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FOREWORD

The theme of the 1990 Symposium was Gun Dynamics. The Symposium was
divided into six sessions: (I) Fluid Dynamics, (II) Experimental Work, (III)
The Motion of Gun Tubes - Theory, (IV) The Motion of Gun Tubes - Measurement,
(V) Modelling and Finite Element Simulation, and (VI) Projectiles and

Projectile/Tube Interface.

During recent years, one has witnessed great strides in various branches of
continuum mechanics, kinematic designs, and numerical and computer techniques

for solving problems of great complexity as well as in the

areas of experimental

mechanics and instrumentation. Now more than ever it appears feasible to gain

understanding and to improve the design of gun systems for

greater accuracy by

expioiting new technological advances. The Sixth Symposium represents the con-
tinuing interest of the United States Army in this direction.

The Proceedings of the Sixth U.S. Army Symposium on Gun Dynamics contains
the technical papers presented at the Symposium held in Tamiment, Pennsylvania,
15-17 May 1990. The papers represent the current research efforts on gun dyna-

mics and the effect on precision and design by industrial,

university, and

Department of the Army, Department of the Navy, and Department of Energy labora-

tories throughout the United States and the United Kingdom
not received in time for publication in the Proceedings of
are included herein.

. In addition, papers
the Fifth Symposium

I am grateful to everyone who submitted a paper for dinclusion in the
Proceedings. As in previous years, I am delighted by the number of scientific

and technical people who have gathered to share their know

ledge and experience.

Thomas E. Simkins, Chairman
Sixth U.S. Army Symposium on Gun Dynamics
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TITLE: A COMPARISON OF EXPERIMENTAL AND NUMERICAL
BLAST DATA FOR PERFORATED MUZZLE BRAKES
G. C. CAROFANO
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BENET LABORATORIES
WATERVLIET, NY 12189-4050

ABSTRACT:

In an earlier study, a numerical model of the blast field produced by a
cannon having a perforated muzzle brake was given. The results compared
favorably with the near-field shadowgraph data of Dillon for a 20-mm cannon.
This paper describes improvements to the model and compares the predictions with
free-field blast data for small and large caliber cannon. The results show good

agreement with data for a 20-mm cannon and satisfactory agreement with data for
105-mm and 120-mm cannon.

Some preliminary work on a method of reducing the blast levels near the
breech using upstream venting is also presented. The scheme consists simply of
moving one or two rows of vents about ten calibers upstream of the muzzle. The
disturbance produced by the upstream vents interferes with that produced by the
remainder of the brake such that the blast levels are reduced near the breech
and increased somewhat near the muzzle.
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PRESENT ASSIGNMENT: Dr. Garry C. Carofano is a mechanical engineer in the
Applied Mathematics and Mechanics Branch at Benet Laboratories. He is

currently applying the methods of computational fluid dynamics to muzzle brake
design.
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from and stress analysis of finned mortar tubes.
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A COMPARISON OF EXPERIMENTAL AND NUMERICAL
BLAST DATA FOR PERFORATED MUZZLE BRAKES

G. C. Carofano
U.S. Army Armament Research, Development, and Engineering Center
Close Combat Armaments Center
B8enet Laboratories
Waterviiet, NY 12189-4050

INTRODUCTION

A perforated muzzle brake consists simply of a set of vents drilled through
the wall of a cannon near the muzzle (see Figure 1). Venting reduces the axial
thrust produced by the gas at the muzzle, thereby effecting a decrease in weapon
impuise. However, the redirected exhaust increases the blast levels upstream of
the muzzle. From a designer's perspective, the problem is to choose a cannon-
brake system which yields specified values of muzzle velocity and weapon impulse
but minimizes the blast increase.

T I I I I I I 10
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Figure 1. Schematic drawing of a perforated muzzle brake.

The magnitude of the weapon impulse was extensively studied by Dillon
{1,2], Dillon and Nagamatsu [3-5], Nagamatsu et al. [6,7], and Carofano [8].
References 1 through 5§ also contain shadowgraph and free-field overpressure data
which characterize the blast field surrounding the cannon.

The computation of the blast field is challenging because the flow is tran-
sient, three-dimensional, and must be computed to distances considerably beyond
the breech if realistic pressure histories near the breech are to be obtained
for reasonable periods of time. The time requirement is necessary because the
peak pressure at a particular location is not always achieved in the jnitial
portion of the blast wave. To render the calculation tractable, Carofano [9]
exploited a number of features of the flow. A brief description follows (see
also References 6 and 8).

When the propellant gas expands through the brake, an asymmetric pressure
distribution develops in each vent with the highest pressures acting on the
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downstream surface. To calculate the blast field, the flow through each vent is
required at each instant of time during tube blowdown. Because the flow is
three-dimensional, it is not practical to obtain the complete solution with a
transient calculation. Fortunately, the flow contains many features which per-
mit a vigorous simplification of the problem.

First, because of the large volume of the gun tube, the blowdown process
takes on the order of tens of milliseconds, while the three-dimensional calcula-
tions indicate that the flow in a vent is established in a fraction of a milli-
second. Therefore, the latter can be treated as quasi-steady and only the flow
inside and outside of the tube must be considered as time-dependent.

Secondly, in the applications of interest, the fiow is supersonic as it
enters the brake and, due to the venting, it expands to higher Mach numbers as
it travels downstream. Also, because of the high tube pressures, the gas exits
each hole at near sonic or supersonic velocities over most of the exit plane
area. Experience has shown that the flow is rather insensitive to the outflow
boundary condition over the remaining subsonic portion. Thus, the flow at a
particular vent location is not influenced by events occurring farther
downstream or outside of the tube. It depends solely on the conditions in the
tube upstream of the vent. In particular, it was shown {6,8,9] that the flow is
completely described by the upstream Mach number, the specific heat ratio and
the covolume of the gas, and the vent geometry. One solution with these parame-
ters specified is valid for all upstream pressures and densities. Thus, while a
wide range of physical states are encountered during blowdown, only a few three-
dimensional solutions are required to describe them.

Data from these solutions are used to obtain average values of density and
pressure along with the mass and momentum fluxes in the exit plane of the vent.
The averages are dimensionless functions of the parameters that appear in the
three-dimensional solutions and are used to couple the interior and exterior
flows.

The transient flow inside of the tube is calculated using the one-
dimensional Euler equations with a source term included to represent the venting
at the tube wall. This is constructed from the mass flux function and the local
conditions prevailing in the tube at a given instant.

The transient flow outside of the tube is treated as axisymmetric. The
large number of vents typical of such brakes and their symmetrical placement
around the tube makes this feasible. Since the area of each vent represents
only a portion of the local tube area, the averaged variables at the vent exit
have to be adjusted to provide an appropriate boundary condition for the axisym-
metric equations. A control volume approach to achieve this is described in
Reference 9. The quantities at the vent exit are related to the interior flow
through the averaged functions described above. Because the vent exit flow is
supersonic, the exterior boundary condition is completely determined by the
local conditions in the tube.

The model [9] produced results which compared favorably with previously
unpublished shadowgraphs of the near-field obtained by Dillon in his 20-mm
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experimental program. A quantitative comparison is made below of free-field
overpressure data from that program taken at 30 calibers from the muzzie.

Some changes have been made in the original model to make it more generally
applicable to cannon designs of current interest. For example, the perfect gas
equation was replaced by the Abel equation of state to more adequately represent
the gases at the pressure levels which prevail in large caliber cannon. Also,
the projectile equation of motion was added to more realistically simulate the
flow discharging to the environment. Previously, the projectile was restricted
to move at a constant velocity.

Finally, a distribution of vents of variable diameter and spacing can now
be accommodated. This is necessary in large caliber cannon analysis where the
diameters of the vents near the brake entrance may have to be smaller than those
near the muzzle to avoid exceeding allowable stress levels. It was also needed
to simulate the upstream venting scheme discussed below.

INITIAL CONDITIONS

The starting configuration is shown in Figure 2. The initial projectile
position is chosen such that the precursor shock is located just upstream of the
vented region. The state of the air between the shock and the projectile is
taken to be uniform and is computed from the projectile velocity at this
instant. The latter is taken from the output of a standard ballistics solution.

VENTS
-z I TIITI I
PROPELLANT 0AS MOVING RIR ] STAGNANT AIR

BREECH PROJECTILE SHOCK

Figure 2. Starting configuration showing projectile
pushing shock into the vented region.

The specification of the state of the propellant gas behind the projectile
is delayed until its base reaches the vented region. ODuring this interval, an
analytical representation of the velocity and position time histories, taken
from the ballistics solution, is used to advance the projectile and drive the
numerical solution downstream of it. The propellant gas properties are then
calculated from the Pidduck-Kent 1imiting solution for an Abel gas [10] using
the ballistics data summarized in Table 1 (see References 6 and 8 for more
details). In this manner, essentially all of the information generated by the
ballistics solution relating to the combustion, friction, and heat transfer
processes is included in the starting data behind the projectile.
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TABLE 1. STARTING DATA FOR PROPELLANT GAS

Parameter/Cannon 20-mm 105-mm 120-mm
Propellant mass, kg 0.0389 5.92 6.26
Projectile mass, kg 0.0980 5.79 13.45
Projectile velocity, m/sec 1045.0 1466.1 1143.3
Projectile base pressure, atm 287.0 798.0 660.1
Projectile base position, cm 143.0 4217.5 402.0
Projectile base travel, cm 154.84 475.0 485.1
Bore diameter, cm 2.0 10.5 12.0
Gun chamber volume, cm?3 41.17 6472.9 8749.9
Specific heat ratio 1.25 1.24 1.23
Covolume, cm?/kg 982.0 1050.0 1035.0
Vent area ratio of brake 6.69 4.76 3.69

A comment is necessary regarding the starting data in Table 1 for the 20-mm
cannon. The vents were actually part of an 11.84-cm extension rather than
integral with the tube. In the bare muzzle case then, the projectile base
travel was only 143.0 cm. The precursor shock was initially placed at the
muzzle rather than upstream, as depicted in Figure 2, and the propellant gas
properties were specified when the projectile base reached the muzzie.

VENT PATTERNS

Each brake had 12 columns of vents uniformly spaced around the tube circum-
ference (columns run parallel to the tube axis). One column for each brake is
shown schematically in Figure 3. A1l dimensions are scaled by the cannon bore
diameter to facilitate comparison. The vent area ratio, defined as the ratio of
the total vent area to the cannon bore area, is given as the last entry in Table
1.

In the 20-mm brake, every other hole was offset by 15 degrees in the cir-
cumferential direction to produce a staggered pattern. The code considers only
the vent area per unit length of tube so the effect of staggering cannot be
estimated. Presumably, this arrangement is more likely to produce the axisym-
metric flow field assumed in the model than the straight patterns.

vVents of variable diameter and spacing were used in the 120-mm brake to
avoid exceeding allowable stress levels. This feature is considered by the
code.

A more complete description of the experimental setup for the 20-mm cannon,
including a photograph of the brake, is given in Reference 1. Further details
of the 105-mm and 120-mm tests are given in References 11 and 12, respectfully.
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Figure 3. Vent pattern for each cannon.

CALCULATIONS

Harten's Total variation Diminishing scheme [13] was used in conjunction
with a time-splitting algorithm [14] to solve the Euler equations. The calcula-
tions were performed on a Cray X-MP/48 computer using a single processor. A
major effort was made to exploit the vector hardware wherever possible.

A uniform grid was employed over a rectangular region extending 60 calibers
upstream from the muzzle, 110 calibers downstream, and 70 calibers radially out-
ward from the tube axis. Beyond this region, a gradually expanding grid was
used to limit memory requirements while still permitting the calculation to con-
tinue. Four cells were used across the tube radius, 800 in the axial direction
and 350 in the radial direction. . The program required 1.6 megawords of memory
for these array sizes.

The size of the active grid is determined at the beginning of each time
step to eliminate computation in the undisturbed environment. Run times for
each configuration are given in Table 2. Mcre time steps are required for the
bare muzzle cases because the disturbance which propagates upstream takes longer
to reach the pressure gages (see next section).
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TABLE II. COMPUTATION TIMES

Cannon Time Steps CPU Minutes
20-mm, bare muzzle 1200 38.8
20-mm, with brake 1000 25.0
105-mm, bare muzzle 1200 38.6
105-mm, with brake 1000 28.5
120-mm, bare muzzle 1200 37.8
120-mm, with brake 1000 26.6

PRESSURE CONTOUR PLOTS

The blast fields produced by each cannon after 600 time steps are shown in
Figures 4 through 6. Each plot is scaled by the respective cannon bore diameter
to facilitate comparison. The small circles, Tocated on a radius 30 calibers
from the muzzle, indicate where pressure histories were stored in the calcula-
tions or measured in the experiments. Note in Figure 4, that when the brake
extension was added in the 20-mm experiment, the gages were left at the posi-
tions they occupied in the bare muzzle case.

The principal effect of venting is seen to be the generation of a more uni-
form blast field around the cannon. The disturbance is diminished somewhat
downstream of the muzzle and considerably strengthened upstream.

The 20-mm cannon had a significantly higher ratio of travel length to bore
diameter than either large cannon. This produced a precursor flow of relatively
long duration ahead of the projectile. In Figure 4, remnants of the precursor
shock can be seen upstream of the muzzle and near the 60-degree gage position in
the brake case. The precursor shock is complietely overtaken by the main blast
wave for both large cannon because of their relatively shorter barrels.

What other differences exist in the various blast fields are due mainly to
the variations in projectile base pressure and velocity or the brake geometry.
Some 20-mm experiments are planned that will employ brakes which are geometri-
cally similar to those being used in ongoing 105-mm and 120-mm tests. The
question of scaling the blast field will be addressed when those data become
available.

OVERPRESSURE RESULTS

In Figure 7, experimental free-field overpressure data are given for the
20-mm cannon. Each cluster of data symbols is the result of four shots. The
zero angle coincides with the projectile flight path.
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The solid and dashed lines in the figure correspond to calculations made
with the Abel and perfect gas equations, respectively. The projectile base
pressure for this cannon is less than 300 atmospheres so the covolume term in
the Abel equation had only a modest effect on the results. The predictions are
generally in good agreement with the data. The only exception occurs at the 10-
degree position with the brake in place.

The results in Figure 8 are for the 105-mm cannon. In this case, the base
pressure is near 800 atmospheres and the value of using the Abel equation is
evident. The predictions lie somewhat above the data forward of the muzzle, but
this is not a characteristic of the model. The comparison in Figure 9 for the
120-mm cannon and a base pressure of 660 atmospheres, shows more satisfactory
agreement at these locations.

0f some concern is the tendency of the model to underpredict the data at
the 150-degree location for both large cannon. The experimental peak may be due
to a wave reflected off the ground or the vehicle. The cause is being investi-
gated.

Note that, in general, the peak overpressure is somewhat lower near the
projectile flight path and rises to a maximum farther off axis. This can be
explained by reference to the contour plots. Near the axis, the disturbance is
influenced by the relatively weak projectile bow wave. Farther off axis, the
disturbance is due to the st-ongest part of the main blast wave. The only
exception occurs in the 20-ma brake case where the gage nearest the axis is
struck directly by the main blast wave because of jts position relative to the
exit plane of the brake extension.

The overpressure plots for the large cannon indicate that venting decreases
the strength of the blast wave downstream of the muzzle and increases it
upstream. For the 20-mm cannon, the reduction downstream was not as pronounced,
which is again associated with the brake extension. In a design situation, the
tube will nave to be lengthened somewhat to maintain the desired muzzle veloc-
ity, but the addition will be less than the vented length because the projectile
continues to accelerate through this region. The trend of the overpressure
measurements will then lie somewhat intermediate between the extremes observed
here. In any event, the upstream pressure levels will increase. A method to
1imit the rise is discussed in the next section.

BLAST REDUCTION NEAR THE BREECH

In the experiments, all of the vents were located near the muzzle. The
guestion arises, "Could another arrangement reduce the blast levels near the
breech without producing significant changes in weapon impulse or projectile
velocity?" Several patterns have been considered.

The obvious choice, increasing the vent spacing to spread the brake dis-
turbance over a larger area, raised the pressure levels at the breech signifi-
cantly. Displacing so many of the vents upstream simply moves the source of the
disturbance closer to the area of concern.
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‘ The most successful change involved moving just one or two rows of vents
upstream while leaving the remaining vents at the muzzle. Overpressure predic-
tions are shown in Figure 10 for the region aft of the muzzle of a 105-mm cannon
at a 50-caliber radius (a different round was used in these calculations than
the one described above). The bare muzzle data, represented by the square sym-
bols, decrease monotonically from muzzle to breech. Adding 12 rows of vents
near the muzzle produces the opposite trend, as indicated by the circles.
Displacing two of these rows ten calibers upstream from the muzzie produces a
significant reduction in blast near the breech, as indicated by the triangles.

DATA AT S50 CALIBERS FROM MUZZLE

0 BARE MUZZLE
O 12 ROWS AT MUZZLE

A 10 ROWS AT MUZZLE
2 ROWS 10 CALIBERS UPSTREAM

—_

0.

OVERPRESSURE (ATH)
010  0.20

8b.00 1bs.00

120.00 186.00 (650.00 1B&.0O
ANGLE

(CEGREES)

Figure 10. Overpressure predictions aft of the muzzle
of a 105-mm cannon at a 50-caliber radius.

The scheme appears to work for two reasons. First, because only a small
number of vents are moved upstream, the blast wave produced by them is rela-
tively weak. Secondly, the flow field associated with them interferes with the
propagation of the blast wave produced by the remaining vents. The result is
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that two waves arrive at the breech rather than one. By moving the right number
of vents the correct distance from the muzzle, the strength of each wave can be
minimized.

As noted above, a vented tube must be somewhat longer to maintain the
desired projectile velocity. Displacing some of the vents upstream adds another
fraction of a caliber. However, because the upstream vents work at a higher
pressure level, fewer vents are required to match the impulse reduction obtained
with the unsplit design. In the example above, only 11 rows are needed rather
than the original 12.

The scheme will be tested in the laboratory using a 20-mm cannon and in the
field using a 105-mm cannon. More complete details of the calculations will be
given in a future paper when the test results become available.

CONCLUSIONS

The model predictions are in satisfactory agreement with available
overpressure data for small and large caliber cannon. The covolume correction
in the Abel equation significantly improves the results for the latter. More
data will be availabie in the near future for further comparison.

Upstream venting shows considerable promise as a method of reducing blast
levels in the breech area while maintaining specified values of projectile
velocity and weapon impulse. Laboratory and field testing of the scheme is
planned.
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ABSTRACT:

Gas dynamic processes for the gun bore evacuator are invastigated analyti-
cally and experimentally with a 2-inch bore diameter model of the 120 mm cannon
with room temperature air. Three breech and muzzle length-to-diameter ratios
of 5, 10, and 20 and evacuator injection angles of 20, 30, 45 and 60 degrees
were constructed and investigated for evacuator pressures of 16 to 82 psig.

For all barrel lengths and injection angles, the entrained breech airflow
velocity increased as the evacuator reservoir pressure was increased. The
maxima for breech flow velocity and mass-flow augmentation occurred for a
muzzle length orf 10. However, for all injection angles and gun configurations
tested, augmentation decreases with reservoir pressure.

For a given reservoir pressure the maximum breech velocity and augmenta-
tion occur for an injection angle of 30° and for angles less and greater than
30° the breech velocity and augmentation are lower. Schlieren photographs of
the jet plumes for injection angles of 20, 30, and 90° indicate that the jet
plume for 20° inclination interacts with the wall, Coanda Effect, which causes
the decrease in the breech velocity and augmentation from the values for 30°
angle.

A one-dimensional compressible flow model of the steady-state evacuator
discharge is used to calculate the performance of the evacuator for various
reservoir pressures and injection angles and produces the trends of the experi-
mental data for injection angles greater than 30°. The analysis did not predict
the decrease in the breech velocity and augmentation for 20° injection angle
because the Coanda Effect is nc - included.
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GENERIC GUN BORE EVACUATORS I. EXPERIMENTAL
AND AERODYNAMIC INVESTIGATIONS

H.T. Nagamatsu and R.E. Duffy
Rensselaer Polytechnic Institute, Troy, NY 12180-3590

and

C.A. Andrade
Benet Laboratories
Watervliet, NY 12189-4050

The evacuation of the propellant gas in the muzzle after the exiting of
the projectile in modern large caliber cannons is accomplished by the injec-
tion of compressed propellant gas through the ports in the barrel wall from
the evacuator cannister, which is charged with the hot gas. When the pressure
in the barrel is below the level charged in the cannister, the high pressure
gas flows into the barrel through the ejector ports distributed circumfer-
entially around the barrel. The jet velocities can reach Mach 2 depending
upon the peak reservoir charge level and the total pressure drop across the
nozzle. During the evacuator discharge cycle the ejector nozzle mass flow
rate reaches a steady state and induces a secondary mass flow that sweeps
the residual gas out of the barrel before opening the breech to load the next
round.

An investigation was conducted by Smith [1] with a gun barrel of 0.3-
inch caliber and various injection angles relative to the axis of the muzzle.
The amount of ambient mass flow induced by the injected air through the
orifices for a reservoir pressure up to 6 atm was determined as functions of
the injection port angle and pressure. The lengths of the barrel in front
and downstream of the injection ports were 10 calibers. Attempts at solving
the bore evacuator problem are presented in the Army sponsored projects [2,3].
These employed the Reynolds transport theorem which is the basis of steady
state ejector theory.

Andrade et al. [4] used the Reynolds transport theorem to relate the
mass, momentum, and energy flux for compressible flow at the simulated breech,
muzzle, and ejector jet exit control surfaces to calculate the bore evacuator
performances. This yields exact transcendental solutions for the induced
velocities in the breech end as functions of reservoir pressure, nozzle
angle, and nozzle to gun bore area ratio. From the induced velocities the
induced mass flow rates were calculated to determine the augmentation, which
is the ratio of the induced mass flow rate to the ejector mass flow rate.

The calculated induced velocities and augementations were in approximate
agreement with the experimental data (5]
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A two-inch diameter bore evacuator model for the 120 mm gun barrel was
constructed, Figs.l and 2, to investigate the effects of injection angle,
breech inlet and muzzle exit lengths on the performance of the bore evacuator
with room temperature air [5]. Five constant 0.075-inch diameter injection
holes of 20, 30, 45, and 60° from the barrel axis, Fig.l, were investigated
for various ratios of breech to muzzle lengths and different evacuator
reservoir pressures and head wind velocities. The entrained velocity distri-
bution across the breech inlet was measured with the hot-wire probe and the
mass flow rates for the evacuator ports were determined by the use of an
orifice meter. The augmentations were determined for various model configu-
rations and evacuator pressures. One~dimensional compressible ideal flow
model of the steady-state generic bore evacuator results [4] were correlated
with the experimental induced breech velocities and augmentations for various
injection angles and evacuator pressures.

EXPERIMENTAL FACILITIES AND INSTRUMENTATION

Bore Evacuator Model

A bore evacuator model was constructed for steady-state operation for
simulating the condition following the combustion of the propellant charge
in the gun barrel. The model consists of a 12-inch pressure chamber surround-
ing the inner 2-inch diameter tube through which the ejector passages at
various angles relative to the barrel axis were drilled, Figs.l and 2. High
pressure air is supplied to the pressure chamber by two flexible hoses and
the pressure in the chamber is measured with a pressure gage attached to the
evacuator, Fig.2. The breech and muzzle extensions of length-to-diameter
ratios measured from the injection holes of 5, 10, and 20 were used to change
the lengths of the breech and the muzzle, Figs.l and 2.

Static pressure taps are placed along these extensions, Fig.l, and
inside the evacuator chamber, Fig.2, to measure the static pressure distribu-
tions for various evacuator pressures, injection angles for the jets and
breech and muzzle lengths. Ten static pressure taps are placed in the center
bore at 1.125 in. interval location symmetrically about the axis of the
injection holes.

Five injector ports were drilled so as to exit 0.25 inch off the center
of the evacuator, Figs.l and 2. Two evacuator center bore sections were
constructed with the injection hole angles of 30° and 60° in one of the bore
pieces and 20° and 45° in the other piece. The diameter of the injection
holes was 0.075-inch with sharp corners at the entrance and exit of the
constant diameter holes.

Air Supply to the Evacuator and Head Wind Simulation

A 110 psig compressor was used to supply the air to the evacuator at
room temperature and a valve was installed ahead of the flexible inlet hoses
to the bore evacuator, Fig.2b, to vary the pressure into the evacuator
chamber. With this compressor it was possible to maintain steady flow
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conditions in the bore evacuator for measuring the static pressures along the
barrel and the induced flow velocity at the breech entrance. A bellmouth
inlet was installed at the breech end to smooth the entrained room air into
the barrel by the evacuator jets. To simulate the head wind for the gun
barrel, a variable speed axial fan was placed in front of the muzzle exit,
Fig.2b, and the head wind velocity was varied from 0 to 75 ft/sec. The
effects of the head wind on the performance of the evacuator for various
configurations were determined for a few injection angles.

Sharp-Edged Orifice to Measure Injector Mass Flow

The mass flow rate of air filling the reservoir was measured by a one-
inch diameter sharp-edge orifice, utilizing flange taps located along the
two-inch supply pipe, Fig.2. Measurements were made of the pressure drop
across the orifice by a manometer filled with silicon o0il. This data was
reduced to give a value for the mass flow rate through the evacuator ejector
nozzles.

Mass Flow Entrainment Measurements

Airflow entrained at the breech end of the model was measured by using
a hot-wire anemometer lowered into the flow at the entrance to the barrel,
Fig.2. This device makes use of electrical voltage measurements to determine
the fluid velocity. The hot-wire was calibrated by using a small wind tunnel
consisting of a fan, a laminar flow device and a manometer to measure the
mass flow rate. A bell-mouth inlet was constructed and placed over the
breech end of the model to prevent flow separation. Velocity profiles showed
that no significant separation had occurred so that mass flow could be deter-
mined by this procedure.

EXPERIMENTAL RESULTS

Breech Induced Velocity as Functions of Breech and Muzzle
Lengths, Injection Angle and Evacuator Pressure

The induced velocities at the breech entrance, Figs.l and 2, as func-
tions of the breech and muzzle lengths of 5, 10, 20, injection angles of 20,
30, 45, and 60° and evacuator pressures of 5 to 82 psig were determined and
are presented in Ref.5. In Fig.3 the breech velocities produced with an
injection angle of 30° for various muzzle lengths and evacuator pressures are
presented for a breech length of 5. For these configurations the breech
velocities increased monotonically with the evacuator pressure. A maximum
entrained velocity of 370 ft/sec was produced for a muzzle length of 10 and
a pressure of 82 psig. For muzzle lengths of 5 and 20 the increase in the
breech velocities was about the same for all pressures.

Augmentation as Functions of Breech and Muzzle Lengths,
Injection Angle and Evacuator Pressure

The augmentations as functions of the breech and muzzle lengths,
injection angle and evacuator pressure were determined in Ref.5. From these
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results the augmentation for an injection angle of 30° are presented in Fig.4
for a breech length of 5 and various muzzle lengths and evacuator pressures.
The maximum augmentation is 17.8 for a muzzle length of 10 and a pressure of
27 psig. For muzzle lengths of 10 and 20 the augmentations were close and
decreased only moderately with the evacuator pressure, but for a muzzle length
" of 5 the augmentation decreased more rapidly with the pressure because of a
shorter muzzle length for the mixing of the jet flows with the entrained air.

Augmentation as Functions of Muzzle Length, Bore Evacuator
Pressure and Breech Length for Injection Angle of 30°

The augmentation as functions of the muzzle length for various evacuator
pressures for an injection angle of 30° is presented in Fig.5 for a breech
length of 5. For evacuator pressures of 16 to 82 psig the augmentations were
greatest for a muzzle length of 10 and the augmentations were less for muzzle
lengths of 5 and 20. For a muzzle length of 5 the mixing of the evacuator
jets with the entrained air through the breech end is not completed as indi-
cated by the less than ambient static pressures over the muzzle length. The
mixing of the jet flows with the entrained air is completed for the muzzle
length of 20 but the viscous losses over the muzzle surface are greater than
for the muzzle length of 10. Therefore, the augmentation for the muzzle
length of 20 is lower than for a length of 10 for all evacuator pressures.

Breech Velocity as Functions of Injection Angle, Bore
Evacuator Pressure, and Breech and Muzzle Lengths

The induced breech velocities at the entrance to the barrel as functioms
of the injection angle and bore evacuator pressure are presented in Fig.6 for
the breech and muzzle lengths of 10. A breech velocity of 301 ft/sec was
produced with an injection angle of 30° and evacuator pressure of 82 psig,
and the maximum breech velocities occurred for an injection angle of 30° for
all evacuator pressures. Similar variation of the breech velocity with the
injection angle and evacuator pressure for other breech and muzzle lengths
were observed [5].

The decrease in the induced breech velocity for an injection angle of
20° is caused by the jet flow from the ejector ports interacting with the
barrel surface due to the Coanda Effect. The jet plume is partially
attached to the well so the entrainment of the ambient air through the breech
by the jets is restricted. Therefore, an investigation was conducted with
the ejector tubings cut at angles of 20, 30, and 90° with respect to the
axis to observe the jet flow structure with the Schlieren photographs to
confirm the existence of the Coanda Effect. This phenomenon is discussed
later in the paper.

Augmentation as Functions of Injection Angle, Bore
Evacuator Pressure, and Breech and Muzzle Lengths

The augmentations as functions of injection angle and bore evacuator
pressure are presented in Fig.7 for breech and muzzle lengths of 10. The
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maximum augmentations occurred for an injection angle of 30° for all evacuator
pressures and the augmentation decreased with the evacuator pressure for all
injection angles. As expected the augmentation decreased from the peak value
for injection angles less and greater than 30° for all pressures. The augmenta-
tions for an injection angle of 60° were approximately one-third of the peak
values for all pressures. The decrease in the augmentation for an injection
angle of 20° is due to the interaction of the jets with the wall of the barrel,
Coanda Effect, as discussed previously.

Augmentation as Functions of Head Wind Velocity, Bore Evacuator
Pressure, and Breech and Muzzle Lengths for 45° Injection Angle

The effects of the head wind on the augmentation for various barrel
configurations, injection angle, and bore evacuator pressure were studied
using a blower ahead of the muzzle, Fig.2a. Since the head wind effects were
similar for all barrel configurations and injection angles, the augmentation
results for an injection angle of 45° were selected and are presented in Fig.8
for breech length of 5 and muzzle length of 20. For head wind velocities of
0 to 75 ft’'sec the augmentation for evacuator pressures of 27 to 82 psig
decreased only slightly with the velocity. This is due to the fact that the
breech velocity varied from approximately 190 to 350 ft/sec for evacuator
pressures of 27 to 82 psig, Fig.3. At the muzzle exit the velocity will be
slightly greater than the breech velocity because of the additional mass flow
rate from the evacuator.

Schlieren Photographs of Ejector Jets with Inclined
Angles of 20, 30 and 90 Degrees

To study the interaction of the evacuator jet flows with the barrel
wall, Coanda Effect, three tubings with an inside diameter of 0.178 inch were
fabricated with exit angles of 20, 30 and 90° relative to the axis. These
tubings were mounted on a flat plate to simulate the jet flow exiting from
the evacuator ports, Fig.l. Static pressure taps were placed along the tube
wall and the plate surface to determine the velocity distribution along the
tube as well as the interaction of the jet plume with the plate surface.

Schlieren photographs of the jets inclined at angles of 20, 30 and 90°
were taken for reservoir pressures of 5, 16, and 60 psig, and are presented
in Fig.9. The corresponding nominal jet flow Mach numbers are 0.66, 1.09
and 1.71, respectively. For the 90° jet the shock bottles are present for
16 and 60 psig and the shock waves are normal to the axis. Also, for a Mach
number of 1.71 the supersonic jet plume extends appreciable distance from
the exit. Static pressure distribution along the tubing indicated near sonic
velocity at the exit for pressures of 16 and 60 psig, and the static pressure
at the exit was approximately 30 psig for a reservoir pressure of 60 psig.

For jet inclinations of 30 and 20° the shock bottles were inclined

relative to the jet axis, Fig.9, and the jet plumes were broader compared
to the 90° jet. The shock waves for the 20° jet with a pressure of 60 psig
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and a nominal Mach rnumber of 1.71 were inclined the greatest angle relative

to the jet axis. Also, the jet plume is broad and does not extend as far as
for the 90° jet. The static pressure distributions along the tubing for these
inclination angles indicated that the sonic velocity existed ahead of the
exit. Thus, the jet flows from these tubings were similar to the supersonic
flow from a convergent-divergent nozzle. Static pressures at the exit of the
tubing were close to the ambient pressure for reservoir pressures of 16 and

60 psig, indicating supersonic flows at the jet exit.

The static pressures on the plate surrounding the jet exit were close
to the ambient pressure for inclination angles of 30 and 90° indicating that
the jet plume is not affected by the plate surface. For these angles the jet
plumes will entrain the ambient air through the breech without the influence
of the wall surface. But for the 20° angle the static pressures on the plate
surface adjacent to the jet exit were above the ambient pressure for super-
sonic jet flows. Thus, the jet plume is partially attached to the wall so
the entrainment surface of the jet plume is less than for the 30° inclination.
This Coanda Effect decreases the effectiveness of the evacuator jets in
entraining the ambient air through the breech as shown in Figs.6 and 7.

THEORY OF ROOM TEMPERATURE AIR EVACUATORS

In the present work we model steady-state flow of a thermally perfect
gas through the bore evacuator. The reservoir is annular, symmetric with
the weapon axis. On any plane containing the axis, the nozzle angle, ¢, is
slanted up to 60° measured relative to the axis, Fig.10. Circular control
surfaces labeled I and M, as shown on the figure, are placed at the inlet
(breech-end of the evacuator) and at the outlet (muzzle-end) respectively;
and an elliptical free-surface labeled N is placed at a uniform nozzle expan-
sion flow area, that varies with supercritical reservoir pressure ratios, or
is equal to the nozzle cross-section area at subcritical pressures.

Assumptions and Boundary Conditions

1) One-dimensional, compressible inviscid flow of a thermally perfect
gas (y = 1.4): Barrzl extensions to the evacuator (connected at the
evacuator breech and muzzle ends), the ejector nozzles, and nozzle jet
"mixing" stream are assumed viscous-free and nonheat conducting.

2) Total enthalpy, Hy, at the inlet control surface, is equal to the
ambient "freestream'" total enthalpy, i.e.,

2

o’

(v-DE, = a2[l+(y-11/2] = a (1)

where the unknown inlet Mach number, My, is an implicit function of reservoir
pressure, i.e., M; = Mj(pgr), and Y is the ratio of specific heats for the

gas under consideration. Assumptions 1) and 2) imply isentropic conditions
at the inlet. In conformance with experimental observation, pressure at the
inlet will fall below the ambient value, p,, so that
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3)
py = B /{14 (v - Lul/2}Y/ & (2)

As a consequence of these conditions the inlet flow variables are known
as functions of the local Mach number, M.

4) Reservoir temperature equals the ambient room temperature, i.e., in
conformance with the experimental procedure, TR = To.

5) Nozzle exit total enthalpy equals the reservoir total enthalpy,
2 2
(y--l)HN ap =a_. &)

For internally shock-free nozzles, conditions 1 through 5 imply isen-
tropic conditions at the nozzle expansion, Thus,

_ 2,..v/ (y-1)
Py = Pp/ {1+ (v - 1M/2} . (4)

6) Following the treatment of thrust ejectors designed for constant
pressure mixing [6,7], we let the nozzle flow expansion pressure be equal to

the inlet pressure, Py = Pr- Thus, Eqs.(2) and (4) yield the nozzle flow
expansion Mach number,

) -1
M = {2[p tv )/Y{1+(\(-1))M§/2}-1]/(\(—1)}1/2 (5)

N RO

where MI is an implicit function of the reservoir to ambient pressure ratio,

pR/po = pRo‘

Equations to be Solved

Two state variables and the flow speed are to be determined at each of
three control surfaces, I, N and M, amounting to nine flow quantities that
may vary with the reservoir pressure gradient imposed through the nozzle.
Reynolds' Transport Theorem [8] applied to these surfaces gives the outlet
total mass flux,

SV VI A SR N A (6)
total momentum or impulse,
2 2 2
+ =p_ + +
Py * oty T Pp t P H Ry Feuydeos alx ™

aud total energy generated,

Pty = Prupty + g (8)
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where the total nozzle expansion to gun bore area ratio is-given by X = AN/A
= (AT/A)/(A*/A)N, and A, = A* at subcritical pressure ratios.

According to 6), the nozzle expansion pressure is a function of the
inlet Mach number, i.e., Py = P is given by Eq.(2) and is thus eliminated

from the set of unknowns, We use the conservation lawi Eqs. (6) - (8), three
control surface state equations, written in the form a“ = yp/p, and Eq (5) to
solve for seven unknown quantities, after closing the system by assuming that
the outlet pressure is equal to the ambient pressure, p,, = p . Note that this
closure, together with Eq.(2), provides the pressure step fuflction for the

pump,

Mass flux through the nozzle is determined by reservoir and throat
conditions:

= p*a*(a%/A) =oRaR(A*/A)NVf(y+1)/2fY+1)/2(Y'1),

-(v+ -
where { (Y +1)/2} (v+1)/2(y-1) = 0,5787 is the value for choked flow, Substi-
tuting the gas dynamic expression for A*/A, using the equation of state for
the reservoir, and considering assumption 4), gives

NN

oy = YR Ppoty/ (1 + (v - Dly2} YH/26-D), (9)

Since the nozzle expansion velocity is given by

1/2

= M {1+ (- l)MN/Z} (10)

where Eqs.(3) and (5) determine the local sound speed and Mach number, then
the required nozzle expansion control surface variables are determined by
Eqs.(5), (9) and (10), as functions of the inlet Mach number MI = MI(pRo)'

Thus, since the six variables at the inlet and nozzle exit control surfaces
can be determined as functions of the inlet Mach number, the local equations
can be used so that the three remaining variables on the left-hand sides of
Eqs.(6) - (8) are also functions of MI, i.e,, the conservation equations
become:

Ay T poaopIo'n ’ (11)
2
* oy =P (12)
and
v - D = @ +Dpgualx : (13)

and where two auxiliary functions have been derived as listed:
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1) The total mass flow function is

_ 2,,71/2 2,,,1/2
MM, Py, X) =M {1+ Cy - DM/237 T+ {1+ (v - )ML/2}7 7% (14)
2) the total impulse function is
2 2
CM ,Pp @ X) = L +YML +{(L+¥M)) cos o}x . (15)
Flow Augmentation at the Breech
The frictionless breech mass flow augmentation ratio is defined as

T My, Pp %) = prup/pgueX . (16)

Proceeding with mass flux derivations, e.g., Eq.(9), we obtain

= *

T = (A%/A) /(A% /M) Py X an

that is, for fixed geometry, flow augmentation is a function of the reservoir
pressure ratio and induced inlet Mach number, MI = MI(pRo)'

Again, by using the local state equation and Mach number, Eq,(12) is
rewritten as

- 2
Py = CP/ (1 +yMp) . (18)

Thus, by examining the total impulse ratio, pM/pI = po/pI, it is clear that

the pumping action is given by momentum exchange, expressed as
2 2 -
C(MI)/(1+YMM)={1+(Y-l)MI/Z}Y/(Y b, (19)

Induced velocity at the outlet, Wy is calculated by transposing the pres-
sure p, to the right-hand side of Eq,(12), dividing the result by Eq.(11)
and introducing Eq.(18) into the quotient. Thus,

uy = 2 (OIS (L +vMD) (20)

which, substituted into Eq.(1l) gives the remaining unknown, viz,

Py = PoPro (/O (L +yMD /ML . (21)
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Written as the usual product of Mach number with the local sound speed,

1/2 , '
= i b -
U aoMMTMo . Equating this to Eq.(20) gives the outlet to ambient tempera

ture ratio, i.e., TMo = [(Q/TDMM/(1-+yM§)]2. Rewriting the total mass flux,

Eq.(6), in terms of the augmentation ratio allows us to eliminate mass flux
from the energy equation., Thus, Eqs.(6), (8) and (16) give the expected
isoenergetic result,

2 :
By =a/(y-1); (22)

and using the definition of local total enthalpy, as in Eq.(l), we obtain the
outlet to ambient temperature ratio as a function of MM:

Tyo = 1/{1+(y- 1)M§/2} . (23)
Equating the two expressions for TMo gives
2 2 2 2
(V) =MM[1+(y-1)MM/2]/(1+mM), (24)

wherc it is observed that the right-hand side is a function of the outlet
Mach number alone, while the left-hand side is a function of the inlet Mach

2 . .
number and the given data., Thus, if (7/()" = fOﬁI,pRo,¢, Xx) 1is determined,
MM can be calculated from the implied biquadratic, Eq.(24). The combined

mass, momentum and energy equations are then expressed by introducing
Eq.(19) into (24):

M= {1+ - l)Mi/Z}Y/(Y-l)MM{l +(y - 1)M§/2}1/2. (25)

The iterative scheme used to find a unique variation of the inlet Mach
number with the reservoir pressure ratio is obtained by forming a function
difference oetween Eqs.(14) and (25), then proceeding with a root-finding
routine until that difference is arbitrarily small. Note that for super-
critical pressure ratios, pp, the area ratio X depends on A*/AN, a function

of the nozzle expansion Mach number. All of the unknowns can now be deter-
mined by post iterative calculations in terms of the three Mach numbers at
the control surfaces, for which there are two explicit Mach number equations,
namely, Eqs.(5) and (24). Results are shown in Figures 11 - 14,

We also.note that by Crocco's steady-state theorem, e.g., [8,9] an
inviscid isoenergetic flow sustains vorticity, i.e., an exchange ot linear to
angular momentum within the control volume, thus producing a total pressure
loss for the pump, which in the experimental case is augmented by the observed
dissipation, so it is remarkable that the Reynolds control volume calcula-

tions have captured the essential trend and magnitude of that flow without
requiring empirical evaluations,
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Figure 11 gives the entrained breech velocity, u_, as a function of the
evacuator pressure, PR (psig), at several nozzle injecCtion angles. For all

injection angles, the breech velocity increases monotonically with reservoir
pressure. The greatest increase in the entrained velocity occurs between the
injection angles of 75 and 60°., The velocity increase for injection angles

between 30 and 20° is not appreciable. Figure 12 gives augmentation ratio, r

’
vs pR at the same nozzle angles. Augmentation increases with decrease in the

injection angle, and the maximum augmentation with respect to injection angle
occurs at approximately 16 psig. As the evacuator pressure increases above
this value the augmentation decreases for all injection angles, Generally,

parametric trends displayed by these results follow that of the experimental
observations shown in Figures 3 - 8.

The calculated nozzle jet and breech Mach numbers for two values of total
nozzle expansion to bore area ratio X, are presented in Figure 13 as a function
of the reservoir pressure for a 30° Lnjector inclination angle, At a given
reservoir pressure, increasing the number of nozzles from 5 to 10 increases
the injector jet Mach number in smaller proportion to corresponding increases
in the breech Mach number [proportional derivative from Eq.(S)].

Figure 14 compares the theoretical and experimentally determined entrained
breech velocity, Clearly, the experimental results indicate that a 30° nozzle
angle gives the maximum entrained velocity over the entire reservoir pressure
range. The decrease at 20° is attributed to the Coanda interaction of the jet
Mach bottle with the barrel wall (Figure 10), not accounted for in the theory.

CONCLUSIONS

Gas dynamic processes that characterize the gun bore evacuators were
investigated by using a model of the gun barrel with room temperature air
as the working fluid, A one-dimensional compressible ideal flow model of the
steady-state evacuator discharge was used to calculate the performance of the
evacuator for various reservoir pressures, injection angles, and the results
were correlated with the experimental data.

A 2-inch bore diameter model was designed and constructed to simulate
nozzle-to-bore area ratio for generic 120 mm cannon, Three breech and
nozzle lengths-to-diameter ratios of 5, 10, and 20 and evacuator injection
angles of 20, 30, 45 and 60° were constructed and investigated for evacuator
pressures of 16 to 82 psig.

The breech velocity was measured with a hot-wire anemometer and the
mass flow rate for the ejector nozzles was determined by the sharp-edged
orifice, Static pressures along the barrel were measured with a digital
manometer,

The entrained breech velocity increases with the evacuator pressure

for all barrel lengths and injection angles, The maximum breech velocities
occurred for a muzzle length of 10 and for muzzle lengths of 5 and 20 the
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velocities were lower, Ejector jet flows are mixed completely with the
entrained flow for a muzzle length of 10, but for a muzzle length of 5 the
mixing of the jet flow is not complete and for a length of 20 the friction
losses in the muzzle decreases the pump action of the ejectors, The augmenta-
tion decreases with the evacuator pressure for all barrel configurations,

and for a fixed injection angle the augmentation is a maximum for a muzzle
length of 10 and decreases for lengths of 5 and 20,

Maximum breech velocity and augmentation occurred for an injection
angle of 30° for constant reservoir pressures of 16 to 82 psig and breech and
muzzle lengths of 10, For angles less and greater than 30° both breech
velocity and augmentation decreased from the maximum values of 30°, Schlieren
photographs of single tube mounted on a flat plate with the tube exit cut-off
angles of 20, 30 and 90° confirmed the interaction of the jet plume for the
20" inclipation with the plate surface, Coanda Effect, which caused the
decrease in the breech velocity and augmentation from the maximum values for
30° ejector angle,

Head wind velocities of O to 75 ft/sec did not affect the augmentation
within the experimental accuracy for reservoir pressures of 27 to 82 psig.
The muzzle velocity for a pressure of 27 psig is approximately 175 ft/sec
for an injection angle of 45°,

The breech velocities and the augmentations for various injection
angles and evacuation pressures were calculated and the results produce the
general trend of the experimental data for injection angles greater than 30°.
The analysis did not produce the decrease in the breech velocity and the
augmentation for an injection angle of 20° because the Coanda Effect was not
considered in the analysis. To improve the correlation of the calculated
results with the experimental data, the viscous losses in the breech and
muzzle surfaces and the mixing phenomena of the jets with the entrained air
must be included in the analysis,
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ABSTRACT:

Propellant gas flow entering into, and discharging from, the bore evacuator
reservoir has traditionally been treated as a one-dimensional, thermally and
calorically perfect gas. However, increasing gun system performance prompts a
new approach that, while incorporating a thermally perfect gas, for the first
time attempts to account for the calorical imperfections of propellant gases by
adopting thermochemical techniques. Two problems are defined and solved.
First, the charge and discharge cycles for generic gun bore evacuators are
calculated at quasi-steady operation. The calculation for a generic M256/M831
cannon configuration compared well with field test measurement when appropriate
discharge coefficients were used. Second, the potential for shock ignition of
fuel-rich propellant gas, entering the air-laden reservoir at first-round
firing, is calculated for a generic M256/M829,

This work represents our collective progress reports on efforts to better
understand the three-dimensional and calorically imperfect (real) gas dynamics
of bore evacuators, with the purpose of improving pump characteristics by
improved traditional approaches. Doing so lends insight to the eventual use of
computational fluid dynamic methods, with which the non-adiabatic processes
controlling flareback may be assessed.
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GENERIC GUN BORE EVACUATORS
II. IDEAL AND REAL PROPELLANT GAS TRANSIENTS

Charles A. Andrade and Jeffrey W. Haas
U.S. Army Armament Research, Development, and Engineering Center
Close Combat Armaments Center
Benet Laboratories
Watervliet, NY 12189-4050

INTROOUCTION

To solve the problem of toxic gases and tu better understand how a flare-
back event occurs, several aspects of the design of bore evacuators are being
investigated. For tank systems and towed howitzers, the bore evacuator consists
of a pressure reservoir located approximately at mid-length of the gun tube,
Figure 1. The reservoir is tapped into the gun tube, by a circumferential array
of ejector nozzles angled toward the muzzle, and thus is chargea to peak
pressure during gun blowdown. Since it is peak evacuator pressure that drives
subsequent pressure history and evacuator performance, effective tailoring of
the bore evacuator depends on proper modeling of the evacuator charge cycle.
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Figure 1. Bore evacuator operational sequencing.
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Our approach is to model the charge and discharge cycles by one-dimensional
methods, with initial values for the time-dependent ¢ -rge algorithm, linked
directly from an interior ballistics code. This appruach yields peak pressures
about the values measured during field tests, but it does not predict peak
pressures for the "first" round, generally measured at about double that of the
subsequent rounds. We define a first-round firing as one that occurs when the
reservoir is filled with atmospheric air, either at normal temperature and
pressure (NTP) or at elevated temperatures. Figure 2 compares reservoir
pressure histories of first and subsequent round firings taken during a recent
test of an M256/M831 system.
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Figure 2. Evacuator pressures, measured M256/M831.

Our work is presented in two parts. In Part I, we describe our model
charge/discharge method and, by applying the published [1,2] discharge coef-
ficients, obtain good agreement with field test pressures for the M256/M831
system. For the rest of the paper, we focus attention on the M256/M829 system.
To investigate relative effects of changing reservoir volume on bore evacuator
performance, we use a discharge coefficient of unity for both charge and
discharge, adapting the Reynolds control volume technique presented by Nagamatsu
et al. [3] to calculate quasi-steady breech air entrainment characteristics for
a generic M256/M829. The ballistic data bases for these calculations are shown
in Table I.
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In Part 11, we apply the BRL/BLAKE and NASA/Lewis thermochemical codes
[4,5] to investigate one possible source of ignition that may explain the
observed high reservoir peak at first firing. We simulate ignition of JA2 pro-
pellant gas at the shocked air interface caused by propellant gas bursting
through the ejector nozzles upon projectile arrival at the ports. Ignition by
burning or thermally radiating particulates, which may be deflected 150 degrees
from the mainstream as illustrated in Figure 1, is considered less likely to
occur at the burst time.

TABLE I. GENERIC 120-MM CANNON BALLISTICS (IBHVG2.3)

PROJ M831 (140) M829 (145.4) (F)

CHAM 533.95 595.0 cu.in.

PRWT 29.7 15.6 ibs.

PROP Single Perf Stick JA2 T PERF
CHWT 12.1 17.9 1bs.
RHO 0.05708 0.05780 Tbs/cu.in.
GAMA 1.2335 1.2210
cov 28.63 27.24 cu.in./1b.
TEMP 3141.0 3400.0 K

FORC 368300.0 376827.0 ft-1bf/1bm

PMAX MUzZZz PMAX MUzZzZ q
t 4,623 8.750 3.140 5.810 ms
P 93686.0 9750.0 97022.0 10283.0 psi
Ejector Port, X. Parameters at projectile arrival:
t 6.9 4.9 ms
X 104.0 116.0 in.
P 16000.0 25400.0 psi
T 1655.0 2240.0 K
PART 1

Background

After burst opening of the evacuator nozzles, an underexpanded quasi-steady
jet is established which fills the reservoir to peak pressure. The approximate
time to peak, following trigger, was 20 ms for the data shown in Figure 2.
Reservoir peak must match the gun tube blowdown pressure, which rapidly drops
below that of the reservoir pressure because of large impulse differences
created by gun tube size, compared to that of total ejector nozzle size. The
breech opens at ¢ 450 ms, after the gun tube pressure is at 1 atm; this, in
principle, allows the reservoir gases to discharge back into the tube through
the angled ports, such that air flow is entrained at the breech and the bore is
purged of toxic gases.
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Although bore evacuators have been studied for some time [1-3,6,7], this
work attempts to improve on previous analyses and hopes to produce a more pre-
dictive model for use in design and development and to evaluate existing
systems. In particular, we now examine the charge and discharge cycle of the
reservoir.

Analysis

The model assumes that gas in the bore evacuator obeys the perfect gas law,
i.e., the gas is thermally perfect. Moreover, processes are assumed to be
quasi-steady and adiabatic. Gas flow through the ports was assumed to be choked
throughout the cycle. That is, the mass flow through the ports is sonic, thus
independent of downstream conditions. Finally, we seek thermodynamic improve-
ments over traditional techniques while still considering a calorically perfect
gas, i.e., gas properties such as the specific heats were assumed constant,
independent of temperature.

1. The Charge Cycle. In the general case of the charge cycle it was
assumed that gas initially in the reservoir (e.g., air) has different ther-
modynamic properties than the propellant gas. Using the law of partial
pressures, the jdeal gas law for the reservoir can be written

PR = (m+umg)RTR/V (1)
where m, my, Tp, V, R and u represent the gas mixture mass, the mass of air ini-
tially in the reservoir, gas temperature and volume, propellant ideal gas
constant, and ratio of molecular weights of added gas to gas initially in the

reservoir, respectively. Gun tube gas properties are those at the port loca-
tion, Differentiating Eq. (1) with respect to time

dPp/dt = R{(dm/dt)RTg + (m+umy)(dTR/dt)}/V (2)
where the reservoir mass balance is dmg/dt = dm/dt, i.e., mass flow through the
ports. Gas velocity at the evacuator ports is sonic when the ratio of gun tube
pressure P; to reservoir pressure PR satisfies the condition

Pe/Pr 3 {(y+1)/2}Y/(r~1) (3)

where vy = Cp/cv is the ratio of specific heats. The energy equation for the
reservoir can be written

CpTgodm/dt = d{ (mCy+maCya)TRi/dt (8)
where Tgg is the in-bore stagnation temperature, obtained from interior
ballistic data as a functjon of the local gas temperature Tg and flow Mach
number Mg, viz., Tgo = Tg{1 + (v-1)Mg2/2}.

Equation (4) can be rewritten

YTgo(t)dm/dt = Tpdm/dt + (m+zmgy)dTR/dt (5)
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where 2z = C,53/Cy,. Combining Eqs. (1) and (5) into Eq. (2), the pressure
equation can_be Written

dPr/dt = {[PR/(m+umy)](1-y) + yyRTgo(t)/V}dm/dt (6)
where y = (m+umy)/(m+zmy).

Equation (6) represents the general rate of reservoir pressure increase for
the case of a bore evacuator reservoir initially filled with air or with a mix-
ture that differs appreciably from propellant gas entering the ports. A special
case of Eq. (6) is obtained when residual propellant gas (with thermochemical
properties nearly equal to that of the entering gas) accumulates in the reser-
voir from previous rounds, replacing air as the initial mass. Equation (6) then
reduces to

VdPp/dt = yRTgg(t)dm/dt (6')

for propellant gas initially in the reservoir at frozen flow conditions, i.e., ¥
and molecular weights equal to the port values in-bore.

A general expression for mass flow rate into the reservoir, dm/dt, as a
function of tube conditions, was obtained from Nagamatsu et al. [8] for the case
of flow through ports at right angles to the gun bore, viz.,

dm/dt = K(Mg)A(Pgpg)1/2 (7)

where Pg and pg are the tube pressure and density, respectively, obtained from
the interior ballistic data, A is the total port cross section area, and K(Mg)
is a mass flow factor that depends on the tube Mach number, Mg. Sneck {[9] has
extended the use of Eq. (7) to two-dimensional (2-D) ports that intersect the
gun tube at angles greater than 90 degrees with respect to the downstream flow.
The 2-D analysis yields relatively constant values, 0.28 ¢ K(Mg,y) ¢ 0.30 over
the expected range of Mach number and Y.

2. The Discharge Cycle. Maximum pressure in the reservoir occurs when
tube and reservoir pressures equalize and the flow rate through the port drops
to zero. As gun blowdown progresses, the tube pressure drops below the reser-
voir pressure, thus initiating discharge of the reservoir gases back through the
ports into the gun bore. Sonic conditions at the ports are quickly established
as the reservoir to bore pressure ratio becomes critical

Pr/Pg 3 {(y+1)/2}7/(¥-1) (8)

Gas in the reservoir is assumed to expand adiabatically, and isentropic rela-
tions for an ideal gas hold

PR/PRi = (Tp/Tri) /(771 (9)

where the subscript i denotes initial (e.g., peak pressure) conditions and y is
the effective specific heat ratio of the gas in the reservoir. The problem of
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the sonic discharge of a reservoir has been solved [1], and the solution is the
Hugoniot equation

where
¢ = 20{(r+1)/2) VD O Vhng iy /ygeppin 2 /cpacr-1)

Again, let the subscript i denote initial (maximum pressure) conditions in the
reservoir and y, the specific heat ratio of the gas. Cp is a discharge coef-
ficient and A is the total cross-sectional port area.

3. Interior Ballistics Model. Equations (6) and (7) of the charge cycle
are integrated numerically given tube conditions at the ports. IBHVG2.300, an
interior ballistics code developed at the Ballistic Research Laboratory, is
used to obtain tube properties at the port locations during the projectile in-
bore time. After projectile exit, the analysis follows the treatment given bv
Corner [10]. 1In Corner's analysis, several simplifying assumptions are made to
arrive at closed-form solutions. A primary assumption is that the square of the
ratio C/W, charge weight to projectile weight, is much less than one. Since
this is not generally the case, it remains to be determined experimentally how
critical this assumption is to the analysis. Figure 3 gives the tube pressure
at the port locations during the reservoir charge cycle. The round used in the
analysis is an M831 training round with C/W of about 1/2. The discontinuity at
the point of projectile exit is the expected result of using two separate treat-
ments.

/-IBHWZJOO

I

.
\\

§ ‘-\/—comz

PRESSURE (KSH)

1 peoiccriLe exie

¢ ' i 1 ‘
] 005 n 08 02
Tue (3eC)

Figure 3, M256 tube pressures at nozzle location, M831 round.
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4. Results. The model was compared with bore evacuator pressure data
obtained from firing tests of the M256 cannon system. The initial case chosen
was the particular case for an evacuator being initially filled with residual
propellant gases from previous rounds. In assuming a value of K(Mg) = 0.3 for
Eq. (7), it was found that the predicted values for the pressure gave about 60
percent of the actual measured value from the firing test. When K(Mg) was
assumed to be 0,48, very good agreement with the measured value was obtained,
see Figure 4. For the discharge cycle, the discharge coefficient was assumed to
be 0.85. The fact that a value of K(Mg) = 0.48 gave good agreement with experi-
ment, compared to pressures calculated with K(Mg) = 0.3, may suggest differences
in the 2-D analysis of nozzle flow and the actual three-dimensional (3-D)
effects. However, the problem may lie in the assumptions made in the bore evac-
vator charge/discharge model itself; in particular, assumptions in the interior
ballistic model mentioned above.
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Figure 4, M256 reservoir pressure, M831 round.

Figure 5 represents the case for a bore evacuator initially filled with air
(i.e., a first-round) rather than residual propellant gas. Here the agreement
is less satisfactory. The model predicts a peak pressure of about 115 psia,
while the pressure obtained from firing was over 210 psia. It should be noted
that in subsequent rounds the peak pressures dropped to about 95 psia. This
higher than normal first-round pressure peak (noted on other gun systems)
strongly suggests secondary combustion of the propellant gas with air initially
contained in the reservoir. In subsequent rounds, air in the reservoir has been
depleted and replaced by burnt propellant gas. The initiation of first-round
combustion is the subject of the second part of this paper.

48




ANDRADE, HAAS

240

200 4 F\\\\

= 160 ik
z o CALCTLATED
= 120 4
=4 Y~‘
b4
-3
= 0 '
N
g | | ‘
0 0.2 o4 " ) |

TIME (SEC)

Figure 5. M256 reservoir pressure, M831 first-round.

We now turn attention to the M256/M829 cannon system, and compute the rela-
tive effects of changing reservoir volume on evacuator performance. In a depar-
ture from the model derived above, which incorporated Eq. (10) for the mass flow
rate, another variant of Fliegner's formula {11] for propellant gases was used
to derive a bore evacuator performance model. Here, the tube Mach number
dependence is given by the total temperature, Tgg; but, instead of stagnation
pressure, Pgg = Pg(Tgo/Tg)?/(7-1), the static pressure, Pg, is used. That is,
the classically derived reference to stagnation conditions in a chamber, for the
calculation of flow rates (dm/dt) through a sonic orifice, has been altered a
priori to obtain the reservoir pressures shown in Figures 6 and 7. Since, in
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Figure 6. Gun and evacuator pressures, Figure 7. Effect of volume change.
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further contrast to the above model a discharge coefficient of unity, Cp = 1,
was used, these results show only the relative effect of reservoir size. To
model the relative quasi-steady evacuator performance characteristics, shown in
Figures 8 and 9, we adapt a Reynolds control volume method [3] for use with pro-
pellant gases. Note in Figure 9, the augmentation ratio is mass flow rate
entrained at the breech to ejector nozzle flow rate. Vottis' interior ballistic
model [12] was used with burn rate parameters altered to obtain results in close
approximation to those presented in Table I. Corner's blowdown model yields the
tube pressures, shown in Figure 6.
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