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I. INTRODUCTION

The presence of pressure waves in gun chambers is thought to have
been first recognized by viellel, in the late 19th century with his
invention of the recording pressure gage. The significance of
pressure waves as a leading cause of ballistic irregularities was not
appreciated until some 50 years later, when R.H. Kent introduced the
use of piezoelectric pressure gageszsz. During the course of his
studies, Kent noted the importance of roles played by the ignition
train, propellant bed permeability, and the distribution of ullage in
the gun chamber. Today, after many lessons painfully learned as a
result of serious gun ammunition malfunctions4,5,6, we recognize these
features of the charge to be key contributors to the overall ignition
process, and efforts are now underway to exploit each of these design
areas. A recent project to investigate three alternative propellant
grain geometries to determine their relative influences on ignition-
induced pressure waves is reported herein.

II. BACKGROUND

In order to better appreciate the nature of these efforts, let us
first look briefly at the phenomenology of an idealized (though
certainly not ideal) propelling charge, depicted schematically in
Figure 1. Typically, the ignition system is initiated by

1P. Vielle, Quoted by Cranz in "Lehrbuch der Ballistik" Volume II,

Springer Verlag, Berlin, 1926, p. 151.
2R.H. Kent, "Study of Ignition of 155-mm Gun in Connection with
Project KW 250 --- Study of the Factors Involved in the Design of
Propelling Charges'', USA Ballistic Research Laboratories, Aberdeen
Proving Ground, Maryland, Memorandum Report 4, February 1935.
(AD493405)

3p. 1. Kent, "Study of Ignition of 155-mm Gun", USA Ballistic Research
Laboratories, Aberdeen Proving Ground, Maryland, Report No. 22,
October 1935. (AD494763)

4D.W. Culbertson, M.C. Shamblen, and J.S. O'Brasky, "Investigation
of 5"/38 Gun In-Bore Ammunition Malfunctions', Naval Weapons
Laboratory, Dahlgren, Virginia, TR-2624, December 1971.

°I.W. May, and E.V. Clarke Jr., "A Case History: Gun Ignition

Related Problems and Solutions for the XM-198 Howitzer'", USA Ballistic
Research Laboratories, Aberdeen Proving Ground, Maryland, Interim
Memorandum Report No. 150, October 1973 (no longer available).

6P.J. Olenick, "Investigation of the 76-mm/62 Caliber Mark 75 Gun
Mount Malfunction', Naval Surface Weapons Center, Dahlgren, Virginia,
TR-3411, October 1975. .
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Figure 1. Idealized Propelling Charge

electrical or mechanical impulse, leading to the venting of hot combus-
tion products into the propellant bed. The intensity and spatial/temporal
distributions of this output are highly system-dependent. The surfaces

of nearby propellant grains are heated sufficiently to initiate combustion.
Hot propellant gases then join those from the igniter to penetrate the
rest of the bed, convectively heating the propellant and resulting in
flamespread. During this phase, resistance to gas flow offered by the
packed bed may result in large pressure gradients capable of inducing
substantial propellant motion. In particular, localized ignition at

the breech end of a propellant charge with ullage present between

the propellant and the projectile base can generate large forward
velocities in both gas and solid phases. Stagnation at the projectile
base is then accompanied by locally high pressures, bed compaction,

and perhaps even grain fracture/. Severe pressure waves can result, as
depicted in Figure 2. The presence of a longitudinal pressure wave is
more readily apparent in the pressure-difference profile (spindle pressure
minus forward pressure) shown at the bottom of the figure.

Based on this picture of the interior ballistic cycle, one can
readily comprehend how each of the areas identified by Kent can be
manipulated to minimize the formation of pressure waves. In all cases,
the intent would be to reduce the ultimate effect of the igniter-induced
convective deflagration wave on the formation of locally high pressures
and a severe flow-stagnation event. Uniform ignition of the propellant

7A.W. Horst, I.W. May, and E.V. Clarke, "The Missing Link Between Pressure

Waves and Breechblows', USA ARRADCOM, Ballistic Research Laboratory,
Aberdeen Proving Ground, Maryland, Memorandum Report No. 02849, July
1978. (A058354)

10



(g8 suoz) e3xeyn Buryredoxd wwm-gST

® o uoriTud] zodoxdw] woxy 3uriTnssey saAep aanssoxd opnitrduy-ydty *z sanSig

_H m__._.; Iwil
XA 0 a1 A | B

[\

0
m
A
C
\ m
0 aiid dih s T \ o
3 { 3
g o
|ﬁ. m
ov |, m
18 %2
3
921 'ON "a¥ o
ﬁ_ﬂi 1 1 ] L L i 1 1 L 1 N_ e
0 — o
e
102
.Wd.DDNu
Q

uy
-

(vsdA) 33N$SI¥d ¥IGWVYHD

oov _ _ !

11



bed, were it possible, would eliminate the very ignition wave and asso-
ciated pressure gradient which constitute the source of the problem.
Increased bed permeability could be expected to reduce the pressure
gradient associated with the ignition transient, likewise reducing
mechanical forces tending to accelerate the propellant bed into the pro-
jectile base. Finally, elimination of forward ullage would minimize bed
mobility during flamespread, reducing bed compaction as well as the
possibility of grain fracture. It might also be expected that the
presence of longitudinal ullage external to the charge (see Figure 3)
could lead to pressure gradients and propellant mobility, despite a
nearly ideal (instantaneous) ignition of all propellant surfaces. Radially-
distributed ullage, usually present with bagged charges, and shown in
Figure 4, may, on the other hand, allow equilibration of longitudinal
pressure gradients.

CARTRIDGE CASE

BARREL \ XPROJECTILE
| v

.....

PRIMER-/ yINERT, PACKAGING
ELEMENTS

PROPELLANT BED —
Figure 3. Cased Propelling Charge

SPITHOLE : — CENTER CORE TUBE
- (BASE PAD PROJECTILE

—

-SPINDLE —PROPELLING CHARGE

PRIMER —SNAKE
Figure 4. Bagged Propelling Charge
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A recent study was performed in the Navy 5-Inch, 54-Caliber Gun
providing comparative information on each of these design techniques .
Work has since continued on Ragid-Ignition-ProPagation (RIP) primers9-11,
19-perforation pr0pe11ant512'1 , and the elimination of forward ullagelS.
The study reported herein addresses advantages offered through the use of
non-standard grain geometries, both in terms of increasing bed permea-
bility to gas flow and reducing initial gas generation rates during
flamespread. While it is well known that the natural flow channels
provided by bundles of sticks or tubular propellant present a favorable
geometry with respect to the aforementioned points, several advantages
associated with the production of granular propellant have led to its
continued use in the United States. Therefore, this study was conducted
to examine the comparative advantages of 19- and 37-perforation
granular propellant as alternatives to the standard 7-perforation
geometry.

This particular body of work was devised as a direct extention to
previous BRL efforts in this areal?-14 yhich confirmed the predicted

8A.W. Horst, T.C. Smith, and S.E. Mitchell, "Key Design Parameters in

Controlling Gun-Environment Pressure Wave Phenomena - Theory vs. Experiment,"
13th JANNAF Combustion Meeting, CPIA Publication 281, Vol. I, pp. 341-
367, December 1976.

9J.L. East, Jr., '"A Consumable, Tubeless Igniter for Gun Pressure Wave
Reduction and Improved Ignition", 13th JANNAF Combustion Meeting,
CPIA Publication 281, Vol. I, pp. 4561-474, December 1976.

208 Foster, "Detonation Rate Ignition Propagation Primer', 15th JANNAF
Combustion Meeting, CPIA Publication 297, Vol. I, pp. 411-455, February 1979.

g, Livanie, "Novel Ignition Systeme for Improved Gun Interior Ballistic
Performance”, 15th JANNAF Combustion Meeting, CPIA Publication 297,
Vol. I, pp. 367-381, February 1979.

12J.J. Rocchio, K.J. White, C.R. Ruth, and I.W. May, "Propellant Grain

Tailoring to Reduce Pressure Wave Generation in Guns', 12th JANNAF

Combustion Meeting, CPIA Publication 273, Vol. I, pp. 275-301, December 1975.

g, Rocehio, C.R. Ruth, and I.W. May, "Grain Geometry Effecte on

Wave Dynamice in Large Caliber Guns', 13th JANNAF Combustion Meeting,

CPIA Publication 281, Vol. I, pp. 369-382, December 1976.

147 7. Rocchio and C.R. Ruth, "An Investigation of the Interior Ballistic
Performance of a 19-Perforation, M30Al Propellant Granulation in the
Zone 8 Charge of the 155-mm, M198 Howitzer', USA ARRADCOM, Ballistic
Research Laboratory, Aberdeen Proving Ground, Maryland, Memorandum
Report, (report in preparation).

Io¢. 1, Boyer, Jr., "Interim Charge Assemblies Developed for Use with

the 8-Inch Paveway GP in the MK 71 Gun", Naval Surface Weapone Center,

Dahlgren, Virginia, NSCW/DL TR-5707, December 1977.
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reduction in pressure waves with the substitution of larger 19-perfora-
tion grains for the standard 7-perforation geometry. Unexpected results
were, however, obtained during one of these earlier testsl®, in which the
lengths of the 19-perforation grains were increased (to 1.4 and 2

times the normal length) to further increase bed permeability and reduce
the total initial surface areas of the charges. While both of these
factors should have resulted in diminished pressure waves, little effect
was observed. One possible explanation for this behavior emanates from
a consideration of the comparative initial surface areas, based on
external (i.e., excluding perforations) grain surfaces only. This
parameter provided a better correlation with pressure-wave levels than
did bed permeability or total initial charge surface area based on
calculations including the perforations. Motivation for consideration
of external surfaces only is not particularly obscure, as delayed flame-
spread into the perforations has long been a suspected problem 6,

A program was thus undertaken to clarify and extend these results
by comparing the influence of an even larger, 37-perforation, grain
design on pressure waves to data obtained using 7- and 19-perforation
granulations. As part of this study, it was also planned to explore
the effect. of the surface area of the perforations on pressure waves.

To this end, three 37-perforation grains were designed to provide the
same nominal performance, but with different perforation diameters. The
larger the diameter of the holes, the more readily flamespread therein
should occur, and the earlier the internal (perforation) surfaces

should contribute to gas generation. The effect of stacking the grains
in an effort to increase bed permeability was to be investigated as well.

III. PRELIMINARY STUDIES
A. Propellant Grain Design

Three 37-perforation grains were designed to match the ballistics
of the M203, Zone 8, Propelling Charge for the M198, 155-mm Howitzer.
The perforation diameters were varied to be approximately 1, 2, or 3
times that of a '"normal" grain design; the idea being that flamespread
into the perforation should occur earlier in the interior ballistic
cycle as the perforation diameter was increased. The design dimensions,
geometric ratios and computer performance of these grains are given in
Table I. Permeability of the propellant bed is expected to increase with
grain size and thus with perforation diameter. This trend also holds
for total surface area of the charge. In contrast, the total exterior
surface area (i.e., excluding that of the perforations) decreases with
increasing perforation diameter.

16Personal communication, R.W. Deas, USA ARRADCOM, Ballistic Research

Laboratory, Aberdeen Proving Ground, Maryland, June 1979.
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TABLE I. GRAIN DIMENSIONS, COMPUTED PERFORMANCE, AND SURFACE AREAS
FOR 37-PERFORATION PROPELLANT CHARGES

Design Grain Geometries A B C
Length (L, mm) 34.6 41.7 50.2
Diameter (D, mm) 23.1 27.8 33.5
Perforation Diameter (DP, mm) 1.0 1.7 2.5
Web (mm) 2.0 2.0 2.0
L/D 1.5 1.5 1.5
L/DP 35.0 25.0 20.0

Computed Performance
Charge Mass (kg) 11,79 11.79 11.79
Maximum Pressure (MPa) 321 321 325
Muzzle Velocity (m/s) 834 832 831

Surface Area of Charge
Perforation§ (mz) 2.15 2.73 3.11
External (m“) 1.81 1.59 1.42
Total (m?) ' 3.96 4.32 4.53

A hexagonal grain geometrY was chosen for the 37-perforation
grain, a general form functionl? being available to design a hexagonal
grain with numbers of perforations equal to 3N“ + 3N + 1, where N is
the number of concentric pin circles (N = 3 for 37-perforation). The
hexagonal grain was being investigated in other studies because the
outer slivers which result at web burn-through are reduced in size
relative to those from a cylindrical grain, thus leading to improved
progressivity and ballistic performance. A length-to-diameter ratio
of 1.5 was selected to achieve better packing densities with the large
grains.

The three lots of 37-perforation M30Al propellant were produced at
the Radford Army Ammunition Plant. Due to the novel nature of the
geometry, technical problems were encountered and only two of the three
lots ("A" and "B") could be produced in time for the test program; even
these had unequal webs (see description sheets in Appendix A). A
photograph of the grains along with the standard 7-perforation grain
and a 19-perforation grain is included as Figure 5.

17This form-function was developed by Mr. F.R. Lynn based on the ideas
of Mr. R.W. Deas, both of this Laboratory.

15
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B. NOVA Simulations

The NOVA two-phase flow interior ballistic COde18 was employed in
an attempt to predict flamespread and pressure-wave characteristics of
155-mm propelling charges loaded with the various available propellant
geometries. Charges employing 7-, 19-, and 37-perforation propellant
were to be tested in a base-ignited, full-bore configuration, specifically
selected to promote the formation of pressure waves (see Figure 6).

The charges were thus of an appropriate geometry for treatment by the
one-dimensional representation of NOVA. Input data for the simulations
were independently determined (including propellant burning rate and
projectile engraving/bore resistance) as discussed recently in a
related report

PRESSURE TRANSDUCER
IN ADAPTER

BASE PAD .-L/ \*

SPINDLE
SPITHOLE\\[ J

PRIMER PROPELLING CHARGE
! T
PRESSURE TRANSDUCER CARDBOARD
IN ADAPTER NITROCELLULOSE LOCAT@RS

SPACER

Figure 6. Full-Bore Test Configuration

A comparison of predicted pressure-difference profiles is presented
in Figure 7. As expected, pressure-wave levels are predicted to decrease
with increasing grain size. It must be remembered, however, that while
NOVA models the macroscopic process of convectively-driven flamespread
through the propellant bed, it assumes instantaneous flamespread over
individual grain surfaces, including the perforations, so any effects
related to delayed ignition of internal surfaces will not be captured
in the simulation. Moreover, interphase drag is calculated from

18p g, Gough and F.J. Zwarts, "Modeling Heterogeneous Two-Phase Reacting

Flow", AIAA Journal, Volume 17, No. 1, January 1979, pp. 17-25.

19A.W. Horst and T.R. Trafton, "NOVA Code Simulation of a 155-mm

Howitzer: An Update', USA ARRADCOM, Ballistic Research Laboratory,
Aberdeen Proving Ground, Maryland, ARBRL-MR-02967.

17



empirical correlations, using an effective diameter

(D = 6 x Volume of particle)
p Surface of particle

evaluated with full consideration of the presence of perforations. As
flow may be blind to the perforations, this form may be inappropriate,
at least during the early portion of the ballistic cycle.

80
37-PERF (LOT 480-41)
— ———— 37-PERF (LOT 480-40)
sol- —— - 19- PERF
o 7 - PERF
Py
=
~— 40}
w
|9}
z
&
[V
o
o
x 0
v
v
w
of
(- %
-20}
-40 !
0 2 A4 -] ] 10 12 14 14 18 20

TIME (ms)
Figure 7. Comparison of NOVA Predictions for
Pressure-Difference Profiles

In an earlier report, Rocchio et alls, suggested that the
effective particle diameter should be calculated neglecting perforations.
Gough?0 subsequently commented that this correction is well-motivated
but that the expression would still be an "inappropriate interpretation
of grain parameters pertaining to the drag" in that the relatively low
drag coefficient of a sphere is embedded in the correlations, and the
perforation surfaces serve to partially (though fortuitously) compensate
for this error. A more correct approach might then be to utilize a
projected area and drag coefficient appropriate for a cylinder. Indeed,
Gough provided sample calculations showing the resulting friction factor
to be more than 100 percent higher for such a prescription than for that
suggested by Rocchio with the present NOVA formulism leading to inter-

ZOP.S. Gough, "Design and Analysis of Propellant Bed Permeability Test

Fixture", Task III Report for Contract N00174-77-C-0103, Paul Gough
Associates, Ine., Portsmouth, New Hampshire, December 1977.
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mediate values. Thus, unacceptable uncertainties in interphase drag
are to be expected, even after one assumes the applicability of such
correlations to unsteady flow at high Reynolds numbers.

C. Experimental Drag Studies

Because of the uncertainty associated with the estimation of
potentially significant interphase drag forces, independent measurements
were made to characterize this interaction for each of the propellants to be
fired. In the NOVA code, interphase drag is calculated using Ergun's
correlation?l for steady flow through packed beds, modified to include
a tortuosity factor suggested by Andersson?2 for fluidization:

1.75 e <€
3 £s €0 1-¢ BR50 € <e<e¢g
Efrie— = U7 GER 2 = !
S b—pu (o}
P 0.3 € <€ <1
where fs = steady state component of the interphase drag force

e = bed porosity

€ = settling porosity
1-¢ =t
€, = [1 + .02 (T)]
0

p = gas density

u = relative velocity of phases
6V
D_ = effective particle diameter = g

P P

Here fs can be interpreted as a friction factor, which according to-
Ergun's data, is 1.75 for high Reynolds numbers. It must be remembered,
however, that Ergun's results were for spherical shapes and for flows

215. Ergun, "Fluid Flow Through Packed Columms", Chemical Engineer

Progr., Vol. 48, 1952, pp. 89-95.

22K.E.B. Andersson, "Pressure Drop in Ideal Fluidization", Chemical

Engineer Science, Vol. 15, 1961, pp. 176-297.
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characterized by values of (———-pa up to about 4000. An extension of data
up to the flow regime of 1nter st (¢ Re. ~ 10°) and for actual grain shapes
was clearly desirable. l-¢

Such an effort has been under way during the past year at the Naval
Ordnance Station, Indian Head?3, A schematic of their test fixture is
shown in Figure 8 In general, a known quantity of propellant is loaded
into the third section of the fixture, and N, gas is allowed to flow
through the system at regulated levels. PreSsure is measured at the
sonic nozzle, the first orifice plate, and at various stations along the
propellant bed. The temperature is also monitored as shown. The
friction factor, fs’ is then computed, according to:

% (sz - P ) eSAZDPg
[ 2(1 - e)m RTL
where: %s = friction factor
Pi’Pj = pressure at stations i,j,i>j
€ = porosity
A = area
?p = effective diameter of particle (6Vp/Sp)
m = mass flow rate
R = gas constant
T = temperature
L = length between gages i and j
8, = constant to reconcile units,

Data from such testing employing samples of the 7-, 19-, and 37-
perforation propellant fired in this study are summarized in Table II.
Were the variations in dimensions between the different granulations
properly accounted for in terms of the effective particle diameter,

D_, one would expect similar values of f_for testing with all three
p?opellant lots. Differences in bed porgsity should have been compensated
for similarly. One unavoidable problem was the relative influence of
flow along the outside of the bed, where the porosity approaches

unity at the wall. As the grains increase in size, the diameter of the

23F.W. Robbins and P.S. Gough, "An Experimental Determination of Flow

Resistance in Packed Beds of Gun Propellant', 15th JANNAF Combustion
Meeting, CPIA Publication 297, Vol. I, p. 35-59, February 1979.

20
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Figure 8. Test Fixture for Measuring Interphase Drag
(Naval Ordnance Station, Indian Head, MD)

test section becomes more important. Resistance to flow through the
bed may become masked by the component of flow near the wall, as the
one-dimensional analysis breaks down. The observed reduction in the
apparent values of f_ as we replace the 7-perforation propellant with
19-perforation g;aing is consistent with this explanation. However,
the increase in f_ for the 37-perforation, hexagonal granulation is not
similarly explicable. Perhaps the large flat surfaces on these grains
allow for tighter packing against the wall of the test section,
significantly lowering the local porosity. These results suggest a
need for continued studies in this area.

TABLE II. COMPARISON OF FRICTION FACTORS

eRe Ergun* 7-Perf 19-Perf 37-Perf
Tet T (RAD=77-G-069805)  (RAD-PE-480-43) (RAD-PE-480-40)
1000 1.90

5000 1.78

10000 1.5% 1.45 (.99) 1.11 (.53)

20000 Iy 76 1.35 (.92) 1.07 (.51) 1.5 (.85)
50000 1.75 1.25 (.85) 1.04 (.50) 1.6 (.91)
100000  1.75 1.20 (.82) 1.02 (.49) 1.6 (.90)
500000  1.75 1.20 (.82) 0.95 (.45)

1000000 1.75

* These values extrapolated beyond Ergun's data
+ Values in parentheses include presence of perforations in calculation of DP
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D. Closed Bomb Studies

Closed bomb firings were conducted for each of the experimental
propellants, and results were compared to data generated using a
conventional 7-perforation, M30Al granulation. All propellants exhibited
similar burning rates (see Figure 9), though the RAD-PE-480-41 exhibited
an unexplained slope break at ~ 100 MPa. This anomaly may have resulted
from the inability of the data reduction program to accurately represent
the unfortunate inequality of webs exhibited by this lot. These results
had little bearing on the selection of charges since much of the
burning rate data were unavailable until after the howitzer firings
were completed.
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Figure 9. C(losed Bomb Burning Rates for 7-, 19-, and
37-Perforation, M30Al, Propellants



IV, 155-mm HOWITZER FIRINGS
A. Fabrication of Charges

Fabrication of the full-bore diameter, random and stacked/random
charges was accomplished using components from M203El Propelling Charges.
The bag was modified by inserting a tapered wedge of cloth to form a
sleeve with a base of 170-mm (6.7 in.) diameter at the spindle end and a
160-mm (6.3 in.) diameter opening at the other end. The random-loaded
charges were filled through the 160-mm diameter opening. The stacked
charges were assembled by attaching the base covers and stitching one-
third the length of the bags. These partially sewn bags were then placed
in an open-ended steel canister, 170-mm I.D.. x 200-mm high, and a plastic
insert was placed inside the bags to press them against the wall of the
canister. When the propellant had been stacked to one-third the length
of the finished charge, the plastic insert was removed, the seam sewn
shut and the remaining propellant added. Due to the stacking of the
propellant, the length of the charges was shortened, creating an excess
of cloth, which was removed and the end cover added.

Base pads were prepared by altering the standard 8-inch M2 base pads.
A circular pouch, 38-mm (1.5 in.) diameter, was sewn in the center into
which 14 g (1/2 oz) of Class 5 black powder was inserted and the balance
of the base pad filled with 56 g (2 oz) of CBI. The finished base pads
were tied to the larger end of the loaded charges and the whole assembly
tightly laced with a jacket. Figure 10 schematically depicts these charges.

Lacing Jacket

Main Charge

Igniter

Figure 10. Exploded View of Test Charges
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B. Test Procedures

All firings were conducted at the Ballistic Research Laboratory
Sandy Point Firing Facility (R-18) in an M185 Cannon, modified to
provide a chamber configuration similar to that of the M199 Cannon
(see Figure 11). Multiple-station pressure-time data, differential
pressures, and projectile velocities were recorded by the Ballistic
Data Acquisition System (BALDAS), under the control of a PDP11/45
minicomputer. Pressures were measured using Kistler 607C3 piezoelectric
transducers, and solenoid coils approximately 20 and 35 meters from the
muzzle registered projectile velocities. Ignition delays were recorded
by measuring the interval between the time the firing pulse was sent to
the gun to the time a pressure of ~10 MPa was first detected on the
spindle gage. A backup analog magnetic tape system also recorded all
data.

SPINDLE "’“‘I
__/4{{//////////%

:3 e
000000 AV///

S0 M

S0 M -
.02 M

SECTION A-A

Figure 11. Locations of Pressure Taps in the
Modified, M185 Cannon (Range 18)

All charges were conditioned in cardboard shipping containers
at a temperature of 295-300 K for at least 24 hours prior to firing. The
charges were loaded into the cannon chamber with zero standoff distance
between the spindle face and the base of the charge to increase the
likelihood of strong base ignition and large pressure waves. A spacer,
made of nitrocellulose tubing and centered with cardboard locators,
was placed between the base of the projectile and the forward end of the
charge. Charge weights were assessed for each of the granulations such
that expected maximum pressures would not exceed 350 MPa. These assessed
weights were employed throughout the balance of the program. All firings
were conducted using inert, M101l projectiles.

C. Firing Results

Firing data are tabulated in Appendix B, with computer-generated
plots of selected data channels (spindle and forward pressures vs. time,
pressure-difference vs. time) included as Appendix C.
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Random-Loaded, Full-Bore Charges. Base-ignited, full-bore charges
manufactured using the various propellant granulations, random-loaded,
were first tested to provide a direct comparison of pressure-wave
characteristics in this 'worst-case' configuration. Table III summarizes
firing results from this series. As expected, the magnitude of longitudinal
pressures waves, as measured by the initial reverse pressure difference
(-APi) tends to decrease with increasing grain size.

TABLE III. SUMMARY OF FIRING DATA* FOR RANDOM-LOADED,
FULL-BORE CHARGES

Muzzle
Propellant Charge Velocity max(PZ) -APi (PZ-PG) Ignition
Lot Wt (kg) (m/s) {MPa) (MPa) Delay (ms)
7-Perf 10.89 796 340 87 37
(77G-069805) (18.5) (31.9) (17.4) (20.8)
19-Perf 11.34 802 320 66 26
(PE-480-43) (7.5) (28.7) (14.1) (3.8)
37-Perf 10.89 789 302 34 32
(PE-480-40) (3.7) 4.8) (12.6) (9.0)
37-Perf 11.34 770 299 40 35
(PE-480-41) (16.9) (33.2) (18.6) (16.4)

*Values shown are averages for 3-5 firings; sample standard deviations
are shown in parentheses.

Interpretation of these data is, however, somewhat confounded by several
factors. Production difficulties with the 37-perforation grains led

to unequal webs and some shift in performance levels. In addition,
excessive pressure waves and peak pressures with the 7-perforation
charges precluded use of the full Zone 8 charge. Hence, differences

in initial loading density (and porosity) for the various granulations
accompanied the difference in charge weights, potentially masking some
of the effects of granulation on bed permeability and initial mass
generation rates. Nevertheless, the uncorrected relationship between
the effective particle diameter (D_ = 6V_/S ) and the average differential
pressure level (—APi) for each of Bhe grgnugations, shown in Figure

12, reveals the expected trend. The expected inverse relationship is
seen to hold for total initial burning surface (excluding perforations)
and -APi {see Figure 13).

Just as important as the level of pressure waves associated with
each granulation is the sensitivity of maximum chamber pressures to such
waves. A charge configuration tolerant of fluctuations in the level of
pressure waves present without an accompanying shift in peak pressures or
muzzle velocities is second best only to a system producing no waves at
all! Such mechanisms as grain fracture and transient burning effects have
already been listed as possible links between pressure waves and increases

ro
[92]



. A . . _

in peak chamber pressure’ . It is of more than just academic interest
to us whether or not the different granulations may be susceptible to
these mechanisms in varying degrees.
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Figure 12. 1Initial Reverse Pressure Difference (-APi)
versus Effective Particle Diameter
(Dp, perfs excluded)
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Figure 13. Initial Reverse Pressure Difference (-APi)
versus Total, Initial Burning Surface
(perfs excluded)

The data, as depicted in Figure 14, do not, however, suggest that a
lower sensitivity of peak pressure to pressure waves accompanies the
use of the larger granulations. Again, the true relationship between
these quantities may be obscured by differences in loading densities.
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Figure 14. Maximum Chamber Pressure versus Initial
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Random-Loaded Propellant

Partially-Stacked, Full-Bore Charges. In an effort to approach the
greater permeability to gas flow afforded by stick propellant, charges were
loaded as shown in Figure 15, with one-third of the total bed length
composed of stacked rather than random-loaded grains. Table IV summarizes
firing results for this series of tests. Stacked, 37-perforation pro-
pellant charges were not fired because of the extremely tight packing of

the hexagonally-shaped grains, leading to reduced rather than increased
permeability.

Figure 15. Partially-Stacked Test Charge
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TABLE IV. SUMMARY OF FIRING DATA* FOR 1/3-STACKED, FULL-BORE CHARGES

Muzzle

Propellant Charge Velocity Pax (Pz) -4AP, (P2-P6) Ignition
Lot Wt (kg) (m/s) (MPa) (MPa) Delay (ms)
7-Perf 10.89 802 328 79 21
(77G-069805) (18.5) (42.9) (30.3) (10.8)
19-Perf 11.34 804 296 48 32
(PE-480-43) (3.8) (11.7) (15.4) (21.7)

*Values shown are averages for 3-round groups; sample standard
deviations are shown in parentheses.

Muzzle velocities are seen to be virtually unchanged from those of
the random-loaded charges. However, average values for the differential
pressures and, interestingly enough, maximum chamber pressures are
reduced. Individual data points are plotted in Figure 16; general
trends for pmax versus -APi remain largely unaffected.
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Figure 16. Maximum Chamber Pressure versus Initial
Reverse-Pressure Difference for 1/3 Stacked Propellant

37-Perforation Propellant, Subcaliber Charge. A final configuration
tested was a base-ignited, 37-perforation propellant charge with a
reduced diameter. This variation was included to determine whether the
added longitudinal permeability associated with the annular ullage in the
chamber might result in acceptable Zone 8 ballistics from a base-ignited
charge. The larger of the two 37-perforation propellant granulations
(RAD PE-480-41) was employed, this time constrained to a charge diameter
of about 150 mm. Table V summarizes the firing data for this configuration.
Mean peak pressures and differential pressures were again reduced when
compared to their full-bore counterparts. The average value for the initial
reverse differential pressure was halved. More important, however, might
be the reduction in the associated standard deviation: from 18.6 to 1.2 MPa!
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TABLE V. COMPARISON OF FIRING DATA*FOR FULL-BORE AND SUBCALIBER CHARGES

Muzzle
Charge Charge Velocity "max (Pz) -APi (PZ-P6) Ignition
Configuration+ Wt(kg) (m/s) (MPa) (MPa) Delay (ms)
Full-Bore 11.34 770 299 40 35

(16.9) (33.2) (18.6) (16.4)
Sub-Caliber 11.34 774 283 20 51

(10.0) (14.6) (1.2) (21.1)

*Values shown are 3-5 round averages; sample standard deviations are
shown in parentheses.

+Both configurations employed the same base pad igniter and 37-
perforation propellant (RAD PE-480-41).

V. CONCLUSIONS & RECOMMENDATIONS

Initial goals for this study were somewhat compromised by the
elimination of one of the lots of 37-perforation propellant because of
production difficulties. Nevertheless, several conclusions can be
drawn, based on the results of this study.

1. Results from the full-bore, random-loaded firings corroborate
earlier data suggesting the importance of grain size to bed permeability
and hence to the evolution of pressure waves. A similar statement might
also be made concerning the relationship between initial (external)
burning surface and pressure waves. The relative importance of the two
factors cannot be discerned from limited data obtained during this program.
In any case, one can expect that, for the full-bore configuration, the
magnitude of longitudinal pressure waves will decrease with increases in
grain size or with reductions in the initial (external) burning surface.
Both these conditions are readily achievable by using 19- or 37-perforation
granular propellant instead of the standard 7-perforation geometry. The
same effect may be possible by choosing a larger 7-perforation grain with
appropriately increased perforation diameters to achieve ballistic equivalence.
The accompanying reduction in loading density may not, however, always be
tolerable. Moreover, the larger perforation diameter may lead to
earlier ignition of these internal burning surfaces and thereby mitigate
the desired reduction in pressure waves. ' '

2. Stacking or even partially stacking cylindrical propellant
grains apparently increases propellant bed permeability, effecting a
slight reduction in pressure waves. Since it is unlikely that this
re-ordering of the individual grains in the bed will reduce the effective
burning surface, the observed reduction in pressure waves verifies that
bed permeability alone can be of significant importance. Stick and
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tubular propellant configurations should offer even much greater increases
in permeability to gas flow.

3, The data obtained using reduced-diameter charges reveal the
importance of annular ullage to achieving pressure equilibration early in
the ballistic cycle. This configural characteristic of many standard
artillery bagged charges may be responsible for the forgivability of
some charge/cannon combinations to such conditions as centercore mis-
alignment or blockage. At the same time, one cannot help but wonder how
much of the lack of reproducibility in pressure-wave levels exhibited by
some charges may be attributable to variability in the persistence of
annular ullage as influenced by differences in bag component materials
or workmanship.

4, Despite some previous indicators that a reduced sensitivity of
peak pressures to pressure waves might accompany use of 19- or 37-
perforation propellant, no such trends can be observed from the results
of this study. It might well be, however, that we have insufficient data
to reveal any differences.

The .above conclusions should be of some direct utility to the
charge designer. There have been numerous studies throughout the gun
community which provide convincing evidence supporting the desirability
of 19- and 37-perforation propellant granulations for reduced pressure
waves. Even in bag charges, where the flow area associated with
annular ullage may dominate normal performance, this external path for
pressure equilibration may be lost prematurely and the larger grains
may offer life-saving benefits. The real challenge now is to develop
a comprehensive understanding of the interaction between the various
charge design parameters (e.g., propellant granulation, charge geometry,
ignition performance, packaging) to exploit any possible synergistic
effects.
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Nitroguanidinc éz,oo —— 1.U0 ‘7.72 Farm ot Prapeiient Cy]-d
Ethyl Centralite 1.50 (£ 0.10 1.53_ [No. Perforations 19
[ " Potassium Sulfate 1.00 % U.10 1.10_ |Density, gm/cc N/A 1.674
TOTAL 100.00 i 100,00
Tota s 0.50 | Max 0.12 Heat of Explosioh,
GCraphite Glazg 0.2 | Max 0.09 cal/gm N/A __ ]966.2
l c
A
CLOSED . ] PROPELLANT DIMENSIONS (inches)
Lot toymber Tomg ¥ | gutogey | - Varey o o D
st - RADJ-PE-480-43 1490 198.79 |98.48 fiegt | Do | fnned | 3ree Actua)
RAD|-PE-480-43-1-60 3194.76 196.65 luaesnny | 1.595 11,632 IN/A 1.45
—— 0.703 | 0.615 [N/A --
sueewg  |RAD-E-T 1490 1100.00%]100.00% |mvrt mia.tar | 0.044 1 0.0384 She
momorty : ¢b, Avg |0.071, Nomlg 08321 0.0706
Fired i accordance with MIL-STD-P86B, 1nner 0.0930] 0.0726|™** 6/12/78
Method $01. c  Quter(1) 0.0880] 0.0719]**¢ 6/12/78
purposel it 110z Max |0 4.16["= 7710/78
0.2 gm/¢c o 2.5 Fom |2 27| 2.6h [oomien seen
24 15.5 Nom |15.98 [16.06 7/12/78

Rarrarhe

Tyse of Pocnmg Comener___Fiber Drums

6 @ 150 1bs. net; 1 @ 70 1bs. net,

This lot meets all the chemical and physical requirements of the applicable

specification, except for njtroglycerip content,

Contrectar’s hmuﬂo

Re’A. Wi

/

liams

/

sy SO WETR WARCH 1SN

]WM"“—‘

James E. Bland

/Mz
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PROPELLANT DESCRIPTION SHEET

M30A]1 37MP

U.S. Army Let Ne. RAD—PE—480—40 Compositisn Ne.
Manutectored ot _RADFQRD ARMY AMMUNITI ANT,
Contrect Ne. DAAAO9-77-C~4007 bote __4=1=77 Specificohion Ne

Pocked A

356 1lbs.

ACCEPTED BLEND NUMBERS

NITROCELLULOSE

C-35,945 Nitrogen Content K Storeh (65.5°C)|  Sredliity (134.5°¢)
Me1imum % Mine. Mins
i % Mins. Ming.
Aversge .lZ...ﬁ.3_ % u.u_.'i.m'___ Mins
b n Ming,

Parcontogs Remix 10 Whoie

MANUFACTURE OF PROPELLANT

Pounds Soivent per Pound NC/ Dry Waight ingredients Consisting eof

Poungs Adiconel ond

Pounds

por 100 Pounds Soivent.

T;‘::"‘"i’“‘fg — PROCESS~SOLVENT RECOVERY AND DRYING — TiME ==
80 1 140 Temperature increased at rate of 5°F/hous 12
140 140 Dried 40 hours prior to sawing 40
140 140 Dried 40 hours after sawing 40

|
I — TESTS OF FINISHED PROPELLANT  _ . . . BHYSICAL TEST
Constituent ::.':-:?S | :-'.'f:ﬁ;. Mba.o'::vna'.l S . P. 120°C Formulg Actugl
Nitrocellulose 28.00 = LED 28.30 ot et S,P,,120°0 No CC 40'l 6Q' +
Nitroglvcerin 22.50 3 1.00 22.03 Un Fumes 0"
Ethvl Centyalite 1.50 51— 0.10 1.55 Form of Propelient H gon Hp?npnn
Nirroguanidine 47 .00 T 1.00 47 .08 Na., of Perfs 37 37
Patasgium Sulfate 1.00 = 0.30 1.04 vg Grain Wt oms N/A 16 _92A
Tatal 09600 100.00 Std Dew N/A 0.7638
Graphite Glaze (.15 Max 1 0,12 Heat of Explo
Total Volatiles 0.50 ‘Max 0.19 cal/em N/A 975.8
|
CLOSED BOMB PROPELLANT DIMENSIONS (inchss)
I Lot Numbaer Teme *F Ci:nlcou'-,u::: u.‘.:".c.'. :'"':.:.."';,'.','.'.':.'.TL
Tegt [RAD"PE—472-40 +90 103.46 97.67 Speciticonion Dig Fimgheg Srec Actyel
RAD-PE-472-40 —40]101.04 97,18 engtn (i) l.4.nom 1.4 1.385 N/A 0.97
{ Dismaeter (D) 0.909,nom | 1.027 {0.873 N/A 1.50
I stongsrs  RAD-F-14-73 | +90100.00% |100.00% |srt pie.tqy [ 0.039 . nom | 0,043 10,0343 [ oares
Remgray Fired in 700 cc closed Heh Tnner{0.080 nom | 0,132 10,0036
homb _nsing 4.2 g/de 1nadidg h Mid-T|0.080 nom | 0.105 |0.0792 |™** 6/28/78
densiry usine metRod 801.] eb.Mid-0(0.080 . nom | 0.0715 0.069% ™" ¢/28/78
£ MIL-STD-286R " Web,Outer! 0,080 ,nom | 0,0545 0,078 Tee Finiones
| ! HR Y Tea=e
. . ot wer awrnge | N/A 12.6 {°'""47-13-78
‘ Lo N/A T e
b:¢ N/A | 25,45 7-¢4-78
Type of Pacung Contamer_E.LBER DRUMS: 2 @ 150 1bs. net; 1 @ 48 1lbs. net.
lamovn_Allng_.WEb_E 0.0800 inch
Lot produced on best efforts basis. Dimensional data were acceptable to BRL.

Comtracter's Resresentative 0 T F

Quelty Asswrense

A

tive

WY FORN 104TR MARCH 197t




PROPELLANT DESCRIPTION SHEET.

Percontoge Remiz 1o Whole

U.S. Army Lot Ne. RAD-‘PE_‘*]O 41 Ne. M30Al 37M:P
Manutectursd ot RAQ_FQRQ__ABEI..AMMHN_LQ_H ! !_ELA_HT;_BAQEQBQ. !A._ e PocEes Ameunt 428 1bs.
controat No. . DAAA0S-77-C-4007 Bote 82177 qossitisaten Ne.
ACCEPTED BLEND NUMBERS NITROCELLULOSE
C-15,135 Nitrsgen Content K1 Storch (85.8°C)|  Steatiity (134.5°¢)
C35945 " Mine. Mine
Mintmum % Ming. Mins.
Aversge 12,63 % u:u.__a.oﬁ'_um.
B —L ~=.i X1 Ming.
MANUFACTURE OF PROPELLANT
Pounde Selvent per Pound NC/Dry Weight Ingrediante Conereting of Paunge Licohs! ond Pounde per 100 Pounds Seivent

——

Lpurnsiones B PROCESS-SOLVENT RECOVERY AND DRYING o —
80 140 Temperature increased at.rate-—o0fi-S2Flhe 12
140 140 Dried 40 hours prior to sawing 40
140 140 n Dried 40 hours after sawing 40

i
' ===
PROPELLANT COMPOSITION = TESTS o: FINISHED PROPELLANT STABILITY AND PHYSICAL TESTS
Canotituent Eaiaals i < orerence Moveared Formula Actyot
Nitrocellulose 28.00 % 1.30 27,95 et T S,P,,120°0 No CC 40" 60'+
Nitroglvcerin 22,50 & 1,00 22,21 No_fumes 60’
Ethyl Centralite 1.50 e 1.54 Form of Propoiiont Hexagon | Hexagon
Nitroguanidine 47,00 T 1,00 47,26 No.Perfs 37 37
[ Potrassium Snlfate DTG To T 9 G - ) 1.04 Avg Grain Wr,g | N/A 2741
Tnatal 100. 00 : 00,00 Std Devw N/A 0.9544
| Graphite Glaze 0.18 max 0.13 {Heat of Explo N/A 971.7
L Taral Vnlatiles 0.50 ' MAX 0.21 cal /gm
|
i
CLOSED BOMB PROPELLANT DIMENSIONS (inches)
Lot Number Tomg *F Q'L'-‘c'-"ilin j:;‘t’: :". 3.::”:'.'.:’..’:.:’.‘,:
Test RAD-PE-472-41 +9Q 89.64] 99.16 | smeticanon Dis Fimieg $res )
RAD-PE-472-41 -4Q 83.66! 97,00 lipmmiuy 1.6.pom 1.6 1.595 | N/A 0.84
Diemeter (D) 1.09,pom | 1,23111.059 A 2.15
| $rongerg RAD-F=14=713 4903 10Q.00% | 10Q.00% |rert Dig.{¢) 0.066,nom!| 0,.07310.0618 DATES
[Remoruy ! rl 0. 079 nom 140540 12491
[Fired in 700 cc closed bomb ab MidaIl 0 mq:nnm 0 1070 10 0928 1™ 6/28/78
using 0.2 glcc loading density Lioh Mid-0/0 079 nom 0. DA55]0.0553 )" 6/28/78
using metho 801;_ Of ! 0.079 _nom 047000 0417 Tost Finished
MI1.-STD-286% | o Bernage TS
| ; of Wob Awerogy N/A 47,85 7-13-78
1 | Lo NLA 1 5% g:::v.-:;l:‘n Shesn
5¢ N/A 17.14 7/24/78

Type of Pocking Centainer

FIBER DRUMS:

2 @150 1bs. net; 1 @ 120 1bs.

net.

Remarey

_Avg Web = 0.0786 inch

Lot _prad:

to RRI

Controctor's Iunmumm )
T

-FJ§§:LJL¢Jp~’/ 38A

%%

W PORM 10STR NARGHK 1971



APPENDIX B

TABULATION OF FIRING DATA

39



JJOpPURlS 013z puw ), TZ+ I® PAITF sadamyy TV
. padNpax jou mieq ,
MOPUTM UOT3TSINboe mwiep passim (Aeyop uor3Tudy paidadxaun +

(z'1) (1 12) (z'o1) To'0) (5°v1) (L°0) (001} (*4e@ °p3s)
oz Is foz  yiz 58T 682 yLL (34v)
61 SL zLz viz 687 882 8L 1°06 8 72 Lzy " Iy-08v SOT
¢4 Lg e vz €67 68 8LL 0°06 6'FL I9qITE) 8'zy " -3d-avy 0T
61 oy 1444 . 992 . £9¢L 1'06 LsL -qng 8z vETIT  "FIad-LE £01
(9°81) (v°o1) (2rzz) (g-<¢2) (z-gg) (z-ig) (6°91) ("Aeq "p3s)
oy s¢ £LZ A4 662 v62 0LL (3ay)
12 v Sz Ssz 69T 692 vSL 6°68 L1 I'sy " 8
85 os o1g L0s  S¥e b€ 96L 6°'68 6°1.  wopuey 6°Z¥ " 1y-08¥ 18
£z 1€ 992 0Lz 8z 18T £9¢ 8°68 vIL exog 0y " -3d-avy 08
09 €1 8.2 PR 44 . 9¢LL 6°68 9°1L 1104 sy " *§rad-LE 6L
Ls Ls Lsz 192 stz 9Lz 65L 6°68 vIL 0°€Y pe 1T 8L
vl . 1§74 » IST  ¥S £€L 6°68 9°0L v'ey 68°01 SL
(9°z1) (0°6) (1'e) T(s'8) (8°%) (8°%) (L€} (*aeq "p3s) .
¥ zs 682 162 Zog ¥0§ 68L {8ay)
£2 9 08z 78T 967  86C L8L 0°06 8°99 ey “ e
| €4 9¢ 82 88z 0§  SO¢ L8L 668 899 £'gy o _ £L
1€ £ 682 067  v0£  90fF Z6L . 0°06 £°L9  wopuwy z'ey " or-08¥y (4
B + . * * * 98¢ 668 €19 . olog 0'cy " -3d-0vd 172
0s - vz oS sos 608 TIE - 96L 8768 £°L9 -11nd v gy " ‘Jaad- L5 oL
£y sz 062 687 00  Z0S 88L 0°06 £°99 A " 69
+ + + + + + 06L 6°68 0°¥9 rEy 68°01 89
{ean) (sw) % S Wl (s/u) (wd) ()  "914NOD (2x) (€3 101 “ON

“dv- AYT130 °NOI PAEMIO] arputds ALIDOTIA  ONILLVIS HLONTT JOUVHD "IN "rodd "IN "OHD g "doyd *INFa1
. JIOUVHD

(edW) FINSSTYd YIIWVHD *XVW

VIVa ONIYI4 40 NOLLVINGVL

41



JJOpuElS 0I3Z puB J,[Z+ 3B PIITF sadxey) TIV
paonpax jou BIRQ
MOPUTM UOT1ISTNbOE ®lEp possTw ‘Lefop uoriTuSp poidsedxaug +

(r's1) L 12 (6°6) Yo'6) (L711) (£70T1) (8°¢) ("A2q°p3s)
8y 25 (724 6Lz 962 962 yo8  [3av)
24 61 1.2 2Lz 18T L8Z 108 6°68 6°65S  peyoeis 8°Zh " Er-0E¥ 5
s§ LS 9.2 stz 162 £62 zos 0°06 6°6S £/1 Iamoq 8 z¥ " =3d-0vY 96
s9 0z 062 062 60€ LOS 808 6°68 L°6S @xog-TInd 8'zY PE° 1T "3aad-61 1]
(1" +7) (8°¢) (s'91) (L'82) (5°2) (*40Q°P3S)
SS9 4 962 ozg 208 T'3aV)
L9 7z 962 o S1g o z08 “ L°Z9 1€y " 98
6L 8z £1¢ x 15¢ . 608 " $°z9 A ] " £v-08p S8
1S 62 082 5 v62 = V6L 6°68 z2°z9 wopuey 0P pe 1l 3d-avVd v8
+ + + + + + S9L 8°68 0°19 ax0g-1TNd A, 68°0T  "¥Xad-61 £8
(g:0¢) (s°01) (v-6v) (8°zL) (6°zv) (6°6L) (s°81) (“4a@-P3S)
6L 1z 10¢ 0z¢g 82§ LYS z08 3ay)
Y11 Z1 85¢ 1L€ 9L€ go¥ £28 0°06 6°SS  PpayoEls Ly W 508690 00T
19 81 €12 5 91¢ 5 S6L 0°06 p°95 £/1 Iamo] 8°zy " -9-8, ONI 66
Z9 €€ zLe 892 £62 062 88L 6°68 6°95 oxoq TInd LTy 68°01 *3I3d-L 86
(- L1) (8°02) (1'92) (672z¢) (6°1£) (1°65) (s 81) ("Aeq-PIS)
L8 g 662 164 ors 8ys 96/ (*3ay)
oL £z zLe x Z1g G LLL . 668 6°09 sy " Z6
69 s§ 6.2 8.2 01¢ 10¢ S61 868 $°09 1°sp " 508690 16
80T 74 £€€ zZs¢ 6.8 L8S L18 6°68 6°09 wopuwy 1°€p " -9-8¢ 06
98 6z 162 162 1€€ £€¢ 6LL 0°06 S° 19 ax0g £°EP " aNI 68
00T £2 81§ 0Zg 89¢ £L€ Z18 6°68 6°09 -11nd sy - 68701 *319d-L 88
. fean) (su) % L B (s/u) () (W)  °DIdNOD (3%) (3% 101 “ON
*dv- AV13d °NOI pIemaog arputds ALIDOTIA  ONILVES HLINTT INVHD "IN "roud “IM "9HD § *doud  "IN3al
. A9UVHD

(edW) FUNSSTUd YIAWVHD °XVKH

VLVQ ONI¥I4 4O NOILVINGvL

42



[

APPENDIX C
PLOTS OF PRESSURES (SPINDLE AND FORWARD)

ANDlPRESSURE—DIFFERENCES VERSUS TIME

43



PRESSURE (MPR)

PRESSURE-DIFFERENCE (MPAR)

oo

350

3001

2501

200

150

100

'R

37-PERF M30A! (RAD-PE-480-40)
27 OCT 78; ID 68

6@
1484
l2@
| @@
8-
6@
-
20

-2
-4
-5 4
- B

- 184

~IEiﬂ

H 10 12 14 16 18 20
TIME (MS)

4
&4
L

37-PERF M30A! (RAD-PE-480-49)
27 OCT 78; 1D 68

10 " 16 18 20

0 12
TIME (MS)
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PRESSURE (MPR)

490

37-PERF M30A! (RAD-PE-480-42)

27 OCT 78; ID 70

350

300+

2501

200+

150

100

50

; 8 18 12
TIME (MS)

PRESSURE-DIFFERENCE (MPR)

37-PERF M30A1 (RAD-PE-480-4@)

27 OCT 78; 1D 70

14

L

16

18

1684
148
128
108
8-
6
48
2@

-2
—4ed
601
G-

-100-

-lz@
@

2 H [ s 10 12

TIME (MS)



37-PERF M30R!1 (RAD-PE-480-40)

27 OCT 78; 1D 72
400

3501

300+

250+

298 1

1584

PRESSURE (MPR)

B

s 1o 12 1 16 18 20
TIME (MS)

37-PERF M30R1 (RAD-PE-480-40)

27 OCT 78; 1D 72
180

168+
148
12@ 4
1@+

-6
-84

PRESSURE-DIFFERENCE (MPR)

- 1 @i
-2 T T T T T T T T
@

8 10 12 " 16 18 20
TIME (MS)




PRESSURE (MPR)

PRESSURE-DIFFERENCE (MPR)

490

37-PERF M30R!
27 OCT 78;

ID 73

(RAD-PE-480-40)

360
3;01
269+
2001
1604
109-

60+

' 1"

12

TIME (MS)

" 16 I8 20

37-PERF M30RA1 (RAD-PE-480-48)

27 OCT 78;

ID 73

1504
148
128
'y

Ll

)
TIME

48

L
10

12
{MS)

1 16 18 20



PRESSURE (MPAR)

PRESSURE-DIFFERENCE (MPAR)

37-PERF M30R!

(RAD-PE-480-49)
27 OCT 78;

ID 74

400

3501

300+

250+

208+

1501

180

‘
TIHE (HS)

37-PERF M30RA!

L

(RAD-PE-480-40)
27 0OCT 78;

T
12

ID 74

i

T
16

189
168
1494
1201
1901

T
in

12

TIME (MS)

49

+
1%



PRESSURE (MPR)

PRESSURE-DIFFERENCE (MPAR)

37-PERF M30A1 (RAD-PE-480-41)

30 OCT 78;

ID 78

oo

359+

300+

250

200

1501

100

504

|a@

8
TIME

19 iy & 18 20

i2
[(MS)

37-PERF M30R1 (RAD-PE-U80-U1)

30 OCT 78;

ID 78

1604
1401
1201
1804
80
£0-
40
204

-2
NTE
-60-
NT.E

-1@88

-1z29
°

¢
TIME

19 12 1s 16 18 20
(MS)



PRESSURE (MPAR)

PRESSURE-DIFFERENCE (MPA)

4e0

37-PERF M30R! (RAD-PE-4BO-Y41)
30 OCT 78; ID 79

360

308 -

2584

2081

1581

12

G

180

8 i 12 1 16 18 20
TIME (MS)

37-PERF M30R) (RAD-PE-480-41)
30 OCT 78; 1D 79

169+
149+
120
1001

-604
-804
-1004

-120
0

»

=

”»

H 18 12 1% & 18 20
TIME (MS)

51



490

37-PERF M30R! (RAD-PE-480-Y41)
30 OCT 78; ID 80

368

308

2504

2801

158

PRESSURE (MPR)

1@

Bl

' i 12 1s 16 18 20
TIME (MS)

ha -
=
[ -]

37-PERF M30A1 (RAD-PE-480-Y41)
30 OCT 78; ID 80

1604
1404
1291
1904
8@
60
e
20

_E'_
-48

PRESSURE-DIFFERENCE (MPR)

0 12 14 16 18 20

[ ]
TIME (MS)

52



PRESSURE (MPA)

PRESSURE-DIFFERENCE (MPA)

37-PERF M30AR1 (RAD-PE-480@-Ui)
30 OCT 78:; 1D 8l

ue0o

3601

300+

250

2001

1501

1ee-

501

1 10 12 s 16 18 20
TIME (MS)

37-PERF M3@A! (RAD-PE-480-41)
30 OCT 78; 1D 81

168+
14
1284
1@d4

T T T

8 0 12 1u 6 18 20
TIME (MS)



PRESSURE (MPR)

PRESSURE-DIFFERENCE (MPR)

37-PERF M30R1 (RAD-PE-480-41)
30 OCT 78; ID 82

400

350

300+

250+

200+

150

b4

L

4 4 8 1o 12 14 16 18 20
TIHE (MS)

37-PERF M30R1 (RAD-PE-480-41{)
36 OCT 78; ID 82

168
1484
1204
1@

~1@8a+
=128

0 10 12 14 16 8 20
TIME (MS)

54



(MPR)

PRESSURE

PRESSURE-DIFFERENCE (MPR)

4e0

19-PERF M30R! (RAD-PE-480-43)

30 OCT 78;

ID 84

3504

300

2501

200

1501

1001

60

8
TIME

19-PERF M30A! (RAD-PE-480-43)

19

30 OCT 78;

12
(MS)

ID 84

14

16

168
1484
12@4
18@+
8
B
4

-l2@
@

*
TIME

10

12
(MS)

"

16



PRESSURE (MPR)

PRESSURE-DIFFERENCE (MPR)

19-PERF M30AR1 (RAD-PE-480-43)
30 OCT 78; ID 85

490
3504
300+
250-
2001
1504
100-

£l -

180

§ 6 8 e 1z 14 18 18 20
TIME (MS)

19-PERF M3@R1 (RRD-PE-480-43)
306 OCT 78; ID 85

1601
140+
1201
100+
801
601
4o
201

-201
-401

-804
-1001

-120
@

T 15

H I8 12 14 16 18 20
TIME (MS)



PRESSURE (MPR)

PRESSURE-DIFFERENCE (MPR)

18-PERF M30AR! (RAD-PE-480-43)
30 OCT 78; ID 86

490

3604

300

2501

2001

1501

100

650

10 1 16 18 20

8 12
TIME (MS)

18-PERF M30A1 (RAD-PE-480-43)
30 OCT 78; ID 86

1 6@+
LR
I 2@+
1@
8@
60
4
2@

-2 4
-4a
-5
-8B

- 10064

-12e
@

H 0 12 s i 18 20
TIME (MS)



PRESSURE (MPR)

PRESSURE-DIFFERENCE (MPR)

7-PERF M30A! (RAD-77G-069805)
31 OCT 78; ID 88

400

350+

300+

250+

200+

1584

8 10 12 AN 16 s 20
TIME (MS)

7-PERF M30R! (RAD-77G-669805)
31 OCT 78; ID 88

1]
168
1484
1284
1@@
B
B
4@
28

-2
NTE
BG4
-ge

-180 4

-l2@
a

8 i i2 i 16 18 20
TIME (MS)

=
=
[

58




PRESSURE (MPR)

PRESSURE-DIFFERENCE (MPR)

7-PERF M30A1

31 OCT 78; ID 88

(RAD-77G-069805)

Hoe

368+

3084

2581

288

1684

Ed

7-PERF M30AR1

M H 18 12
TIME (MS)

31 OCT 78; ID 88

T
14

(RRD-77G-069805)

18

16@4
14+
12@-
@@

Fe

4 s 10 12
TIME (MS)

"

16

18



PRESSURE (MPR)

PRESSURE-DIFFERENCE (MPR)

. 50

7-PERF M30A1 (RAD-77G-868805)
31 OCT .78; 1Dseo

4909

3560

3004

2501

200+

158

8 10 12 14 16 18 20
TIME (MS)

7-PERF M30A! (RAD-77G-063805)
31 0OCT 78; 1DSe

180
160
149
120
100
80
60 1
40
20

-20

-4 04
-60

-89
-1001
-120

s 18 12 I\ 16 18 20
TIME (MS)

60



(MPR)

PRESSURE

PRESSURE-DIFFERENCE (MPA)

7-PERF M30Al
31 OCT 78;

ID 91

(RAD-77G-069805)

4oe

350+

300+

250

200-

150+

100

68+

T

8
TIME

7-PERF M30R1
31 OCT 78;

12
[MS)

ID 91

14

(RRD-77G-068805)

T
16

16@
LR
1281
1884
8@+
B@ 1
a4
208

-201
-4
-E@
Te
- 188

-lz@
a

he4

8
TIME

61

12
(MS)

1

I6

20



PRESSURE (MPR)

PRESSURE-DIFFERENCE (MPA)

409

7-PERF M30A1 (RAD-77G-069805)
ID 82

31 OCT 78;

3501

3004

2504

200

150

1001

504

18@

8 19
TIME

7-PERF M30R1 (RAD-77G-068805)
ID 82

31 0CT 78;

12

(MS)

14

16

18

168
148+
128
108
801
60
(e
201

284
-4
-E04
i

ST

=120

T T Bl

} 10
TIME

12
(MS)

4



PRESSURE (MPR)
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