along bore,'lb/inzy
T, = average temperature of gas at projectile ejection, °R,

R = gas constant, ft-1b/1b/°R,

W = weight of propellant, lb.

Wp = weight of projectile, 1b,

g = acceleration of gravity, ft/secz,

% = covolume, in3/1v,

A = bore area, in?,
Vy = total volume of bore and chember, in’
x = distence from breech, in.

Substitution of the above quantities for the 5"/5h gun into eguation (8)
gives a muzzle pressure of ebout 9000 psi. The specific impetus at
ejection, RT,, was therefore adjusted to yield a muzzle pressure correspond-
ing to experimental data. Jhe pressure at any position along the bere is
then given by

p(x) = 9516 - .0208x2. {9)

The gas velocity was assured to vary linearly from zero at the breech
to 3000 ft/sec (9.1hl x 108 cm/sec) at the muzzle at time of rjection.
The gas temperature was assumed uniforu along the length of the barrel and
equal to 1526°K, which agrees with experimental data for the 5",'5k gun.

As noted earlier, a one material version of SHELL was used. The one
material restraint dues not allow for the distinction betweea propellant
gases and ambient air. Thus the calculations are restricted tc¢ a single
equation of state. The ideal gas equation of state with the retic of
specafic heats of 1.4 was chosen for the first trial cslculations. With
these assumptiong, the mass, density and specific internal energy of
each of the cells cowmprising the gas inside the gun barrel are calculated
by SHELLTC.
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After the initial. condxtions at projectilé.ejection have-been set,
the flow both in the barrel and external to the barrel is determined only
by the gove*nzng hycrodynamzc equations and boundary conditions. Thus
both the flow external and internal of the barrel is celeulated..

RESULTS AND COMPARISON WITH EXPERIMENTAL DATA

The numerical calculations to'simulate the gun - blast from & 5"/54
gun were carried out using the digital CcDC 6700 computer located at NWL.
Calculations were carried out to 6.63 millisédonds after projectile
ejection, requiring approximately 1.5 hours of computation itime on the
CDC 6700. The fluid properties of each cell were stored on magnetic
tape every 3rd cycle (approximately aévery O. 075 milliseconds simulated
time) for later analysis end plotting. The results of the calculations
will be presented in this section and compared with experimental 5"/5k
gun blast data.

The propagation of the calculated gun blast shock at 26.9° and 90°
from the line of fire is shown in Appendix B, Figures B-l and B-2,
respectively. The shock fronts are smeared over 3 to k cells in both
figures due to the artificial dissipation in SHELLTC. Mote thac in
Figure B-1, the decaying pressure behind the shock deviates f{rom nearly
exponential at 1.3 milliseconds (cycle 62), giving the appearance of an
inward facing seccnd shock. This is the initial appearance of the normal
shock at the lealing edge of the shock bottlé. At about 5.0 milliseconds
{cycle 210) the normal shock has become stationary and the pressure
signature behind the shock front is approaching its expected shape. The
normal shock of the shock bottle appears stationary at 6 feet from the
muzzle or about 1k.4 calibers. Experimental measurements[reference (12)]
indicate that the shock bottle becomes stativnary at sbout 15 calibers
from the muzzle. The oblique shock bounding the shock bottle near the
muzzle can be seen in Figure B-2 and appears about one foot from the
muzzle. Thus the hydrodynemic code appears to predict both the formation
and location of the normal shock at the front edge of the shock bottle and
the oblique shock bounding the shock bottle.

T> compare the theoretical calculations with the existing experimental
data, particular locations sbout the muzzle were chosen and the calculated
pressure plotted as a function of time. Figure B-3 shows che resulting
calculated pressure-time history at 5 feet from the muzzle and 90° from
the line of fire. Figure B-U shows the experimentally messured over-
pressure freference (13)] at the same location. The calculated peak over-
pressure is sbout 13.% psi and the positive duration is 1.32 milliseconds.




In measuring the duration, the rise time of the:shock. front was not
included. The experlnental peak overp*essure is about 12 8 psi and’

the duration is.'1.30-milliseconds. Calculatedfand experimental préssure
traces at 5 feet from the muzzle and 135° from the linevof ‘firé are
plotted as Figure B-5 and B-6, respectivély. Thé calcula ed.pesk QV°r-
pressure is asbout 3.3 psi as coppared to 3.1 psi experime..als, and <he
culculatededuration is 0.93 milliseconds as compared~“to 1.07 milliseconds
measured -experinentally.

Figures B-7 through B-13 show the velocity vectors predicted by
SHELLTC at 1.25, 2.0, 2.5,,3.0, 3.5 and 4.5 millxsebond< afte* projectile
ejection, respectively. These: CALCOMP plots werse. .generated by SHPLLT,
a plotting code-developed for use- With SHELLTC Boyh the normal and
oblique shocks of the shock bottle-are clearly distinguishable after 2.5
milliseconds (Figure B-9). The absence of velocity vectors in some re gicns
behind the gun is because velocities less than 328 feet per second (1.0 x
10" cm/sec) are not plotted. This was done because the size of the vector
was as small as the arrow and the vector magnitudes cculd not be disi.ngulshed
in these regions.

Qualitatively, three interesting phenomenon ray be observed in
Figures B-7 through B-13. First, the boundaries of the shock bottle ere
easily discernible in these figures, showing both the normal and cbligue
shocks described earlier. Second, the shock ’ront is shown, and also its
propagation with time. Third, a circuleting flow "scoke ring" is shown

which is observed in many gun firings.

Quantitatively, few if any velocity measurements of the gas outside
the gun barrel have been made. Thus, no experimental data exists to
compare with the celculated velocity field. The celculations i3, however,
predict the observed phenomena discussed sbove.

Figures B-1k and B-15 show the calculated and experimentelly
nmeasured shiock freont positions, respectively, as a funciion of tizme. The
calculated shock is seen to be somewhat slower than the actual shock,
particulerly eft of the muzzle. The general difference in shock velocity
nay be attributed to the simpie equation of state used in SHELLTC and
the limitation <c one material. The larger difference aft of the muzzle
may be dus to the absence of Jhe effects of the projectile on the shock.
7. D. Taylor reference (14)" has numerically solved the inviscid flow
equations and calculated the muzzle blast for & 4.2 inch mortar wath end
without & shell in the flow., His results indicate a stronger blast field
aft of the muzzle with a shell than without and thus a larger shock
velocity behind the muzzle. However, no comparisons are made with
experimental data in reference (k).
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The stabiiity of SHBLLTC is discucsed 1n,Appendix A. The energy
dissipating parameters S1, 52 and S3 (see Appendix A): were~all set to
zero for thé- calculatlons presented in this report. Thus the only
olasxpatlon effects weré those inherent in SHELLTC.. Close examination
of Fi ure B-10 shows that one-: veloczty vector neexr the axis of symmet*y
is negative. This is a.result of an instebility which occurred at sbous
cycle 125 and can be seen to, grow with tizme from Figures B-11 through
B-13. The instability appears to grow as a.disturbence in the flow.
It did not effect the shock front, “at least out to cycle 260, which was
of primary interest in these calculations. o attempt was made to
resolve t.e instability because of the lengthy running time Sh the
computer. However, variation of the energy dissipating parameters to
increase the artificisl dissipation-may resolve the instability.

CONCLUSIONS AND PLANS FOR FUTURE WORK

The two dimensional hydrodynamic code, SHELLTC, has been shown
suitable for the calculation of & free-air muzzle blast. Reasonahly
good agreement was obtained betieén calculated ard experimental values
of peak overpressure and duration at several locations about the muzzle.
The initial conditions in the barrel at projectile ejection were obtained
from experlmental neasurenents and interior ballistics theory. Bescause
the full length of the gun barrel was simulated by the grid; no assumptions
were necessary as to the variation with time of the fluld properties in the
gun barrel,

The actual cost of computer time tc simulate the 5"/54 gun blast
cresented in this report was about $1200 on the CDC 6700 computer. This
cost is not unreasoneble compared to firing one round from the 5"/,
gun. To cbtain similar informaticn experimentally would require muwtlple
channels of instrumentation and still would not produce but a small portion
of the data obtained from the caelculations., The finite difference cul-
culations easily allow the variation of parameters such &s muzzle pressure,
gas velocity, thermsl energy and barrel length, to determine their effects
<n the gun blast field. Also, the computer provides data on the velocity
field, which cannot be obtained using conventional instrumeniation.

Additional calculations using a multi-material version of SFELL are
planned. These calculations will include more precise equations of state
for each material and allow chemnicel reactions to occur between materials.
These calculations should predint ihe frec-air blast field more precisely
and give further insight of the shock bottle and secondary blast, due to
muzzle flash.

T s

e
o mff




v

i ﬁ;x,?

There are many applications for the predicted gun blest field.
In addition-to gaining insight to the blast. phenomene, propellant gas
influences on the projectile: outside the muzzle. may now be calculated.
The predicted blast field presented in this report has already been
used to predict the effects of the propellent gas on,the motion of
fragments of a rotating band which has been’torn from a projéctile at
ejection from the muzzle.
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The conservation equations are handled in two phases by SHELLTIC.
The first phase considers the fluid at rest and determines only the
contributions of the pressurée terms to the time derivative. Droppmg
the transport terms in the momeﬂtum and e{nergy equaticns see equs.*ions
{2), (3) and (&), they become, in finite difference form, the fo.lowing:

Momentum
v o= o 4 3, m - () {a-1)
X K (n) S Ar
P
(n) 1 (™) _ pe(m) (4-2)
v = V + ——————res <
X K n Az
p
Energy
ro= 1™, R ) | G s e
K X (n) Az
(473 .
s 2 wol® - wr(®) + upur © (4-3)
ry Frig Ar A 2
where
pr, = Tk * P m o= Tk 7 P
2
pp o= g * P pr o= T * B
3 2
B = g * Vs o= gt Ve
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K is the index of the cell center and i is the index of the right-hand
boundary of the XU KR cell. Tie adjacent cells to the xth cell are
identified in Figure A-1.

Two successive passes are made through the first phase of calculations <,
of each cell. New velocities are calculated from the momentun equations ’
for a full time step. The internal energy is calculated for a half time o
, step using the old velocities. The-internal energy is then calculated 3
. for the remaining half time step using the new velocities. After each
; pass through phase one, the internal energy of the cell is checked to

insure that it has not become negative. Should such an event occur, a
\ negative time step is used to return the state of the fluid to its
. original state at thé beginning of the cycle and a smaller time step is
‘ calculated.

The second phase of calculations accounts for mass transport. The "
) equation for conservaiion of mass [equation.(1l)] becomes, in finite
fe difference form,

o

.ﬁg = (Fi-l Piel Wed o TIPE W+ Pyod Vel P4V (A-k)

v Ty, Or LETEN ar &z .

S~

The conservation of mass equation can be written in another form as P

22
2

{n~x}) _ {r) .2 2, = -
M Mk + nee { (- riy) (vhpB -y TQT)

T

e

— - 1
+ 22 (ry 5 Wppp =Ty Wpep)] (A-5)
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khere vp ‘is the mass flux across-a face of cell k and the subscripts

B, T, L and R des,gnaue botton, top,,lef‘ and right faceS; respectively.
The densities are those of the dofior cells and the velocities are.ziven
by

<1

1/2 (VT + VK)

1+ (vR - )AE
(4-6)
; 1/2 (\lR + UK)
1+ (v - K)ﬁz

This velocity weighting scheme is used to ensure stability in regions
behind a shock front.

Calculation of the mesh cells by SHELLIC proceeds from bottom to
+p and from left to right. Thus mass transport for each cell is calculated
for the top and right faces only. The new mass in the Kth is given by

(n1) (n)
My = Mg+ AMp + &My - &Mp - AMR (a-7)

vwhere *he &M's are the masses transported across the respective faces of
the X% cell.

New velocities are ccmputed using the conservation equations for axial
and radiel moxentum as follows:

n+l - -
V}(( oag(®) v Mg+ B - A vy - By -
uln*d)

e o s, F—r

N




The new specific internal energy is computed by adding the tgtal
energy carried by the transported masses to the x'B cell minus the new
B kinetic energy and then dividing.by the new mass.

: 1Y - (MK(“’ it s x6d +d) sag (1 ek 620D

N
+
r—

2 2 . 2 2
Lokl s vl eI 4% (o - )

RN S Y A1)
g LR % (ug + Rl
w )y ry(e) g e (an) f i
: K o) ! (4-10)
W /

The time step, 4t, is determined by consideration of stability to
satisfy two conditions. Firsv, the Courant condition which prohibits the
transmission of a signal across more than one cell in one time step.
Second, that Ju/arly,, and |v/8zp,, be less than 1/4t, thus prohibiting
the transport of mass across more than one cell in one time step.

¢ STABILITY

Von Neéumann end Richtmeyer, reference (10), have shown that the
hydcodynamic equations can be solved numerically if an artificial
dissipation term is introduced. This in effect smears the shock front
meking the fluid properties such as pressure, density, entropy and
internal energy continuous across the shock. Thus the Rankine-Hugoniot

conditions are satisfied across the shock and the numerical caleulations
proce .1 as if no shock were present.

PR

-
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The first phase of SHELLTC calculations are unstable, because they
contain no dissipative mechanism. However, the second phase, which deals
] with the mass movement, has been shown by Harlow, reference (1ll), to give
b stebility to the calculations by adding effective viscosity and effective
v heat conduction.
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In additién to the inherent dissipative effect il SHELLTC;, Nawrocki,
rerevence (5), kas -added an artificial viscosity schems to SHELLTC. By
agpropriate selections oi the three perameters S1, S2, and 53, the energy
dissipating efféct may be varied to.ephance or diminish the inherent
effective dissipation in SHELLTC.

Leigh, reference (8), has conducted a perametric study.of a one-
dimensional planar blast wave to determine the effect of Vvariations in
these parameters. KEis results are presented in réference (8), A listing
of the basic SHELLTC code is also given in reference (8).
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BT
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B-9
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B-13

B=15

ARG

FIGURES

Theoretical Gun Blast at 29.6° from Line of Fire-
Theoretical Jun Blast at 90° from Line of Fire
Theoretical 5"/54 Gun Blast at 5 Ft. at 90 Degrees
Experimental 5"/54 Gun Blast at 5 Ft. at 90 Degrees
Theoretical 5"/5h Gun Blast at 5 Pt. at 135 Degrees
Experimental 5"/54 Gun Blast at 5 Ft. at 135 Degrees
Velocity Field at 1.253 Milliseconds

Velocity Field at 2.0 Milliseconds

Velocity Field at 2.5 Milliseconds

Velocity Field at 3.0 Milliseconds

Velocity Field at 3.511 Milliseconds

Velocity Field at k.0 Milliseconds

Velocity Field at %.53 Milliseconds

5"/54 Theoretical Shock Arrival Times

5" /54 Experimental Shock Arrival Tines
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