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INTRODUCT ION

A new 20-mm heavy machine gun which is under development at ARRADCOM is
intended to fill an infantry need. A variety of 20-mm tri-service ammunition {is
available but most types are electric primed and are used in vehicle and aircraft
mounted weapons where a source of electric power 1is available. To take full
advantage of this tri-service ammunition, a more convenient source of power must
be available. For infantry use, an additional item of equipment would signifi-
cantly affect the portability, maintenance, and overall operational utility of
the weapon. This study demonstrates the feasibility of incorporating a device in
the gun which will convert the physical motion of the bolt carrier into electric
power sufficient to initiate the primer.

DISCUSSION

Primer Characteristics

The M52A3B1 electric primer is used on all current 20-mm electric-primed
ammunition. In lieu of a bridgewire, the primer mix contains a conductive powder
and initiation takes place by electrostatic discharge. Because of the nonhomoge-
neous mixture, the electrical resistance varies from 1000 ohms to 1.2 megaohms
with most falling in the higher range. This resistance drops upon application of
voltage.

Development experience has shown capacitor discharge to be the best means of
initiation. Low DC voltage (24 V dc) will initiate but not reliably, while high
voltages (> 180 V dc) may cause arc-over at high altitudes [15,000 m (50,000
ft)}. AC voltage of 440 V at 400 Hz also results in unreliable initiation.HMIL-P~
1340 which defines the acceptance test methods for this ammunition, calls for all
to function with a 10-microsecond discharge from a 2-microfarad capacitor charged
to 160 volts. There is no known record of the minimum all-fire enerpgy level.
The typical behavior of current and voltage with time during initiation is shown
in figure 1.

General Approach

The weapon is gas operated and during operation, the operating group assem-
bly (fig. 2) oscillates fore and aft along the upper receiver tube to: advance
the feed, chamber the round, impact the firing pin, and withdraw the spent cas-
ing. It 1s proposed that this oscillatory motion be used to induce voltage in a
coil as it passes a permanent magnet. The energy would be stored in a capacitor
circuit connected to an insulated firing pin which discharges upon contact with
the primer cap. The capacitor would duplicate that specified in the test accep-
tance criteria to assure an all-fire design. To be self-starting, all the re-
quired energy must be generated on the forward stroke.

A
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Figure 1. Initiation characteristics of primer
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Material Selection

The functional requirements of this application suggest desirable character-
istics for the demagnetization curve of the permanent magnet. Since the voltage
requirement is high (160 V), a high residual flux density, B., is probably the
most important characteristic. Equally important is the slope of the upper por-
tion of the curve. A square curve is desirable insofar as the loss in flux den-
sity due to open circult and back EMF demagnetization is minimized. For such a
curve, the coercive force, H,, need not be unusually high, as the circuit load
will not produce any significant demagnetization. Also, for a square curve, the
maximum energy product (BOHO) which defines the point of maximum efficiency for
that material (max output/unit volume) is high.

The effects of the recoil, however, complicate the matter. The gas pressure
returns the bolt carrier at more than three times the speed of the initial stroke
and generates a proportionally higher voltage with its associated demagnetizing
influence. This phenomenon requires a magnet with a much higher coercive force
as well as a high flux density, a combination which is difficult to obtain in
common magnet materials. Since the energy obtained on recoil is not usable, a
more practical approach would be to eliminate it entirely. Means to open circuit
the coil on the return stroke can accomplish this and the magnet can then be
designed to the characteristics described above.

Cast Alnico V (fig. 3), a common commercial alloy of Fe, Co, Ni, Al, and Co,
meets these characteristics. Other more exotic materials may offer improved
characteristics; however, for economic and availability reasons, they should not
be used unless necessary. Another feature of Alnico V is its relatively good
shock and temperature resistance which enhances its reliability in an automatic
weapon .

A yoke completes the magnetic circuit when it is aligned with the magnet.
It must be a magnetically soft material with a low residual magnetism and a high
initial permeabiltity. A high resistivity minimizes the eddy currents resulting
from the AC nature of the pulse. Eddy current losses can further be reduced by
constructing the yoke of laminated sheets; however, this is difficult to achieve
for the yoke configurations proposed.

There are a variety of electrical core irons on the market. These are spe-
cial alloys and are difficult to obtain without a special mill run and long lead
time. A common inexpensive alternative is low carbon steel such as 1005, 1010,
or 1018 which have good magnetic properties suitable for this application. They
should be annealed dead soft after all machining.

Configuration

The firing device components must be divided between the operating group
assembly and a statfonary part of the gun to achieve relative motion. To assure
a practical means of electrical connection, the coil and firing circuit should be
part of the operating group assembly with the firing pin. Furthermore, placement
of the coll on the yoke rather than on the magnet will produce the greater flux
change by minimizing the amount of leakage flux linking the coil.
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Higher voltages can be achieved with long thin magnets because they have
less open circuit demagnetiziation than short wide magnets of equal volume. Con-
sidering the dimensional aspects of the gun, it 1is likely that a long magnet
would have to be positioned longitudinally.

ligh tlux changes can be produced by impacting an armature into the magnet
or by withdrawing it from the armatures equally as fast. The key feature here is
the zero air gap. This method has been successful on one-shot items; however,
since impact destroys magnetic properties this method is not suitable. The yoke
must thercvfore pass by the magnet in a manner which avoids physical contact yet
minimizes the air gap. Considering the positional tolerance variations between
the moving and stationary parts it would be appropriate to guide the yoke into
the proper alignment.

The design configurations chosen for study are illustrated in figure 4. The
relationship of the upper receiver tube to the bolt carrier makes the tube a
suitable location for the magnet, and this will conveniently serve as a guide tor
the yoke. A bar magnet is housed within a nonmagnetic receiver tube with mag-
netic «roun pole pieces to pass the magnetic field through the tube. Cast magnets
should be centerless ground to assure a good fit in the tube.

Two yoke configurations were tested. The primary approach was a concentric
desiyn in which the coil 1is housed in a cylindrical yoke which surrounds the
magnet . When this yoke passes over the magnet, the entire leakage flux is linked
to the coil and is only augmented by the yoke. The yoke material thereby becomes
less signiticant.

For comparison, a horseshoe yoke was tested. In this design, the flux link-
ing the coil is routed primarily through the yoke causing the magnetic properties
of the yoke to become more important.

Generator Design

The 2 microfarad capacitor defined in the acceptance specification requires
an energy input of 0.025 joules to attain full charge. This is a significant
energy level which suggests a large magnet. For the configuration chosen in this
design, the size of the magnet is constrained by the 1.D. of the upper receiver
tube (1.0 in.) and the stroke of the bolt carrier (approximately 9 in.).

The general relationship of voltage output to stroke is shown in figure 5.
The magnet length is thus limited to 1/2 of the stroke if only the positive (or
negative) pulse is used and 1/3 of the stroke if both are used. Both approaches
have peculiar benefits and problems. For initial testing, the magnet chosen was
1 in. diameter by 3 in. long.

Trial calculations for this configuration of the demagnetization curve for
Alnico V (app A, fig. 6) can be interpreted as follows:

Referring to the general curve at the top, the residual flux density (Br) is
that remaining in the material after the magnetizing field has been removed.
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Removal of the keeper causes the operating point to move down the curve to the
open circuit point, B Hp whereupon subsequent replacement will cause the point
to return, not along 8he original curve but rather along a minor hysterisis loop
to X. After several cycles, the magnet stabilizes on this path which can be
approximated by a straight line almost parallel to the upper portion of the
curve. For maximum efficiency, it is desirable to operate as close as possible
to BOBO.

When the magnet 1s aligned with the yoke, the latter serves the function of
a keeper but with an air gap. The effects of this gap are shown in figure 6 by
the air gap line which leaves the operating point at Bt”t rather than at x.

During operation, the inductive effect of the coil creates a magnetic field,
Hd, opposing that of the magnet. This demagnetizing influence forces the operat-
ing point further down the minor hysterisis loop to BeBe, which is the final
operating point. Should Hj be larger than Hp, the operating point would continue
down the demagnetization curve and return along a new minor hysterisis loop lower
than the first with an accompanying decreasein Be, thus decreasing the streagth
of the magnet.

Calculations were performed for both 3~ and 4-inch magaets. In addition,
the effect of the large ailr gap created by omission of the pole pieces was also
investigated.

Using the 3-in. magnet, B B  1is approximately equal to the maximuam cnergy
product BB, which is an ideal situation. Because of the flatness of the curve,
the large 1increase 1in air gap resulting from elimination of the pole pieces
(0.030 in. to 0.250 in.) causes only a small decrease in flux density. ¥Provided
the proper voltage level can be achieved, the larger gap is preferable because it
reduces the complexity of the assembly and the high friction drag which occurs
with mutual attraction of the pole and the yoke when they are adjacent.

As one might expect, the 4-in. magnet produces a higher output. The narrow-
ness of the curve at these higher levels creates a marginal situation for the
large gap configuration. With the final operating point coincident with B)Hp,
any increase in the speed of the bolt carrier beyond that used in the calcula-
tions (9 ms per in.) would have the permanent demagnetizing effect described
above. On the other hand, it would then become more stabilized and more resis-
tant to further demagnetization.

The longitudinal orientation of the magnet results in a pulse width suffi-
ciently long relative to the time constant of the capacitor circuit. Thus, there
is little risk of not achieving a full charge.

The number of turns of wire necessary to generate the required voltage leads
to the conclusion that both the positive and negative pulse, rather than only
one, should be used. Calculations indicate that the number of turns required to
achieve a single 160-volt pulse (15000) are difficult to fit in the intended
space. Furthermore, the demagnetization (H,) effects of that many turns wmay
result in a permanent demagnetizing effect 1if larger air gaps are used. For this
configuration, current flow on the return stroke can be eliminated only by physi-
cally breaking the circuit with a switch. Such a switch can be functioned iner-
tially, thus taking advantage of the high acceleration of the return stroke.
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Conversely, using a single pulse eliminates half of the circuit elements
(one capacitor and one diode) and replaces them with the additional turns of hard
wire which is less prone to failure. By locating the magnet at the end of the
stroke, the carrier reverses direction before the negative pulse Is generated.
The result is that a single positive pulse is geunerated on the firing stroke and
a single negative pulse on the recoil. The high demagnetizing effect of the
recoil stroke is eliminated by the remaining diode in the circuit and the iner-
tial switch is obviated.

Given ample space for the coil, the single pulse approach is preferable.
The calculations, and to some extent the testing, did not account for the accel-
eration of the carrier. The number of turns predicted for the double-pulse ap-
proach is therefore likely to be low since the magnet enters the coil immediately
on release of the sear. For the single pulse it enters later in the stroke when
full speed has been achieved and the prediction should be more accurate.

Circuit Design

The voltage doubler circuit (fig. 7) is used to combine the energy of two
pulses of opposite polarity. Each 80-volt pulse charges one of the two micro-
farad capacitors individually in the course of a stroke. Upon impact of the
charged firing pin with the primer both capacitors are discharged in series to
initiate the primer at 160 V. On the recoil stroke the acceleration of the car-
rier opens the inertial switch, S, and disconnects the circuit from the 250 volts
generated at the coil thus preventing demagnetization. To enhance safety, a
bleed resistor, Ry, discharges the circuit when the bolt carrier comes to rest in
the charged position.

The circuit for a single pulse configuration is shown in figure 8. The
diode allows only the low positive voltage generated on the firing stroke to
charge the capacitor and isolates the high negative voltage of the recoil.

No attempt was made to optimize the electronic circuit for this study.
Components should be selected to rveliably withstand the physical and clectrical
environments of the gun over its expected serviceable lifetime.

Test Fixture

Ifhe test fixture used in this investigation (fig. 9) operates opposite to
that of the gun by moving a simulated receiver tube containing the magnet through
a stationary coil. The driving force is provided by an air cylinder. The velo-
city is a function of the pressure applied anc 1s measured by a magnetic sensor
on the tube. The circuit is mounted to the chassis. To test an actual primer, a
cartridge holder and nolse muffler are attached in line with the tube. A firing
pin on the end of the tube impacts the primer immediately after charging the
circuit as 1{it would in the actual gun. Limitations of the {fixture are its
stroke, which is less than that of the gun, and its single cycle. The generator
yoke was designed with a sliding end to accommodate magnets and coils ranging in
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size from 3 to 4 inches. An 8000 turn coll 3-inches long was tested with 3- and
4-inch magnets with variations in the assembled configuration. A horseshoe-
shaped yoke was also used which could accommodate the same magnets and two dif-
ferent magnetic path lengths.

The circuit consisted of two 4-microfarad tantalum capacitors, two 1N3253
diodes, and one 0.47M ohm bleed resistor. No. 34 AWG triple nylese wire, with a
total resistance of 747 ohms was used for the coil.

TEST RESULTS

The tests performed in this study were intended to determine general charac-
teristics and suitability of the design approach and the effects of variations in
configuration. The limitations of the test fixture and availability of equipment
precluded accumulation of precise data. However, the approximate values obtained
are sufficient for comparison and selection of a second generation design.

Several variations in wave shapes were obtained (fig. 10) with the most
significant differences resulting from the air gap.

The concentric yoke with a small (0.30 in.) air gap produced an almost
square wave (fig. 10a) with a rapid rise time and a voltage spike at either ecad.
Under open circuit, the trailing spike is generally 10% higher than the main
pulse, but with the capacitor circult connected it is more or less equal. In
some cases, when it was higher, its duration was sufficient to charge the capaci-
tor to the higher value. The size of the spike was also affected by cutting a
longitudinal slot in the receiver tube (aluminum) to reduce eddy current resis-
tance in the tube. With an 8000-turn coil, the amplitude of the main pulse
reached 80 volts. This is in reasonable agreement with the calculated value.

Increasing the air gap to 0.250 in. changes the wave to a sinusoidal shape
(fig. 10b). There is less than 10% reduction in peak voltage, but a marked de-
crease in the magnetic drag, as the magnet poles pass adjacent to the yoke.

Removal of the entirve yoke resulted in a 157 decrease in peak amplitude and
produced a pulse shape identical to that of a large gap.

A horseshoe yoke produces a triangular or trapezoidal wave. The combination
of elements used for the test inadvertently resulted in a resonant condition
which caused the output to exceed the expected value. The pulse shown in tigure
10c peaks at 84 volts in contrast to the 80 volts from the concentric configira-
tion described above. If, however, there is any remaining charge in the capaci-
tors the tuning is upset and the output 1is reduced to 72 volts in the form shown
in figure 10d. Shortening the magunetic path through the yoke, which brings the
coil closer to the magnet itself, raises both these peak voltages. In geuneral,
because of the increased path length, the horseshoe yoke produced a slightly
lower output than the concentric yoke. It may be possible to tune the concentric
yoke to behave in the same manner, but this phenomenon requires means to assure
an uncharged condition at all times prior to each firing stroke.
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An unexplained anomaly occurred occasionally with the voltage doubler cir- i
cuit. Shortly after reaching full charge, the combined voltage level of the
circuit dropped to an 1Intermediate level. In several instances this drop ;
occurred later than the time at which the primer would have been initiated. :

Tests were performed using actual M52 electric primer. Using the concentric
yoke with a 3-in. magnet and small air gap, 15 primers were successfully initi-
ated on the first attempt.

APPLICATION

There are two possible locations for the coil, each requiring modest moditi-

cation to the gun: (1) around the upper receiver tube between the rear bolt
carrier yoke and the buffer retainer in the concentric design and (2) around the
rear of the bolt carrier tube in the horseshoe design. 1In the first design, the
dust cover must be enlarged to clear the coil yoke. For the second design, the
rear bolt carrier yoke must be removable in order to replace the coil, but the
dust cover and related parts remain unchanged. In both cases the buftfers must be
relocated, probably to the back plate between the grips.

——— s

The firing pin becomes charged with the capacitor and must be insuldted.
The entire pin may have an insulated covering, or an insulated point may be con-
nected to a rear hot shoe by a conductor interior to the pin (i.e., an insulated
wire in a slot). The latter avoids interference with the retaining pin and the
cam pin. In both, the bolt must be adequately insulated where the pin passes
through to avoid arcing.

Electrical connections among the various elements of the firing device must
be arranged to facilitate disassembly and replacement of components. Such con-
nections should be rugged enough to withstand rough handling yet iasure veliabil-
ity. Connection of the circuit components to the coil is most critical. Ide-
ally, they should be packaged together with permanent connections to assure that
all of the energy generated is captured. The timing of the discharge (tiving) is
not as critical and contact bounce at this connection is more tolerable.

Two applications of a firing device to the gun are illustrated in tfigures 11
and 12. The concentric design with a contact spring projecting through the bolt
carrier tube to connect to the firing pin is shown in figure 1l1. Coil size is
maximized by extending it into the rear yoke and using it to carry the magnetic
flux. The circuit elements are housed in a protruding case at the top. It the
diameter of the coil was decreased, this space would be too small for a single

capacitor. Consideration should then be given to combining several smaller
capacitors, packaging them adjacent to the coll, or procuring a special doughnut -
shaped capacitor designed to fill the entire annulus. A coil of the scale shown [

can easily accommodate the turns required for a single-pulse approach. i

A horseshoe configuration is shown in figure 12. The coil in this approach
fits around the carrler tube and uses {t, the rear yoke, and an additional yoke
(in lieu of the buffer retainer) to carry the magnetic flux. Circuit clements
are packaged in an extension of the coill case beneath the carrier. Since the |
case would very likely be molded plastic, a negative contact {is required. The '
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firing device output reaches the firing pin through an insulated retaining pin.
A tight fit is not required here since upon impact electrical contact is assured.

An alternative location for the circuit elements is within the carrier tube
behind the firing pin. Since the removable connection is on the charging side,
its design requires more care.

Other 20~mm firing pins have been successfully insulated with Plastic; L-P-
385, Type 1, Class 3.

CONCLUSIONS

1. Using the kinetic energy of the operating group assembly, it is feasible
to generate electric power suftficient to initiate electric primed 20-mn ammuni-
tion.

2. The design can be implemented without the use of exotic materials, un-
usual tolerancing, or major revisions to the current gun design concept.

3. A second-generation model built into a functional weapon is necessary to
obtain more representative data and establish the appropriate design parameters.

4. The single-pulse design, in spite of its larger size, appears tov have
the most merit at this time.

5. Special emphasis should be placed on the selection of reliable elec-
tronic components appropriate to this application.
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Yoke } __] Flux path
Air gap I ey
1g/2 b ] J
8 ) II'L. ..,.___.M._‘-'!‘
e Pole
s S A T —- 1 |
o e Y < — ]
Magnet lm > L
Area of Magnet Am = 0.44 in.? = 2.85 cm?
Gap Length 1g = 0.03 in. = 0.076 cm
Pole Width t = 0.50 in. = 1.27 cm
Diameter of Magnet Dm = 0.75 in, = 1.91 cm
Length of Magnet lm = 3.00 in. = 7.62 cm
Magnet Material: Cast ALNICO V.
B, = 12,400 gauss
He = 640 oersteds
By = 10,000 gauss
Hy = 530 oersteds
BoHy = 5.3 (10%)
For an open circuited magnet:
B/H = (1.89 - a) (1m/D + a)l-8%
BrHC BrHC
for ALNICO ¥ a = 0.901 (2 1= ~ 4~
g (€]
7. .8.
B/K (1.89 - 0.901) (£5F+ 0.901)" "% = 17.85

From demagnetization curve:

P

B, = 9600 G, Hy = 550 Oe

BH. = 5.28 (106) ® BgHy {max energy product)

Pp
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OPERATING POINTS:

(Intersection of minor hysterisis loop with air gap line.)

B - mHd B - mH
B =—FP P, 4 =P
t 1 - mf Am lg °’ t F Ag lm _
F Ag lm t Am ig
Slope of wminor hyst loop:
Lok (1-a) = - 22499 (1 4.901) = -1.92
S O A Y -90L) '

Negligible leakage flux liunks coil at start

f=F=1
Considering fringing for Ayoke > Amagnet: ‘
|
n 2 2 2 2 ‘
Ag =7 (D + 21g) =7 [0.75 + 2(0.03)]" = 0.52 in.” = 3.32 cm
By — mH, = 9600 + 1.92 (550) = 10,656 G
B = 10,656 - 10,656 . (10,483 G
t |, 192 (2.85) (0.076) 1 + 1.92 (0.00856) 1.05 Web/m
(3.32) (7.62)
_ 10,656 - 90 Ve
He = I 9 {7141 A/m>
0.00856 )
FLUX IN GAP:
- Amy _ 2.85 9000 G
Be/cap = Be/mac &g) = 10,483 (373) = {;75 ven/a

by = Byhy = (0.9) (3.32) (107%) = 3 x 10™* webers
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VOLTAGE GENERATION:

4 e
- E I_ c
T
!
i o
Magnet Velocity V = 110 in./sec
Desired Peak Voltage E = 160 volts (use 170)
3 _
Pulse Duration T = 1m/V =370 = 0.027 sec
n = EL _ 170 €0:027) _ 45 300 turns
3 (10 )
(for open circuit condition)
For full charge: T > 5RC
Rypx = E%.= ___9;931_:3_ = 2700 Q
5 (2) (107) , L
< c >
COIL SIZING A Coll I /
|
= v s o -
d, wire dia. o LTI LTI A Dz
stack factor = 0.933 hc D,
N - h 1, - (D = D)1,
MAX 9,933 42  1.866 d °
w w
dsz
02 = D1 + (1.866) 1
c
1)2 + D1
Total wire length: L, =T L———i———)N

Coil Resistance:

\J

= 1.57 (D; + Dy) N (%7)

= 0.131 (D; + D,) NR’

C

R = wire res/M ft

25




For 15,300 turns of AWG 32 wire (d = 0.0108 {in.):

(0.0108)%(15,300)
3

D, = 1.1 + 1.866 | ] = 2.2 in. (don't fit)

With AWG 34 wire (d = 0.0078, R = 0.260):

2
D, = 1.1 + 1.866 {(0‘0078)3(15’300)1 = 1.67 in.
R, = 0.131 (1.1 + 1.67) (15,300) (0.260) = 1444 @ < Ryy

DEMAGNETIZATION:

N1 NE _ (15,300) (170) _ {23.638 A/m

Hy = T "R T A% (0.0762) 297 0Oe

from demagnetization curve: B, = 9900 G
Final air gap flux:

%g = B,A, = 0.99 (2.85) (107%) = 2.82 (107%) Web
Ad justed Voltage:

Né _ 15,300 (2.82)

E:—._
T 0.027 (104

= 160 volts

Using both pulses and voltage doubler circuit:
= 1
<. E _J‘

V ¢ T _ET _
' ‘ c;f>J N = -3 7650 turns

E = 80 V (use 85)

)2(7650)

(0.0078
Dy = 1.1 + 1.866 | -

] = 1.39 {a.

R, = 0.131 (1.1 + 1.39) (7650) (0.260) = 648 Q

85
1 E/R = m = 0.131 Aﬂlp

26
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g = NI _ 7650 (0.131) _ {13,155 A/m
d =T =~ 7 0.0762 165 Oe

B. drops to 10,150 G

Final Air Gap Glux:

9g = B,A, = 1.015 (2.85) (107™%) = 2.9 (107™%) Web

(0.027) (10°)

RECOIL:

For Vg = 300 in./sec:

3
T = lm/VR = 350 = 0.010 sec
~4
E =-E9 - 15,300 (3) (10 ) _ 459 volts

T 0.010

For bipolar pulse: E = 230 volts

H,/ _ _NE _ 15,300 (459) _ {63,823 A/m S U
d/single RL 1444 (0.0762) 802 Ve ¢

M./ _ 7600 (230) _ {35,400 A/m
d’bipolar ~ 348 (0.0762) 445 Qe

Be = 9600 G for small air gap

no demagnetization but marginal
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